
_____________________________________________________ 
From the:  

Comprehensive Pneumology Center and the Institute for Lung Biology and Disease at the 
Helmholtz Zentrum München and the Ludwig-Maximilians-University 

Dissertation 
zum Erwerb des Doctor of Philosophy (Ph.D.) 

an der Medizinischen Fakultät der 
Ludwig-Maximilians-Universität zu München 

Dissecting lung fibrogenesis and regeneration through the lens of 
single cell transcriptomics 

vorgelegt von: 

Maximilian Strunz 
...................................... 

aus: 

Memmingen, Germany 

............................ 

Jahr: 

2020 
_____________________ 



__________________________________________________ 

First supervisor:   Prof. Dr. med. Jürgen Behr 
Second supervisor : Prof. Dr. rer. nat. Silke Meiners 

Dean: Prof. Dr. med. dent. Reinhard Hickel 

Datum der Verteidigung: 
06.04.2020 

_____________________ 

Datum der $EJDEH: 
��.��.20�� 

_____________________ 



Omnis cellula e cellula.

Where a cell arises,

there a cell must have previously existed.

Rudolf Ludwig Carl Virchow - 1858

I





Contents

Statutory declaration/Eidesstattliche Erklärung VII

Confirmation of congruency IX

Abbreviations XI

Summary XIII

1 Introduction 1

1.1 Gross anatomy of the normal lung . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 Airway epithelial cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Non-secretory airway epithelial cells . . . . . . . . . . . . . . . . . . . 2
Chemosensory epithelial cells . . . . . . . . . . . . . . . . . . . . . . 4
Secretory airway epithelial cells . . . . . . . . . . . . . . . . . . . . . . 5

1.1.2 Alveolar epithelial cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.1.3 Pulmonary/alveolar interstitium . . . . . . . . . . . . . . . . . . . . . . 7

Pulmonary endothelial cells . . . . . . . . . . . . . . . . . . . . . . . . 7
Pulmonary fibroblasts and myofibroblasts . . . . . . . . . . . . . . . . 8
Pulmonary macrophages . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.1.4 Basement membrane and the extracellular matrix . . . . . . . . . . . 9
1.2 Respiratory disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.1 Diffuse parenchymal lung disease . . . . . . . . . . . . . . . . . . . . 10
1.2.2 Acute respiratory distress syndrome . . . . . . . . . . . . . . . . . . . 11

1.3 Bleomycin-induced pulmonary cytotoxicity . . . . . . . . . . . . . . . . . . . . 11
1.4 Bleomycin mouse model of pulmonary fibrosis . . . . . . . . . . . . . . . . . 13
1.5 Single cell RNA sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Material and methods 19

2.1 Animal handling and bleomycin administration . . . . . . . . . . . . . . . . . . 19
2.2 Single cell analysis of the mouse lung . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1 Generation of single cell suspensions from whole mouse lungs . . . . 20
2.2.2 Single cell RNA-sequencing using Drop-Seq . . . . . . . . . . . . . . 20

Production of microfluidic devices for Drop-Seq . . . . . . . . . . . . . 20
Drop-Seq technology and generation of sequencing libraries . . . . . 22

III



Contents

RNA-sequencing on Illumina platforms . . . . . . . . . . . . . . . . . . 23
2.3 Bioinformatic single cell data analysis . . . . . . . . . . . . . . . . . . . . . . 25

2.3.1 Processing of single cell RNA-sequencing reads . . . . . . . . . . . . 25
2.3.2 Bioinformatic tools for downstream data analysis . . . . . . . . . . . . 26

R packages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Scanpy packages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.3 Data analysis of whole lung tissue . . . . . . . . . . . . . . . . . . . . 29
2.3.4 Data analysis of lung epithelial cells . . . . . . . . . . . . . . . . . . . 31
2.3.5 Cellular pathway analysis . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4 Whole lung RNA transcriptome analysis . . . . . . . . . . . . . . . . . . . . . 33
2.5 Magnetic-activated cell sorting . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.6 Fluorescent-activated cell sorting and flow cytometry . . . . . . . . . . . . . . 34
2.7 Precision-cut lung slices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.8 Human lung material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.9 Immunofluorescence microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.10 Microscopic image quantification . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.11 Mouse lung function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.12 Histology and collagen quantification . . . . . . . . . . . . . . . . . . . . . . . 37
2.13 Flow cytometry for BAL and tissue analysis . . . . . . . . . . . . . . . . . . . 38

3 Results 39

3.1 Single cell transcriptomics reveals a novel alveolar epithelial progenitor . . . 39
3.1.1 Aims and hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.1.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.1.3 A single cell portrait of lung regeneration . . . . . . . . . . . . . . . . 41
3.1.4 Alveolar regeneration involves a novel cell state . . . . . . . . . . . . . 49
3.1.5 A sky dive into epithelial cell fate transitions . . . . . . . . . . . . . . . 57
3.1.6 Transcriptional convergence of AT2 and club cells towards Krt8+ cells 64
3.1.7 Krt8+ cells are alveolar progenitors that reconstitute the AT1 layer . . 65
3.1.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.2 Effects of Emilin-2 in experimental pulmonary fibrosis . . . . . . . . . . . . . 76
3.2.1 Aims and hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2.3 Characteristic features of the injured Emilin-2 knockout lung . . . . . . 78
3.2.4 Ablation of Emilin-2 causes lung immunophenotypic changes . . . . . 85
3.2.5 Keratin-8 expression in knockout lungs . . . . . . . . . . . . . . . . . . 90
3.2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4 Conclusions 101

IV



Contents

References 105

List of figures 127

Publications 141

Acknowledgements 145

V





Statutory declaration/Eidesstattliche Erklärung

Ich versichere hiermit an Eides statt, dass die vorgelegte Dissertation mit dem Titel

Dissecting lung fibrogenesis and regeneration through the lens of

single cell transcriptomics

von mir selbständig und ohne unerlaubte Hilfe angefertigt wurde.

Außerdem erkläre ich hiermit, dass die Dissertation nicht ganz oder in wesentlichen Teilen
einer anderen Prüfungskommission vorgelegt worden ist, und dass ich mich nicht anderweitig
einer Doktorprüfung ohne Erfolg unterzogen habe.

München, 11. November 2019

Maximilian Strunz

VII





Confirmation of congruency

I hereby declare that the electronic version of the submitted thesis, entitled

Dissecting lung fibrogenesis and regeneration through the lens of

single cell transcriptomics

is congruent with the printed version both in content and format.

München, November 11, 2019

Maximilian Strunz

IX





Abbreviations

The following list includes the key abbreviations and acronyms used throughout the thesis.

Abbreviation Meaning

ADI alveolar differentiation intermediate
ALI acute lung injury
ARDS acute respiratory distress syndrome
AT1 type I alveolar epithelial cell
AT2 type II alveolar epithelial cell
ATP adenosine triphosphate
CD cluster of differentiation
cDNA complementary deoxyribonucleic acid
DPLD diffuse parenchymal lung disease
ECM extracellular matrix
EEA extrinsic allergic alveolitis
EMT epithelial-to-mesenchymal transition
FDR false discovery rate
ILD interstitial lung disease
IPF idiopathic pulmonary fibrosis
IPAF interstitial pneumonia with autoimmune features
MHC major histocompatibility complex
NEB neuroepithelial body
PAGA partition-based graph abstraction
PNEC pulmonary neuroendocrine cell
PC principal component
PCLS precision-cut lung slices
PCR polymerase chain reaction
RNA ribonucleic acid
RNA-seq RNA sequencing
scRNA-seq single cell RNA sequencing
TGFb transforming growth factor beta
UMI unique molecular identifier

XI





Summary

Single cell RNA sequencing studies have revealed a plethora of novel findings and leveraged
the way in which we study disease development and progression. In the recent past, and
with increasingly smarter protocols for single cell transcriptomics, such investigations gave
insights into complex cellular composition of intricate biological systems, including alterations
in cross-cellular interactions, and led to the discovery of rare but functionally important cell
types.

The goal for this present work was to comprehensively study the course of lung injury
and subsequent regeneration by using the bleomycin-mediated lung injury mouse model.
This model comprises three phases: acute lung injury with the initiation of inflammation,
transient fibrogenesis, and its resolution over a 4-8-week time course. Using single cell
RNA sequencing and novel bioinformatic tools, the longitudinal sequence of lung injury and
regeneration has been charted for the first time. With daily sampling, this cell type- and
time-resolved strategy shed new light on cellular and molecular processes involved in lung
injury and regeneration, and led to the discovery and identification of a transiently emerging
cell state. During alveolar regeneration, epithelial progenitor cells transdifferentiated into
squamous-shaped intermediate cell states, marked by high expression of Keratin-8, which
were found to be exclusively present during the fibrogenic phase and to exert cellular in-
teractions with both the mesenchyme and macrophages. By computational modeling of
cell fate trajectories and by employing cell state predictions using RNA velocity, two cellular
origins for the novel cell state were discovered. Both type-II alveolar epithelial cells, as well
as airway-derived club cells were identified to transcriptionally converge into the Keratin-8
expressing cellular intermediate state.

In the bleomycin-injured lung, one of the most induced proteins is Emilin-2, an extracellular
matrix component with key regulatory functions to provide a provisional scaffold for tissue
regeneration. With the help of a constitutive knock-out mouse, the injured and regenerating
lung was investigated at different time points of the model. The functional characterization
of Emilin-2 was approached using different tools/methods, including tissue histology, flow
cytometry, or single cell RNA sequencing. First observations and data presented in this work
hint at the functional involvement of Emilin-2 in lung regeneration by impacting the immune
response after injury.
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1 Introduction

The Italian writer Giovanni Papini knew: Breathing is the greatest pleasure in life. Although
Papini made his statement at times when tuberculosis and lung infections were epidemic in
Europe, his words still remain meaningful in our days. In a world with increasing environ-
mental pollution and toxic exposures, respiratory diseases and cancers are on the rise and
impose a major burden for both the patient and society. Many among those patients suffer
from a significant shortage of breath and would undoubtedly consent with Papini‘s words.
In the World Health Statistics of 2016, published by the World Health Organization (WHO),
four respiratory diseases are ranked among the top ten global killers: Chronic obstructive
pulmonary disease (COPD), lung cancer, as well as tuberculosis and lower respiratory
infections [1]. However, although not as potent in increasing prevalence, other forms of lung
disease are also on the rise, which makes respiratory research indispensable.

Conducting research on human lung material, however, is restricted due to ethical reasoning.
Hence, research is dependent on models that mimic disease to allow for easier estimation
of dynamical processes during disease formation and progression. Here, by using the
bleomycin-induced lung injury mouse model, injury and subsequent regeneration can be
studied at controllable condition. Unfortunately, the interpretation of data is not solely
complicated as the bleomycin-injured lung regenerates over a time frame of up to 56 days,
which makes a comprehensive study over time difficult. By studying defined time points,
the outcome is usually averaged over these single snap shots and fails to reflect complex
and dynamic phases during lung regeneration. Combining single cell RNA transcriptomics
with rational sampling, such processes can be studied at improved temporal and cellular
resolution. Currently, many efforts are made to chart cellular atlases for both the human
and the mouse lung, including a human cell reference map, or an aging lung cell atlas. The
individual cell types that are present in the lung will be introduced in the following sections,
including the bleomycin mouse model, respiratory disease, and single cell RNA sequencing.

1.1 Gross anatomy of the normal lung

The lungs are paired but asymmetrically shaped organs in the chest cavity that facilitate
uptake of fresh oxygen into the bloodstream and the release of carbon dioxide produced
by the body. Morphologically, the lungs can be divided into structural units describing the
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1 Introduction

parenchymal tissue for active diffusion of gases (oxygen and carbon dioxide) and airways,
including trachea and bronchi. Anatomically, the lung is compartmentalized into segmental
lobes and the airway tree, which is branching into different generations of bronchial tissue
with varying structure and function (Fig.1a). The tracheobronchial airways summarize
bronchioles that furcate from bronchi and further subdivisions into bronchioles and terminal
bronchioles (all defined non-respiratory). In contrast, distal to the tracheobronchial tree,
the respiratory bronchioles guiding into the alveolar ducts and ultimately into the alveolar
sacs/alveoli comprise the pulmonary acini or parenchymal lobes - the area for active gas
exchange (Fig.1b) [2,3].
On cellular levels, both airway and alveolar regions reveal distinct cell populations with
varying cell frequencies and cellular functions. Different cell types play different pivotal
roles in maintaining tissue homeostasis, defense actions against inhaled exposures and in
regeneration processes.
Airway epithelium can be classified by its appearance and cellular composition as stratified,
pseudostratified, or simple epithelium (Fig.1c). Simple epithelium describes the concate-
nation of epithelial cells along the basement membrane, whereas stratified epithelium is
characterized by multiple lines of cells [4]. By appearance, the pseudo-stratified epithelium
resembles much a simple epithelium as it only comprises a single cell layer, however, the
cells’ nuclei are not solely positioned towards the basal cell end and hence give the impres-
sion of a stratified epithelium [4]. Stratified epithelium has been described in human airways
but is more prominent during disease [5]. Under normal conditions, human airways are lined
with pseudostratified epithelia that change to simple epithelia towards distal direction. In
contrast to humans, mouse airway epithelia are of simple epithelium character and lack the
pseudostratified cell appearance [6,7]. Distal airway cell shapes are described as cuboidal,
columnar, or squamous [7].

1.1.1 Airway epithelial cells

Non-secretory airway epithelial cells

Ciliated cells. The upper, conducting airways of humans are mainly lined by non-secretory
ciliated cells but contain to a lesser number secretory epithelial cells, including club cells,
goblet cells, as well as brush cells, and neuroendocrine cells [8]. In the mouse, by contrast,
non-secretory cells are limited to the trachea and secretory cells are the most frequent
cell type of the airway [8, 9]. Non-secretory ciliated cells are lined strategically with high
abundance along the upper airway and fulfill a barrier function [10]. Using their cilia and
microvilli that consist of both structural and motor proteins responsible for an orchestrated
directional beating at the apical cell end [8], pathogens and other inhaled particles are
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1.1 Gross anatomy of the normal lung

Figure 1: Gross human lung architecture, the complex branching of airways, and morphologic specifics of
respiratory epithelial cells. a. Anatomical representation of the human lung with ten segmental lobes for both the
right and left lung. b. Bronchopulmonary airway tree branching into continuously narrowing smaller airways with
each generation; larger conducting airways span from trachea to terminal bronchioles, ultimately changing via the
transitional bronchioles into the acinar airways, including the smallest respiratory bronchioles, alveolar ducts, and
alveolar sacs. c. overview of the different epithelia types found in the lung; simple and stratified epithelia can be
described by distinct cellular shapes; pseudostratified epithelium features a columnar appearance with all cells
attached to the basement membrane. Figure credits are indicated under the respective panel.

removed from the lung [10]. This mucociliary clearance is only possible as ciliated cells
and secretory airway cells synergize. If this balance is impaired, by e.g. ciliary dysfunction,
cell disruption, or abnormalities in fluid secretion [8], airways can obstruct and react with
immune reactions and hence contribute to disease manifestation and the development
of chronic pulmonary diseases, such as asthma, chronic obstructive pulmonary disease
(COPD), pulmonary or cystic fibrosis, or primary ciliary dyskinesia [8,11–13]. The disease
aspects relevant for this work are described with more detail in section 1.2. Ciliated cells
have been reported to stem from basal and club cell progenitors [8,14,15]. Differentiation of
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1 Introduction

ciliated cells occurs via Notch signaling [16–18] by activation of the Notch receptors with its
specific ligands Jagged1 and Jagged2 [16–18]. When the Notch signals are missing, ciliated
cell differentiation is induced by implied basal and club progenitors [8,14,15]. By contrast,
when Notch signaling is active, first secretory cells are differentiated, and with higher Notch
activity the goblet cell population [8]. Characteristic for the ciliated cell is the assembly of
ciliary proteins [19–22], as already mentioned, but also the activation of transcription by the
regulatory factor X (RFX), the MYB proto-oncogene (MYB), and the forkhead box J1 (FOXJ1)
transcription factors [20, 21]. Such examples of transcriptional network activities already
highlight the complex inter-cellular cross-talks and cellular plasticity, which are important
mechanisms needed to react upon abnormalities of foreign, or external stimuli.

Basal cells. In contrast to ciliated cells, basal cells are less malleable in shape as the basal
cell shape is dependent on the degree of constriction of the airway. This cell type accounts
for approximately 30% of airway epithelial cells [6,15], which are quite undifferentiated at
normal condition, marked by the expression of cytokeratin-5 (KRT5), -14 (KRT14), and
the transcription factor Trp-63 (p63) [23,24]. A main function of this cell population is the
anchorage of columnar cells into pseudo-stratified epithelia [25] and the maintenance of
the epithelial barrier as basal cells are in positioned in direct contact with the basement
membrane [9, 10]. Basal cells can withstand injury or other insults with high persistence
thanks to hemidesmosomes, via which they are tightly rooted on the basement membrane
[9, 10]. Given their high resilience, it becomes apparent that basal cells exert a pivotal
role during mediating inflammation and regeneration. It is therefore consequential that
basal cells can function as stem or progenitor cells, at least in the upper airway, with the
ability for self-renewal and trans-differentiation into other specialized cell lineages, enclosing
secretory and ciliated cells [6,9,10,26]. As for murine airways, basal cells are restricted to
the trachea and uppermost airways - likely due to much smaller body size [15]. They are
located between secretory, ciliated and neuroendocrine cells [23]. Differences in anatomical
architecture as well as cellular composition between the mouse and human lung has been
well described by Rock J.R., Randell S.H., and Hogan B.L.M. in 2010 [15].

Chemosensory epithelial cells

Brush cells. Although not highly innervated, the lung requires some chemosensory mecha-
nisms to fulfill its proper function. As we breathe, our respiratory system constantly filters and
warms up the inhaled air and guarantees appropriate conditions in terms of oxygen supply.
In the conducting airway epithelium both brush cells and pulmonary neuroepithelial bodies
(NEBs), see below, exert such chemosensory functions. The brush or tuft cell is named by
its cell shape or the possession of large and long microvilli, respectively [27], and senses
bacterial products, such as quorum sensing molecules [28]. Despite being very rare in both
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1.1 Gross anatomy of the normal lung

the mouse and human airways [29], studies have suggested a particularly important role for
these solitary cells, which is chemoreception of the airway lining fluid [28,30–32]. Brush cells
sense with their G-protein coupled T1R and T2R receptors [31], ultimately leading to the ac-
tivation of the vagal nerve to initiate defensive respiratory reflexes, such as expectoration [33].

Pulmonary neuroendocrine cells. Notwithstanding that these cells are solitary, pulmonary
neuroendocrine cells (PNECs) tend to form cell clusters of 2-25 cells, termed neuroepithelial
bodies (NEBs) [34,35]. PNECs are enriched with vesicles packed with neurotransmitters
and other functional products [36] and exhibit only small cell surface areas to the airway
lumen with small microvilli. Both PNEC and NEB functions vary throughout development
and life [34, 35, 37]. Postnatally, NEBs are capable of sensing oxygen levels [36], with
PNECs being the oxygen sensors detecting hypoxic conditions [36]. While there is proof
for mechanistic actions of these cells in the developmental and postnatal lung, it remains to
date unknown whether PNECs or NEBs are able to sense oxygen or carbon dioxide levels
in the adult lung [34–36].

Secretory airway epithelial cells

Club cells. Within the group of secretory epithelial cells there are serous and mucous cells.
Club cells, formerly termed Clara cells, are non-ciliated secretory cells filled with membrane-
bound granules. The cell’s main function is the secretion of among others peroxidases,
lactoferrin, albumin, lysozyme, and proline-rich proteins [38–40]. Club cells are studied
in great detail and with much effort as recent findings have suggested various important
functions for club cells in lung development, homeostasis, and especially upon injury and
subsequent tissue repair [15, 26, 39]. Conventionally, club cells are characterized by the
expression of SCGB1A1 but there is growing evidence for highly heterogeneous cell variants
within the club cell family [41]. First subsets were identified thanks to the differentially
expressed secretoglobin family proteins SCGB3A1 and SCGB3A2 [42].

Goblet cells. Similar in function to the club cells, goblet cells constitute the mucous cell
type of the airway. As the main producer of mucus, goblet cells are specialized to secrete
proteins and other factors, but mostly mucins (over 20 mucin genes are known), in order
to guarantee proper tissue barrier protection and tissue homeostasis [43]. Under normal
physiologic condition, goblet cells produce only a balanced amount of mucus, with MUC5AC
and MUC5B being the most abundant [43–45], however, mucus can be rapidly secreted
upon allergic or inflammatory stimulus [9, 46]. In response to persistent stimuli, a higher
number of goblet cells can be present, leading to excessive and highly viscid mucus pro-
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1 Introduction

duction and consequently to impaired mucociliary clearance and goblet cell metaplasia,
which represents a clinical characteristic for some pulmonary diseases [9,43,44,46]. As
mentioned, basal cells can give rise to goblet cells but this is regarded to be valid for upper
airways only [6,47–49]. In the lower airway ducts, club cells are thought to be the leading
progenitor or stem cell population [46, 50]. Generally, the epithelial cell compartments of
both airway and alveolar tissue underlie complexly orchestrated molecular and physiologic
processes.

Figure 2: Overview of the airway architecture and cellular composition. a Schematic representation of (mouse)
airway epithelial cell populations spanning from tracheal cell composition over large bronchi and bronchioles through
the delicate epithelia of the alveolar compartment. Cell niches are highlighted in circles. b Cellular differences
in airway cell composition between mouse and human with respect to different anatomical location. Pie chart
representation with approximate proportions of the main airway cell types. Basal cells are rare in the mouse upper
airway, goblet cells almost not existing. The human airway is void of club cells in tracheal and large bronchi regions.
Figure credits are indicated under the respective panel.
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1.1 Gross anatomy of the normal lung

1.1.2 Alveolar epithelial cells

The major cell populations in the alveolar region are alveolar type I and type II epithelial
cells, endothelial cells, interstitial cells, and immune cells, including alveolar macrophages
and dendritic cells.

Type I and II alveolar pneumocytes. Alveolar type I (AT1) cells are thinly shaped cells that
span the alveolus and facilitate gas exchange thanks to their direct contact with endothelial
cells from the pulmonary capillaries [51]. To enable optimized gas exchange, AT1 cells
exhibit a large cell surface area and are the most abundant type of alveolar epithelial cells.
Alveolar type II (AT2) cells, by contrast, are rather small and cuboidal in shape with the main
function of producing and secreting surfactant for the alveolar space [52,53]. This surfactant
is composed of proteins and lipids to prevent alveolar collapse during breathing and to
protect the alveolar architecture [54,55]. Alveolar epithelial cells were shown to be relatively
fragile and, depending on the insult or injury, different mechanisms are exerted to repair de-
structed alveoli [56]. Using lineage tracing studies in mice, it could have been demonstrated
that AT2 cells are able to repopulate lost AT1 cells, which has been substantially studied
after bleomycin-mediated lung injury [57–59]. Interestingly, it seems that AT2 cells cannot
only give rise to AT1 cells but also generate more AT2 cells after injury by clonal expansion,
suggesting a potential role for AT2 pneumocytes as stem or progenitor cells within the
alveolar compartment [57]. The formation of newly emerging AT1 cells was proposed to
occur via initial flattening of the cell, followed by folding into the alveolar space [60].

1.1.3 Pulmonary/alveolar interstitium

Pulmonary endothelial cells

Under regular conditions, the endothelium represents a tight barrier between the circulating
blood and the vascular wall. In larger veins or arteries, smooth muscle cells enclose the
vessels, in the fine capillary structures of the alveolus, however, pericytes are the supporting
cell type [61]. Endothelial cells are squamous epithelial cells located at the inner vessel
wall [62] and are among the most abundant cell types in the lung. Pulmonary endothelial
cells have various important functions, including the production and metabolism of nitric
oxide, which is a pivotal regulator of endothelial cell response [63]. Moreover, pulmonary
endothelial cells closely control the transit of substances from the blood to both the alveolar
region and the interstitium [62, 64, 65]. Upon injury or other pathologic state, this barrier
gets disabled, resulting in expression of adhesion molecules and the initiation of complex
inflammatory reactions by pulmonary endothelial cells [64, 66–68]. Such impairments
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1 Introduction

accelerate the permeability of the endothelial monolayer and can result in tissue edema and
other complications.

Pulmonary fibroblasts and myofibroblasts

Pulmonary fibroblasts are mesenchymal interstitial cells that manifest with a high degree of
heterogeneity. The fibroblast’s role in lung homeostasis is critical: as they directly interact with
epithelial and endothelial cells [69], they can instantaneously respond to extracellular matrix
(ECM) alterations and lung architectural changes. Upon activation stimulus, fibroblasts
initiate an eclectic cascade with to date not fully understood dimensions. As important
mediators after tissue injury and vital players during regeneration, pulmonary fibroblasts
are among the most studied cell type in respiratory research. Expressing various receptors
for pro-fibrotic molecules, including transforming growth factor beta (TGFb) [70], or platelet-
derived growth factor (PDGF) [71,72], pulmonary fibroblasts can migrate and differentiate
into active myofibroblasts. These cells are highly contractile and express alpha smooth
muscle actin (alpha-SMA), which is up-regulated upon stress stimuli [73]. In pulmonary
fibrotic disease, myofibroblasts accumulate in fibrogenic patches where they assemble
excessive amounts of ECM proteins. Several origins for this plasticity have been described:
(i) myofibroblast differentiation from pulmonary fibroblasts (as outlined above), (ii) circulating
fibrocytes migrating to the site of injury and differentiating into myofibroblasts [74], or (iii)
epithelial to mesenchymal transition (EMT), with alveolar epithelial cell transdifferentiation
after injury into myofibroblasts [75]. Despite these diverse hypotheses, the findings are
conflicting [59,76,77]. To highlight is an in vivo study, in which mice that were treated with
bleomycin (cf. section 1.4) did not show clear evidence of EMT based on both AT2 (alveolar)
and club cell (airway) transdifferentiation [59]. Another investigation proposes pericytes as
the origin for myofibroblasts [78] due to similar gene expression between these cell types.

Pulmonary macrophages

Pulmonary macrophages fulfill imperative functions in the non-specific immunological de-
fense by clearance of foreign matter or cellular debris and antigen presentation to the
host’s immune system. Pulmonary macrophages may be classified interstitial macrophages
(located between alveolar and vascular epithelium), and alveolar macrophages but other
macrophage subpopulations with largely unknown functions are known, including intravascu-
lar and pleural macrophages, or airway macrophages [79–82]. Depending on induction with
inflammatory cytokines, pulmonary macrophages can be further classified into M1 (clas-
sically activated or pro-inflammatory), or M2 (alternatively activated or anti-inflammatory)
phenotypic macrophages [83–87], with the latter being the most incumbent phenotype under
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1.1 Gross anatomy of the normal lung

both regular or regenerative state [88–90].

Interstitial macrophages. As the designation suggests, these cells are inhabiting the in-
terstitium where they can interact with lymphocytes and actively participate in antigen
presentation [91–94]. Due to this interaction, interstitial macrophages exert greater involve-
ment during pro-inflammatory reactions than alveolar macrophages, e.g. by the secretion
of interleukin-1 (IL-1) and -6 (IL-6), highlighting their immunoregulatory role [92, 95, 96].
Interstitial macrophages are capable of expressing M2-like factors and acting inhibitory
on dendritic cells, suggesting that the interstitial macrophages are involved in adaptive
immunity [92,93,97].

Alveolar macrophages. These important lung cells are located in the alveoli and are the pri-
mary cells to rid trapped particles or pathogens via the mucociliary clearance [98–100]. Alve-
olar macrophages contribute to antigen presentation and express major histocompatibility
complex (MHC)-class II antigens but less so in the presence of professional antigen present-
ing cells, including pulmonary dendritic cells and interstitial macrophages [92–95,101,323].
Their prime immunologic feature is the avoidance of allergenic overload in pulmonary lym-
phoid cells [103]. High expression of M2 phenotypic scavenger receptors, such as CD68,
or CD204, plus low expression of M1 phenotypic markers, like Ly6C [101, 323], typically
characterize alveolar macrophages. They further stand out due to slow turnover rates
and longevity [322]. Generally, one can differentiate between resident and non-resident
alveolar macrophages. Resident alveolar macrophages can augment the number of alve-
olar macrophages in the lung by cell division or via the egress of interstitial macrophages
or myeloid-derived monocytes, which give rise to the implied non-resident macrophage
populations [109, 110]. After lung injury, the resident population exhibits the stronger
resilience and persistence, suggesting that they contribute to wound healing and repair
mechanisms [105–108]. Upon massive loss of all alveolar macrophages, including the tissue
resident ones, cells are replenished by mainly monocytes or interstitial macrophages [109].

1.1.4 Basement membrane and the extracellular matrix

Generally, the extracellular matrix (ECM) possesses supportive tissue functions but is influ-
enced by the factors and proteins that are secreted by their encompassing cells. In large
airways and the proximal respiratory tract, collapse of the airway is impeded by the tracheal
cartilages, composed of collagens and hydrophilic proteoglycans [111]. Among the most
abundant ECM proteins are collagen and elastin, both of which allow for structural stability
without losing elasticity [112–114]. In the distal alveolar space, the ECM composition is
utterly critical and must manifest a structure allowing for optimized gas exchange. As com-
pared to the airway ECM, the alveolar region frequently exhibits fused basement membranes
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between alveolar epithelium and endothelium [115]. The ECM and the basement membrane
represent a scaffold for surrounding cells, which are actively influenced by the ECM com-
position with regards to cell migration, proliferation and differentiation [116,117]. Changes
in ECM organization and architecture, such as excessive ECM deposition, decrease gas
diffusion efficacy [118] and accelerate the pathologic condition and disease progression.

1.2 Respiratory disease

Lung or respiratory disease affects millions of people worldwide. Patients suffering from
respiratory disease or who even developed chronic forms of it, are seriously retrenched in
life. While some types of disease affect the airways, for instance, others are rather morbid in
the parenchymal or vascular region of the tissue. Although being multifaceted with regards
to disease onset and progression, many disorders share disease mechanisms. In this
manner, some respiratory diseases elicit the decrease of the lung’s elasticity (as observed
in pneumonia or pulmonary fibrosis), others, by contrast, obstruct the airways (as in e.g.
asthma or chronic obstructive pulmonary disease). Both forms result in reduced air flow
and diminished oxygen supply to the body. Despite established knowledge about disease-
triggering risk factors, including smoking, environmental pollution, or yet genetic factors,
most molecular and etiological principles of respiratory disease remain largely unknown. In
virtue of the immense diversity of respiratory disease, the focus will be set on only diseases
that impact the herein presented work.

1.2.1 Diffuse parenchymal lung disease

Various chronic lung diseases, such as interstitial lung disease (ILD) can be classified based
on distinct features, yet many share certain characteristics, including inflammation and
concomitant fibrosis [119]. Interstitial lung disease, or diffuse parenchymal lung disease
(DPLD), is marked by progressive tissue scarring and summarizes up to 200 different sub-
forms of the disease [120,121]. The lung is an immunocompetent and metabolically active
organ subserving gas exchange, and filtration for toxic substances and blood components.
ILD patients present with evidence of inflamed alveolar tissue, which can be intensified by
ongoing infections of the lung [122]. In the case of persisting inflammation and gradual
scarring/fibrotization of tissue in the alveolar region, interstitial lung disease can result in
lung fibrosis. In consequence, patients exhibit impaired gas exchange capacity, phases of
exacerbations, and sometimes heart failure owed to chronic lung disease. Among the class
of ILDs, idiopathic interstitial pneumonias (IIPs), including the frequently occurring idiopathic
pulmonary fibrosis (IPF), manifest very progressive disorders with unknown causes. IPF is
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an end-stage lung disease with a median survival of 2-3 years after diagnosis [123], which
cannot be cured but mitigated with drugs that decelerate disease progression, two of which
are clinically approved and in practical use: pirfenidone and nintedanib [124,125]. However,
these drugs have strong side effects and are without prospect for regression so that the only
curative therapy for patients with poor prognosis is ultimately lung transplantation. Although
being considered rare diseases, DPLDs are among the top 40 global diseases with an
increase of years of life lost in 2013 of 86% compared to 1990 (Fig.3) [126]. Years of life
lost measures premature mortality by identifying years of potential life lost due to causes of
premature death [333].

1.2.2 Acute respiratory distress syndrome

A major risk factor and potentially life-threatening event can be the development of an
acute respiratory distress syndrome (ARDS), a disorder often linked to variety of lung
injury insults leading to fulminant morbidity and acute lung injury (ALI). Due to the massive
structural damage in the alveolar tissue, including the extracellular compartment, the lung
fails to supply the body with sufficient amounts of oxygen, which makes breathing difficult
and usually requires mechanical ventilation to assist the patients. Although the pathologic
hallmarks of ALI are epithelial and endothelial dysfunction, including pulmonary edema [127],
ALI/ARDS are not classified as interstitial lung disease. Some patients who survive can fully
recover, but others may exhibit severe end-stage lung abnormalities as they are frequently
observed in ILD patients.

Although the term respiratory disease conflates a wide range of distinct diseases and their
subtypes into one hypernym, there are demands for distinguished scientific approaches
to better resolve and understand the underlying patho-mechanisms. As access to human
material is usually restricted or ethically reprehensible, research is conducted mainly by
the use of various in vitro and in vivo models. Animal models have been proven to be
imperative tools for the identification of key processes during disease. There are several
models to mimic human ILD features in the mouse but thanks to its pulmonary cytotoxicity,
bleomycin-induced lung injury is the most frequently used model to study acute lung injury
and subsequent tissue repair and remodeling (described in 1.4).

1.3 Bleomycin-induced pulmonary cytotoxicity

The glycopeptide bleomycin is an antibiotic compound that was isolated and obtained from
Streptomyces verticillus in 1966 [128]. Thanks to its anti-tumoral properties, bleomycin has
been used as a potent drug against various cancers, including Hodgkin lymphomas and
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Figure 3: Top 50 causes of global years of life lost in 1990 and 2013 - data and table adapted from the Global
Burden of Disease Study 2013; Lancet 2015; 385: 117-71.
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germ cell tumors [129,130]. However, the use of bleomycin is confined by the development
of ILD in up to ten percent of treated patients [131–133].
The endonuclease bleomycin exerts anti-neoplastic effects by inhibiting DNA replication
and repressing DNA polymerase activity, and by inducing single- or double-strand DNA
breaks via a complex of bleomycin, oxygen, and iron [131, 134, 135]. More specifically,
bleomycin-induced chelated iron reduces oxygen, which results in subtraction of hydrogen
from the deoxyribose carbons, thereby releasing a DNA base and introducing the DNA
strand break [134]. The high toxicity in the lung (and also in the skin) is due to a lack of the
bleomycin hydrolase that enzymatically deactivates bleomycin. Clinical signs or histologic
hallmarks of the so-called bleomycin lung include among others alveolitis, interstitial edema,
intra-alveolar and interstitial fibrosis, metaplasia, and dysplasia of the alveolar cells [136].
The distribution of fibrotic lesions are found in both subpleural and periseptal areas [136].
With such features of interstitial lung disease, and the lack of notion via which mechanisms
fibrogenesis occurs, there is warranty to make use of bleomycin for disease models that
mimic IPF and ILD signs. Studying main pathogenic roads can be achieved using different
in vivo models, unfortunately, no animal model will be able to fully reflect the human disease
character. Nevertheless, bleomycin administration in mice has been proven successfully
thanks to reproducible effects recapitulating lung injury and lung fibrogenesis [119].

1.4 Bleomycin mouse model of pulmonary fibrosis

The bleomycin mouse model, which represents the most commonly applied experimental
disease model in C57Bl6/J mice [137,138], has helped tremendously in finding new aspects
about the cellular and molecular mechanisms associated with IPF and other ILDs, as well
as in developing novel therapeutic approaches. As outlined in the paragraph above (1.3),
bleomycin administration to murine lungs induces DNA strand breaks, leading to alveolar ep-
ithelial cell death, massive tissue injury with the initiation of complex inflammatory responses
and gradual manifestation of fibrogenesis by fibroblast activation, collagen deposition, fol-
lowed by tissue repair and almost complete regeneration of destructed tissue [138]. Single
dose administration of bleomycin leads to transient pulmonary fibrosis [139] and reproduces
several features of human ILD, defining this model to be very suitable for the study of both the
development of fibrosis as well as its resolution over time (Fig4a). Repetitive administration,
by contrast, does not allow for the quick resolution of inflammation and thus of the pulmonary
fibrosis (Fig4a) [76,140,141]. In a nutshell, the bleomycin mouse model can be applied in
different manners, depending on the research interest, as to whether systemic processes
over time with regard to successful tissue restoration is of interest (acute model), or the
development of non-regenerative permanent fibrosis with increased similarities to human
ILD (chronic model).
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Figure 4: The bleomycin mouse model to induce acute lung injury and pulmonary fibrosis. a The acute injury
model is initiated by single dose administration of bleomycin, resulting in transient fibrogenesis and subsequent
tissue regeneration. Repetitive administration of bleomycin, including during the inflammatory and fibrogenic phase,
induces excessive tissue scarring without regeneration. Typically assessed time points are day 3, 7, 14, 21, 28,
and 56, but to better capture tissue changes, shorter intervals are also considered. b Histological assessment
over time post injury. Compared to the PBS instilled control lung, aberrant extracellular matrix deposition and
concomitant immune cell influx can be observed towards day 14, the peak of the inflammatory phase. At day 56,
the treated lungs almost resemble those that have been treated with PBS only. c Schematic representation of the
intratracheal bleomycin administration. Using a microsprayer, bleomycin is instilled via an intratracheal catheter as
a highly dispersed aerosol. d Principle of the oropharyngeal aspiration route. Bleomycin is pipetted at the tip of the
oropharynx after blockage of the nostrils using tweezers and pulling firmly at the tongue. This way the mice are
forced to deeply aspirate the solution into the lung. Figure credits are indicated under the respective panel.
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Administration of bleomycin to mice can be achieved by intratracheal instillation, intratracheal
microspray aerosolization [144], or oropharyngeal aspiration [142, 143, 147]. In addition,
intranasal application is possible, however, scarcely described in the literature. Although
intratracheal bleomycin delivery is favorably used [146], the advantages of aerosolized
instillation via the trachea (Fig4c) [144] outweigh the use of regular intratracheal injec-
tion [142, 145]. A recent study reported on oropharyngeal aspiration routes (Fig4d) that
outperformed intratracheal delivery methods due to the ease of handling, the diminished
animal burden, and the downsizing of experimental animal death [142].
For the acute bleomycin model, and in order to capture the whole process from lung injury to
repair, there are certain time points that are commonly and classically used by the research
community [139,148–150]. At day three after administration of bleomycin, acute damages in
the lung epithelium are found and first inflammatory and immune reactions are induced. Day
seven denotes an intermediate time point characterized by early signs of fibrogenic actions
and a severe immunologic response. At day 14, the phase of active fibrogenesis, several
fibrotic foci are formed in the parenchymal tissue, marked by exuberant expression and
deposition of ECM proteins. The climax of tissue fibrosis is at around day 21, when secreted
and assembled ECM proteins constitute a provisional matrix for subsequent tissue repair.
Gradually, from day 28 to day 56, the fibrotic tissue is remodeled and the lung parenchyma
almost completely regenerated and fully functional again (Fig4a and b). Although the
investigation interval spans the entire acute phase of lung injury and following tissue repair,
many important processes might be missed by neglecting the days in between the observed
time points. In fact, by studying the acute bleomycin-induced lung injury over time with higher
temporal resolution, for instance daily, novel aspects and previously imprecise interpretations
of injury or disease mechanisms can be better investigated and scrutinized - which will be a
key point in this thesis.

1.5 Single cell RNA sequencing

After the completion of the Human Genome Project in 2003 [151, 152] and the release
of the Human Protein Atlas in 2005 [153, 154], scientists are now gathering to create
a cell-based reference of the human body - the Human Cell Atlas [155]. This highly
collaborative initiative will likely accomplish what has been sought for a long time, namely
the mapping of both the geno- and phenotype. Only recent advancements in novel single
cell-based RNA-sequencing methods allow for such ambitious endeavors. While the power
to study transcriptomic alterations has long been understood, it was previously impossible
to deconvolute cellular heterogeneity in both healthy or diseased state [155]. Although
same cell types within an organ can fulfill equal functions, the transcriptomic state of each
individual cell may mirror solely the activity of only few active genes in that cell [156–158],
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thereby defining heterogeneous cell type composition. Stochastic gene expression events
that guide biological processes and define cell fate decisions [159, 160] are missed or
neglected when performing bulk sequencing studies as these methods fail to resolve the
cell-to-cell variability and the distinct transcriptomic signals of individual cells. However, the
notion of such differences is required to understand disease development as many diseases
can be associated to a dysregulation in protein transcription [161].

Single cell transcriptome sequencing has been initiated by the expansion of single cell-
derived cDNA using either in vitro transcription (IVT, linear transcript amplification) or the
polymerase chain reaction (PCR, exponential transcript amplification) [162,163]. With the
help of incorporating fluorescent dyes, these methods soon gave rise to DNA-microarrays
[164, 165], which measured the increasing fluorescent signal after each round of cDNA
amplification [166,167]. Despite the fact that DNA microarrays and genome-wide association
studies (GWAS) levered the discovery of unprecedented transcriptional diversity, only known
cDNA sequences could be analyzed because of previously designed oligonucleotide probes.
Starting from 2005, various high-throughput sequencing methods were published [168,
169], however, only after the next-generation sequencing platforms were introduced by
Illumina, the global market leader for DNA sequencing, the interest for sequencing single
cells on a widespread scale aroused. RNA-sequencing allows for highly and massively
parallel sequencing of mRNA-derived cDNA fragments [170–173], thereby enabling unbiased
profiling of qualitative and quantitative gene expression.

Extraction of single cells is an important but not trivial step for single cell RNA sequencing.
Depending on the research interest and sample availability, different isolation procedures
are commonly used, including fluorescent-activated cell sorting (FACS), or laser capture
microdissection (LCM). While FACS can be the method of choice for precisely selecting
cells with antibodies against known cell surface markers it may be too dependent on cell
input number and large working volume. And while only distinct cells may be of interest and
can be collected even from very solid tissues by LCM, microfluidics-assisted methods can
convince with relatively low sample input, ease of handling, and cost efficiency. However,
these droplet-based methods require a priori cell extraction from tissues with enzymatic
digestion. Up to recently, more than 52 different single cell RNA sequencing methods have
been described (Fig.5) [174], demonstrating their broad application range. Common to most
methods is the library preparation step, which usually consists of (i) RNA extraction, (ii)
mRNA enrichment, e.g. selection of only polyadenylated mRNA species [175], (iii) mRNA
reverse transcription into cDNA, and (iiii) cDNA fragmentation. Due to high ribosomal RNA
(rRNA) contents in a cell [175] and low reverse transcription rates (10-20% of transcripts)
attributed to the Poisson sampling [176], the cell lysis step continues to be the vital factor
deciding upon the sequencing results. To boost sequencing output and simultaneously keep
the expenses at a minimum, both the 5’ and 3’ sequencing has been introduced [177,178].
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However, with the novel emergence of single cell-based methods, an improved accuracy in
gene detection as well as effective removal of the PCR bias was needed. The solution is the
introduction of so-called unique molecular identifiers (UMIs) and cell barcodes during the
reverse transcription step [177–179]. These small, only few basepair-long sequences allow
for direct molecular transcript counting as contrasted to read-based estimations, such as
RPKM/FPKM (read/fragment per kilobase per million mapped reads) [176, 180]. Despite
the vast choice of methods, droplet-based technologies transformed both basic and clinical
research. With commercially available platforms, including the Fluidigm C1 system providing
automated single cell analysis but at limited cell number, or the 10x Genomics Chromium
system guaranteeing high throughput and highly efficient cell capture, there is no halt in
studying and interrogating a sample’s cellular diversity. One of the widely used droplet-based
single cell RNA sequencing technologies is Drop-Seq [179], which is primarily due to its
cost-efficiency, ease of handling, and high-throughput nature. This technology has been
applied for the work presented in this thesis and is explained in more detail under 2.2.2.
The application of single cell RNA sequencing is a vivid field of research and currently much
exploited as, for the first time, global gene expression differences can be studies within and
across cell types [181–183]. Moreover, previously undescribed cell types or cell populations
could have been identified, laying a foundation for potentially major breakthroughs in medical
research, or giving rise to further research hypotheses. These include findings in the liver
[184], the pancreas [180,185,186], the immune system [187,188], the lung [189,190,197],
the retina [179,191], and the brain [192–196].
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Figure 5: Overview of scRNA sequencing protocols: over the past decade, more than 50 sequencing protocols
emerged; thanks to fluidics-based applications, thousands of single cells can be sequenced in a very short time.
Top panel shows the most commonly used protocols with original publication date. Lower panel lists a variety of
different protocols until 2017, including the latest innovations. Later protocols are usually adaptations from these.
Figure credits are indicated under the respective panel.
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2.1 Animal handling and bleomycin administration

All mice used in the herein presented investigations were purchased from Charles River,
Germany, and maintained under pathogen-free conditions at the animal husbandry of the
Helmholtz Zentrum München, Munich, Germany. Emilin-2 knockout animals were provided
by Dr. Paolo Bonaldo (University of Padova, Italy). Mice were given food and water ad libitum
at all times. All experimental procedures were conducted in accordance with the regulations
of the Bavarian government and the guidelines of the European Union and are registered
and approved under the registry 55.2-1-54-2532-130-2014 and ROB-55.2-2532.Vet_02-
16-208 [198]. Control mice were treated with 80 µl of saline solution (phosphate-buffered
saline, PBS), bleomycin-treated animals were administered with either 2 U/kg (oropharyngeal
instillation) or 3 U/kg (intratracheal instillation) bodyweight bleomycin. Mice were instilled with
either PBS or bleomycin after intraperitoneal injection of medetomidin 500 µg/kg body weight,
midazolam 5 mg/kg body weight, and fentanyl 50 µg/kg body weight in sterile sodium chloride
solution at a maximal volume of 100 µl via a 27 gauge cannula. Intratracheal instillation was
performed using the Micro-Sprayer Aerosolizer, Model IA-1C (Penn-Century, Wyndmoor,
PA). Oropharyngeal administration was achieved by bleomycin application to the oropharynx
by pulling out the tongue and closing the nostrils to induce deep breathing through the
oral cavity. Directly after treatment, mice were antagonized by subcutaneous injection of
atipamezol 2.5 mg/kg body weight, flumazenil 500 µg/kg body weight, and naloxon at 1.2
mg/kg body weight, dissolved in sterile sodium chloride solution at a maximal volume of
100 µl via a 27 gauge cannula. Lung injury was induced by single-dose administration of
bleomycin (Sigma Aldrich), dissolved in sterile PBS [198]. Treated animals were continuously
observed during the experimental phase and sacrificed in case of abnormal behavior or
noticeable signs of phenotypic changes caused by the administration [198]. Experimental
end points were chosen based on the commonly investigated time points (days 3, 7, 14, 21,
28, and 56), or even daily to better track down changes at increased resolution of time after
lung injury (days 1-14, 21, 28, 35, 42, and 56) [198].
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2.2 Single cell analysis of the mouse lung

2.2.1 Generation of single cell suspensions from whole mouse lungs

Mice were sacrificed by cervical dislocation of the spinal column from the brain and dissected
as described in the submitted manuscript [198]. After opening the thorax, the lung was
perfused with sterile PBS through the right ventricle of the heart. For Drop-Seq, the right
lung was tied off at the main bronchus and cut apart for tissue dissociation. When histology
samples were collected, the left lung was fixed by slow inflation of the tissue with 4%
paraformaldehyde and subsequently prepared for formalin-fixed paraffin embedded (FFPE)
tissue blocks. As the Drop-Seq method requires a single cell suspension, the right lobes
were minced and transferred for mild enzymatic digestion for 20-30 min at 37�C in an
enzyme mix containing dispase (50 caseinolytic U/ml), collagenase (2 mg/ml), elastase (1
mg/ml), and DNase (30 µg/ml) (described previously in [201]). Inhibition of enzyme activity
was achieved by adding 10 ml of PBS supplemented with 10% fetal calf serum (FCS). As
described previously [198], single cells were harvested by straining the digested tissue
suspension through a 40 micron mesh and by centrifugation at 300 x g for 5 min at 4�C.
Cell pellets were taken up in PBS supplemented with 10% FCS, singularized by thorough
mixing through pipetting, and ultimately counted and assessed for overall cell viability, which
is required to be at 85% or higher. For the Drop-Seq run, single cells were aliquoted in PBS
supplemented with 0.04% of bovine serum albumin (BSA) at a final concentration of 100
cells/µl [198,201].

2.2.2 Single cell RNA-sequencing using Drop-Seq

Production of microfluidic devices for Drop-Seq

Drop-Seq is a microfluidics-based method to encapsulate single cells into nanoliter-sized
droplets and uses passive-flow polydimethylsiloxane (PDMS) devices [179]. Using a silicon
wafer and a photomask that contains the device design, master molds for the production
of microfluidic devices can be generated using photoresistant substances. A commonly
used photoresist in soft photolithography is SU-8 thanks to its highly applicative properties,
including the mold’s longevity [199]. A huge benefit for the production of PDMS replicas is
the unnecessity of working at cleanroom conditions as all fabrication steps downstream of
the master mold production can be executed in a normal laboratory environment. After the
master molds are finished, PDMS is mixed with a cross-linking agent in a 1:10 ratio, casted
over the mold, and baked in an oven to allow for polymerization and cross-linking. After the
cure and cross-linking of the PDMS, the polymer replica is peeled off the mold and both
inlets and outlets for the tubing connections are punched into the replica. Next, both the
replica as well as a glass slide are oxygen plasma treated to ultimately activate the surfaces
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Figure 6: Overview of the PDMS chip production. a Fabrication process of a PDMS device for single cell RNA
sequencing. After the master mold production using a photoresist, PDMS slabs are generated, plasma treated,
and bonded to glass slides. b Design of microfluidic devices as used in the Drop-Seq protocol. Figure credits are
indicated under the respective panel.

for bonding and to generate closed channels [200]. For the Drop-Seq application, and to
ameliorate the flows, all channels are treated with a hydrophobic repellent.
Here, to produce the microfluidics devices needed for the Drop-Seq platform, master molds
were fabricated after the Drop-Seq device design (CAD file available as a download from:
http://mccarrolllab.org/dropseq/) using standard soft lithography [198]. For the experiments
here, either commercially available chips were used (Nanoshift, USA), or in collaboration
with Dr. Igor Kukhtevic, in house produced chips (Helmholtz Zentrum München, Germany).
Briefly, using the SU-8 photoresist (MicroChem, USA) on a 3-inch silicon wafer, 125 micron-
thick uniform layers were produced [198]. The master molds were filled with a 1:10 mixture
of PDMS and Sylgard 184 (PDMS Kit, Dow Corning, USA) and baked at 60�C for 4 hours
to finalize the cross-linking. The resulting PDMS replica was de-molded by peeling and
ports for the inlet and outlet channels (both 1 mm in diameter) were punched into the PDMS
slab. Using a 2x3 inch microscopic slide, both the replica and the slide were oxygen plasma
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treated for device assembly. Ultimately, all channels were treated with the repellent Aquapel
(Pittsburgh Glass Works, USA) to render all channels hydrophobic [198].

Drop-Seq technology and generation of sequencing libraries

The Drop-Seq method makes use of microfluidics to encapsulate single cells into nanoliter-
sized droplets [179]. With the help of syringe pumps, cells are pumped into a microfluidic
device, in which they are co-flown with specialized microbeads and oil to form droplets.
The microbeads are covered with oligonucleotides that include a cell-specific barcode (12
bp) and a unique molecular identifier (UMI, 8 bp) for transcript identification and count-
ing [179]. When a single cell and a microbead are encapsulated into a droplet, the cell
is instantly lysed and its cytosolic content released (Fig.7). The freely accessible mRNA
transcripts can be captured by the microbeads as the oligonucleotides possess a 30 bp-long
poly(dT) sequence [179]. Beads that are saturated with mRNA transcripts are referred to as
’single-cell transcriptomes attached to microparticles’, or shortly STAMP. All droplets from a
sample are collected and broken to release the STAMPs. After washing steps, STAMPS are
reverse-transcribed by template switching, thereby generating stable cDNA strands from the
mRNA transcripts, including the barcode and UMI. Subsequently, cDNA is first amplified
using PCR and later tagmented, which describes the random cut of the transcripts and the
addition of sequencing adapters. The result are single cell libraries, which are ready for
sequencing.

Figure 7: The Drop-Seq principle. Cells are co-encapsulated with specialized microbeads to capture polyadeny-
lated mRNA transcripts after cell lysis. Thus captured transcribed are reverse transcribed and PCR amplified
for single cell library preparation. Libraries are sequenced in a paired-end run (read 1 and 2) on Illumina flow
cells.Figure credits are indicated under the respective panel.
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All Drop-Seq experiments were conducted as previously published [179,201]. Isolated single
cells (100/µl) were compartmentalized with barcoded microbeads (120/µl, ChemGenes,
USA) at flow rates of 4000µl/hr. After 10-20 min, monodisperse droplets were broken by
harsh shaking and released STAMPS were collected by the addition of perfluorooctanol
(Sigma-Aldrich, Germany). Collected transcripts were reverse-transcribed using template
switch oligos (Eurofins, Germany) and Maxima RT (Thermo Fisher, Germany). In the case of
unused primers on the microbeads, excessive single strands were removed by exonuclease
I (New England Biolabs, USA). For cDNA amplification, 2000 beads per reaction tube were
aliquoted and amplified in a 12-14 cycle-PCR using PCR primers at 100 µM concentration,
and the 2x KAPA HiFi Hotstart Ready-mix (KAPA Biosystems, USA). Cycling conditions
and primer sequences were used as described by Macosko et al, 2015. Clean-up of
PCR products was performed according to the manufacturer’s protocols of the clean-up
beads (CleanNA, USA). Sample quality was assessed on the BioAnalyzer using DNA
High Sensitivity chips (both Agilent Technologies, USA). Tagmentation and adapter ligation,
complimentary to immobilized primers on the sequencing flow cell, were performed using the
Nextera XT DNA Sample Prep Kit (Illumina, USA) and a customized P5-primer (Integrated
DNA Technologies, Germany) (according to the Drop-Seq laboratory protocol, version 2.1;
http://mccarrolllab.com/dropseq/).

RNA-sequencing on Illumina platforms

All libraries that were produced for this work were sequenced on the HiSeq 4000 machine
from Illumina, USA. Illumina is the current global market leader and skims the biggest part
of the next-generation sequencing market [202]. The HiSeq 4000 sequencer is fast and
produces higher output as compared to other sequencers thanks to a patterned flow cell
technology and kinetic exclusion amplification [203]. Patterned flow cells have got nanowells
at fixed locations on the sequencing lane to increase uniform cluster spacing, higher cluster
densities, and improved unambiguous cluster identification [203]. During cluster generation,
the exclusion amplification only allows for one single DNA template to bind and form a
monoclonal cluster within a single nanowell of the flow cell (Fig.8c). The principle is that
after template binding to the nanowell-anchored seeding primers, instantaneous and rapid
amplification takes place, thus preventing other templates from binding in that particular
nanowell and forming a polyclonal cluster [203, 204]. Once, a template is hybridized to a
nanowell, it is immediately extended and denatured (Fig.8a), followed by bridge formation
and bridge amplification [205]. In a final step, reverse strands are cleaved from the resulting
monoclonal clusters, which are now ready for next-generation sequencing-by-synthesis
(Fig.8b). Sequencing-by-synthesis makes use of cyclic reversible termination [206] and
describes the addition of four fluorescently-labeled DNA bases/nucleotides at the same time.
In more detail, with each sequencing cycle, all fluorescently-tagged nucleotides compete
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Figure 8: RNA sequencing on Illumina flow cells. a Schematic overview of the cluster generation process before
sequencing. Sample or template strands are hybridized to a nanowell on the flow cell. After extension and
denaturation, strands form bridges for subsequent bridge amplification resulting in monoclonal cluster formation. b

Principle of the sequencing-by-synthesis reaction. In each sequencing cycle, fluorescently-labeled nucleotides
compete for the incorporation to a newly growing strand, which after laser excitation are detected by a camera. c

Illumina HiSeq 4000-compatible patterned flow cell with eight sequencing lanes containing billions of nano wells.
Figure credits are indicated under the respective panel.

for the addition but only one labeled nucleotide is subjoined to the growing strand, which
terminates the polymerization. After the addition of each nucleotide, i.e. each sequencing
cycle, the sequencer detects the fluorescent dye by light excitation and thus identifies the
newly incorporated nucleotide (Fig.8b). Hence, both emission wavelengths, as well as
signal intensity determine the base call [203, 204]. After detection, the fluorescent label
is enzymatically cleaved, giving way for the next nucleotide to be incorporated. A clear
benefit is granted by the natural competition of all four bases, which reduces nucleotide
incorporation bias. Additionally, as base calls are derived directly and immediately after
each sequencing cycle, less detection errors are observed [207,208]. Finally, when the last
sequencing cycle has been reached, base calling from the gathered fluorescence data is
performed [209].

For the experiments presented in the thesis, samples were pooled across the sequencing
lane using multiplex indices. As the i5 index is customized in Drop-Seq, samples were
only indexed using the i7 indices (Illumina Nextera XT DNA Kit, v2). Final libraries were
first purified using twice 0.6x clean-up beads (CleanNA) and then sequenced in a 100
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bp paired-end run on the HiSeq 4000 sequencer (Illumina, USA). Denatured sequencing
sample was loaded at 0.2 nM concentration and mixed with 5% of PhiX spike-in to increase
sample complexity. The priming of Read1 was achieved with 0.5 µM Read1CustSeqB primer
(see online Drop-Seq protocols) because of the Drop-Seq-specific sequence at the 3-prime
end.

2.3 Bioinformatic single cell data analysis

2.3.1 Processing of single cell RNA-sequencing reads

After sequencing, Drop-Seq pools were demultiplexed with the standard bcl2fastq2 Con-
version Software v2.20 (Illumina standard pipeline for the HiSeq 4000 sequencer). During
each sequencing cycle, the real-time analysis (RTA) software produces a base call (BCL)
file, which is converted into a FASTQ file - the input file for downstream analysis of the
data [210]. Based on the index sequence, the software is able to demultiplex the pooled
sample back into single samples. All samples underwent adapter trimming and were mapped
to the mouse genome (mm10) as previously described and published [179]. Preprocessing
analysis was performed using the published Drop-Seq pipeline, version 2.0 [179]. The
mouse genome reference is available as a download (GEO accession code: GSE63269). In
brief, alignments of reads were determined by STAR, version 2.5.2a [211] using default pa-
rameters. For barcode filtering, barcodes with less than 200 detected genes were excluded.
As a high proportion (> 10%) of transcript counts derived from mitochondrial-encoded genes,
which may indicate low cell quality, such cells were removed from the downstream analysis.
Similar, cells with an incomparably high number of UMI counts (> 5000) were excluded
as these may represent cell doublets [198]. The Drop-Seq pipeline eventually produces
a digital gene expression (DGE) matrix, which was further processed using the R-based
Seurat package, version 2.3. The Seurat package was created to specifically analyze
single-cell RNA-sequencing data [212]. Using default settings, the DGE matrices were
normalized with the Seurat function NormalizeData() [198]. Single cell gene expression data
was normalized by total expression of all cells, then multiplied with a scaling factor (here:
10,000) and log-transformed. To mitigate the effects of unwanted sources of cell-to-cell
variation, the number of UMI counts was regressed from the data using the Seurat function
ScaleData() [198].
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2.3.2 Bioinformatic tools for downstream data analysis

R packages

The R distribution is a free-to-use language and environment for statistical computation
and graphical display of computed data (https://www.r-project.org/about.html). Although a
plethora of statistical functions and techniques are implemented, R can be readily extended
by multiple packages that are available online on various websites, including those from
CRAN and Bioconductor, for instance. Single cell-specific R packages used in this thesis
are explained in more detail in the following paragraphs.

Seurat. This R toolkit provides many options and functions to analyze and integrate sin-
gle cell data [212–214]. The package offers algorithms and functions for quality control,
data filtration, calculation of highly-variable genes, graph-based clustering, dimensional
reduction, and the identification of cluster-specific markers using specific vignettes (source:
https://satijalab.org/seurat/vignettes.html). This allows for the identification and interpretation
of cell heterogeneity from single cell RNA-seq experiments. Later developments included
vignettes for differential gene expression testing, cell cycle regression, and improved visual-
ization methods. This R package is continuously improved with frequently updated versions,
available at https://satijalab.org/seurat/. In this work, Seurat, version 2.3.0) was used.

Limma. Originally, this package was created for gene expression analysis for data derived
from microarray studies or RNA-seq studies [215]. With the surge of novel single cell-based
RNA-seq methods, however, limma is a valuable tool for data analysis, linear modeling
and differential gene expression analysis [215,216]. Additionally, limma provides tools to
compare between complicated or multifactor-designed experiments, thus being ideal for the
analysis of complex experiments with diverging experimental conditions [215,216].

SoupX. This R package has been designed to quantify contaminant RNA transcripts from
droplet-based single cell RNA-seq data and consequently remove them from the data
set [217]. Briefly, as is assumed that all captured mRNA transcripts in collected droplets are
endogenous to cells, SoupX searches for contaminant background RNA that is likely to be
derived from ambient sources. Due to varying experimental conditions and the ubiquitous
presence of ambient RNAs, considered as the soup, the goal is to remove the background
contamination and to reduce batch effects to allow for ameliorated quality control and data
interpretation [217]. In this work, SoupX, version 3.0.0 was used.

Splines. Analysis of non-linear relationships require modeling of the data using non-linear
regression [218]. Although polynomial regression is a common way to address this issue,
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spline regression is the favorable method to use [218]. Splines fit smooth curves between
fixed polynomial segments, called knots, by computing polynomial regression between the
knots [218]. Generalized additive models (GAM, cf. R package gam) are applied when
splines are modeled with automated knot selection [218]. The R package splines was used
in version 3.6.1.

Dbscan. This R package contains algorithms for density-based clustering [219]. Dbscan is
the abbreviation for density-based spatial clustering and application with noise [219]. It is
applied for large datasets with outliers or noise to detect clusters independently of shape
or cluster size [219]. I.e., compared to other partitioning methods, such as k means, that
dbscan can find any cluster shape and is not restricted to spherical-shaped or convex cluster
shape [219] - a useful tool when analyzing oddly shaped clusters derived from single cell
RNA-seq data. Here, version 1.1.3 was used.

Slingshot. This package was crafted to predict cell fate trajectories and pseudotimes
from single cell RNA-seq data after dimensionality reduction and data clustering [220].
A huge benefit of Slingshot is the addition of prior knowledge through supervised graph
construction [220]. This renders Slingshot a very flexible but easy-to-handle toolkit in order
to assess lineage branching events in low-dimensional data [220]. In this work, the version
1.2.0 was used.

Scanpy packages

Scanpy is a scalable Python-based single cell analysis toolkit that has been developed
to overcome analysis limitations as they have been observed using R-based frameworks
(https://github.com/theislab/Scanpy) [221]. Scanpy provides functions for the preprocessing,
clustering, visualization, pseudotime and trajectory inference, simulation of gene regulatory
networks, or differential expression testing [221]. As single cell data sets become increas-
ingly larger and analysis demands faster and better analysis options, Scanpy represents an
easy implementation with advanced machine-learning packages that can easily be run on
interactive web-based environments, such as the Juypter notebooks (https://jupyter.org).

Partition-based graph abstraction. This algorithm, which has been implemented into Scanpy,
is a method that provides a graph-like map of the data manifold, which is easy to interpret
and that covers different approaches, such as development over time or cell grouping by
properties [222]. The resulting partition-based graph abstraction (PAGA) maps are created
by estimating the connectivity of manifold partitions (https://github.com/theislab/paga) [222].
The clear benefit is accounted for by the higher computational efficiency of the workflow and
the preservation of the global topology of the data [222]. Whilst similar properties between
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cells are reflected by clustering, or developmental pathways by trajectory inference, PAGA
combines both methods in a single analysis, which allows to assess cellular transitions
between cell types and states at unprecedented resolution [222].

scVelo. This package is the implemented version of the velocyto package, which is available
for both R and Python. Velocyto or scVelo is a tool for analyzing gene expression dynamics
in single cell RNA-seq data [223]. By using the information from unspliced and spliced
transcript reads, RNA velocities are estimated [223]. As the collection of cells using Drop-
Seq, for instance, capture only cells at the time of isolation, i.e. they represent a snapshot
in time, the time-dependent relationship of unspliced and splices transcripts needs to be
modeled [223]. RNA velocity is represented by the first time derivative of the spliced mRNA
abundance between spliced and unspliced transcripts and mRNA degradation [223]. RNA
velocities are plotted as high-dimensional vectors that reflect the future state of a single cell
based on the balance of spliced and unspliced mRNAs [223].

Diffusion pseudotime. This algorithm has been created to infer different developmental
processes from complex cellular data displaying asynchronous states; similar to the static
snapshot problem described for the scVelo package [224]. Pseudotemporal ordering of cells
by similarity of gene expression reconstitutes the sequence of cellular dynamics, however,
can not be applied to data with branching lineages [224]. To overcome this challenge, the
diffusion pseudotime algorithm makes use of random-walk-based distances, computed
via Euclidean distances, to estimate the temporal order of cells during differentiation pro-
cesses [224]. Hence, diffusion pseudotime enables to study cellular transitions and to
reconstruct branching and differentiation events [224].

Batch-balanced k nearest neighbor. The BBKNN is a fast and easy-to-use tool for batch
effect removal and is implemented in Scanpy (https://github.com/Teichlab/bbknn) [225].
Frequently, during data integration, batch effects become prominent, be it due to technical or
biological reason. BBKNN is a graph-based function that creates a neighbor graph which
in turn is used for clustering, pseudotime, and the UMAP visualization [225]. The data is
first split into smaller batches and then submitted to the k nearest neighbor determination
for each individual cell within each small batch group [225]. This way, in contrast to taking
the entire data set for k nearest neighbor calculation, cell connectivities are only created
between analogous cells from different batches, and thereby leaving the data structure, like
the PCA space, intact and cell counts unchanged [225].
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2.3.3 Data analysis of whole lung tissue

For the whole lung single cell survey spanning six time points, highly variable genes were
calculated per sample, selecting the top 7,000 genes with a mean expression between 0.01
and 8 [198]. After excluding homologs of known cell-cycle marker genes [226], a total of
18,893 genes were subjected to independent component analysis [198]. The first 50 inde-
pendent components were used as input to the FindClusters() function with the resolution
parameter set to two and the RunUMAP() function with the n_neighbors parameter set to
10 [198]. For dimensionality-reduced data visualization the Uniform Manifold Approximation
and Projection (UMAP) method was used [227].

Multi-omic data integration. To confirm global expression changes observed at the single
cell level, previously published bulk RNA-seq data and proteomics data were integrated,
both obtained from murine whole lungs examined 14 days after bleomycin-induced in-
jury and controls [139, 198]. Multi-omic data integration was performed as previously
described [139,198,201]. Briefly, by summing all counts within an individual mouse sample,
in silico bulk samples were created. Using the voom () function of the limma R package, data
from whole lung tissue bulk and in silico bulk was normalized [198,228]. After normalization,
both data sets were merged with the proteomics data based on gene sets detected in all
the data sets and subsequently quantile normalized. The resulting data matrix was used as
input for principal component analysis (PCA) [198].

Discovery of cell type identity marker genes. To identify cluster-specific marker genes, the
Seurat FindAllMarkers() function was applied, restricted to genes detected in more than
10% of cells and with an average fold change difference of 0.25 or more [198]. Based on
these derived marker genes and manual curation, all clusters were assigned to cell type and
meta-cell type identities [198]. Cell type frequencies were calculated by dividing the number
of cells annotated to a specific cell type identity by the total number of cells for each mouse
sample [198]. As background mRNA contamination, so-called ambient RNA, is frequently
observed in droplet-based single cell RNAseq data, the function inferNonExpressedGenes()
from SoupX [198, 217] was applied to identify a set of 80 ambient RNAs. Ambient RNA
contamination is believed to derive from dying cells releasing their cellular content upon cell
lysis [198]. During the Drop-Seq protocol, such contamination can be distributed to many
droplets and beads, leading to a blurred expression signal [198].

Time course differential expression analysis. For the identification of differential gene ex-
pression patterns across time within a given cell type the R packages splines and lmtest
were used [198]. First, Louvain clusters were manually combined into 26 cell types to gener-
ate a more coarse-grained cell type annotation for the time course differential expression
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analysis [198]. Within each of these groups, gene expression was modeled as a binomial
response where the likelihood of detection of each gene within each mouse sample was the
dependent variable [198]. Therefore, the sample size of the model conformed the number
of mouse samples (n = 28) and not the number of cells [198]. To assess significance, a
likelihood-ratio test was performed between the following two models: for the first model, the
independent variables contained an offset for the log-transformed average total UMI count
and a natural splines fit of the time course variable with two degrees of freedom; the inde-
pendent variables of the second model contained solely the offset for the log-transformed
average total UMI count [198]. The dependent variable of both models was the number of
cells with UMI count > 0 out of all cells for a given cell type and mouse sample [198]. To
account for potential false positive signal derived from ambient RNA levels, cell type marker
genes were calculated for the 26 cell type annotations using the Seurat FindAllMarkers()
function [198]. Consequently, for all 80 candidate ambient RNAs, all regression p-values
were set to 1 in cell types where the gene was not simultaneously a marker gene with an
adjusted p-value of less than 0.1 and a positive average log fold change [198].

Cell-cell communication analysis. For the analysis of cell-cell communication networks,
a list of annotated receptor-ligand pairs was downloaded [198, 229]. The receptor-ligand
information was integrated with the whole lung data’s cell type marker genes, followed by the
generation of cell-cell communication networks. This is facilitated by the creation of edges
between two cell types if both share a receptor-ligand pair as marker genes [198].

Macrophage analysis. It is not entirely understood whether monocyte-derived macrophages
contribute to the development of lung fibrosis [198]. In order to see if the data reflects pub-
lished models of monocyte recruitment, bulk RNA-seq data from FACS-sorted macrophage
populations after bleomycin-induced lung fibrosis was integrated [198,230,231]. This data
set contained bulk RNA-seq gene expression of tissue-resident alveolar macrophages (TR-
AMs), monocyte-derived alveolar macrophages (Mo-AMs), interstitial macrophages (IM),
and monocytes (Mono) for both day 14 and day 19 after bleomycin injury, including additional
measurements for TR-AMs at day 0 [198]. To derive a gene expression signature from
the bulk RNA-seq data, the R package limma was applied [198, 215]. Using the default
settings of the limma workflow [198,230], differentially expressed genes between these four
populations were detected. Next, the whole lung single cell RNA-seq data was subsetted
to clusters which only expressed known macrophage markers, followed by a selection of
a new set of variable genes [198]. Thereafter, PCA and UMAPs were recreated for this
subset, using 20 PCs and 20 n_neighbors in Seurat’s functions [198]. The macrophages
from the whole lung data were scored according to their similarity to these bulk-derived
signatures using Pearson correlation [198]. For each of the four bulk-derived groups, the log
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fold changes of the 500 most differentially expressed genes were correlated with the scaled
expression values of each macrophage cell in the present single cell RNA-seq data [198].
For the separation of potential monocyte-derived macrophages from interstitial macrophages,
each cell was assigned to the category with the higher correlation coefficient, provided that
the difference was greater than 0.05 [198].

2.3.4 Data analysis of lung epithelial cells

In contrast to the whole lung-derived data, the MACS-sorted epithelial cell data was applied
to SoupX for ambient RNA removal using the pCut parameter 0.3 within each sample before
merging the count matrices together [198]. The merged expression table was then pre-
processed as described in 2.3.3 with the alteration that the upper threshold for the number
of total UMI counts per cell was set to 3,000 [198].

For computational analysis, both the frequently used Seurat packages [212], as well as the
Scanpy code [221] was applied. Undesirable sources of variation, including mitochondrial
reads, cell-cycle effects, and the total number of UMI counts, were regressed from the
data by applying the Seurat functions CellCycleScoring() and ScaleData() [198]. 17,038
genes showed variable expression in at least two samples and were used for the principal
component analysis [198]. The majority of the cells were airway and alveolar epithelial cells,
although non-epithelial cells were also captured [198]. Further data filtering was achieved by
clustering so that clusters expressing non-epithelial markers could be excluded from the data
set [198]. The resulting object was subsequently converted into a -.h5ad file for downstream
analysis using the python package Scanpy [198]. The aligned -.bam files were used as
input for Velocyto [223] to derive the counts of unspliced and spliced reads in the loom
format [198]. Next, the sample-wise loom files were combined, normalized and log trans-
formed using scVelo’s (https://github.com/theislab/scvelo) functions normalize_per_cell() and
log1p() [198]. After merging the loom information to the exported -.h5ad file using scVelo’s
merge() function, the object was scaled and the neighborhood graph constructed [198].
With the batch-balanced k nearest neighbor (BBKNN) [225] tool, the different PCR cycles
used in the experiment were accounted for by setting the neighbors_within_batch=15 and
n_pcs=40 [198]. Two dimensional visualization and clustering was carried out with the
Scanpy functions tl.louvain() at resolution=2 and tl.umap() [198]. Neuroendocrine cells
(PNEC) formed a distinct cluster in the UMAP, however, they were only assigned to a single
cluster at higher resolutions. In order to separate them from basal cells, PNEC were clus-
tered with the dbscan tool [219] using the UMAP coordinates (assigned as neuroendocrine
cluster, cf. Fig.21b) [198]. After manual curation of the markers, the remaining 20 cluster
were combined, leading to 13 final meta cell types [198].
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Cell-cycle analysis. The proliferating cell cluster (cf. Fig.21b) of the high-resolution epithelial
cell data set was subjected to cell type deconvolution analysis [198]. Cell cycle phases
(S.Score, G2M.Score) were regressed using the Seurat ScaleData() function [198]. Next,
PCA was performed using all unique marker genes and the Seurat RunPCA() function [198].
UMAP-embedding and Louvain clusters were calculated using the first 20 principal compo-
nents with the Seurat RunUMAP() and FindClusters() functions, respectively [198]. Upon
manual curation of the marker genes for the generated embedding, four distinct clusters
were identified [198]. The frequency of cells undergoing proliferation was calculated by divid-
ing the number of cells in cluster 14 by the number of total cells for each mouse sample [198].

PAGA analysis. In order to assess how Louvain clusters are connected in a global space,
partition-based graph abstraction (PAGA) was applied [198,222]. The Scanpy-integrated
tl.paga() function was used to calculate the connectivities and the Louvain clusters as
partitions [198]. Weighted edges are described by a statistical test to measure the con-
nectivity between the single partitions [198]. Connections with a weight less than 0.3 were
removed [198].

Velocity analyses. The future cellular states of individual cells can be inferred by making use
of the spliced and unspliced information of the cells [198]. Here, scVelo was applied using
the previously normalized and log transformed data as a starting point to calculate first and
second order moments for each cell across its nearest neighbors (scvelo.pp.moments(n_pcs
= 40, n_neighbors = 15)) [198]. The velocities were estimated and the velocity graph
constructed using the scvelo.tl.velocity() function with the mode set to stochastic and the
scvelo.tl.velocity_graph() function, respectively [198]. Velocities were visualized on top
of the previously calculated UMAP coordinates with the scvelo.tl.velocity_embedding()
function [198]. Terminal state likelihood of a subset of cells was assessed with the
scvelo.tl.terminal_states() function at default parameters [198].

Trajectory differential expression analysis. To identify genes showing significantly altered
expression across the differentiation trajectory towards the Krt8+ cell state, the following
approach was used: The high-resolution data set of the epithelial cells was restricted to cells
from Louvain clusters 2 (Krt8+ cells), 10 (MHC-II+ cells) and 11 (activated AT2 cells), cf.
Fig.21b and 22b [198]. The dbscan() function [219] was used to identify outlier cells, which
were subsequently removed from further analysis [198]. The R package slingshot [220]
was used to infer the pseudotemporal ordering across the trajectory of the first two diffusion
components of all remaining cells [198]. Next, the analysis was restricted to genes with
more than 10 total UMI counts in more than 5 mouse samples [198]. For each gene, the
following generalized additive model was fitted using the R package gam [198, 232, 233].
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Gene expression was used as the explanatory variable and defined as a binary outcome,
representing the detection of the gene (UMI count > 0) [198]. Log transformed total UMI
counts were included as a covariate in the model to account for differences in library
size [198]. A smooth Loess fit of the pseudotemporal coordinate was included as the second
independent variable [198]. Using the Loess non-parametric local regression approach,
smooth lines can be fitted via the pseudotemporal ordering [198]. As the interpretation of
p-values across pseudotime is difficult, all genes with a marginal p-value of less than 0.00001
were defined to be significant [198]. Gene expression patterns along the pseudotemporal
trajectories were visualized using local polynomial regression fitting as implemented in the
R-based Loess() function at default parameters [198].

2.3.5 Cellular pathway analysis

In order to forecast pathway activities and cellular functions with respect to the observed
gene expression changes as presented in the findings of this work, the Ingenuity Pathway
Analysis platform (IPA, Qiagen, Redwood City, www.qiagen.com/ingenuity) was used as
previously described [139,198]. IPA analysis deploys a retinue of algorithms and other tools
to infer and score up-stream regulatory networks by analyzing gene expression data from
large-scale causal networks, derived from Ingenuity Knowledge Base [198].

2.4 Whole lung RNA transcriptome analysis

RNA was isolated from whole lung tissue that was immediately processed after the mouse
was sacrificed. Shortly, mice were killed and the lungs excised. The lung lobes were
minced into smaller pieces using scalpel blades and mixed on a glass slide to avoid bias
in the selection of a single lobe. A part of these minced lung pieces were transferred to
reaction tubes and covered in RNA stabilization buffer, following the instructions of the
RNeasy Kit (Qiagen, Germany). Cells were lysed and homogenized and subsequently
frozen for later RNA isolation using QiaShredders (Qiagen, Germany) and the RNeasy
Kit (Qiagen, Germany). RNA integrity and quality was assessed using the RNA Nano Kit
and the BioAnalyzer (both from Agilent, Germany). Samples were eventually given to the
sequencing facility at the Helmholtz Zentrum München, where samples were prepared for
Sequencing using the TruSeq Kit (Illumina, Germany). Analysis of bulk RNA sequencing
data was analyzed with the freely available R package DESeq2 [366].
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2.5 Magnetic-activated cell sorting

First described in 1990, the MACS technology provides an easy and fast way to isolate
cells from complex tissues [303,304]. Magnetic activated cell sorting (MACS) reliably en-
riches cell populations based on cell coupling to microbeads via specific antibody binding.
During the procedure, antibody-coated microbeads are incubated with a cell suspension
and later magnetically retained by column-based purification. Once eluted, the enriched
cell population can be used for further analysis. Principally, both positive and negative cell
selection is possible: positive selection means the direct separation of the cells of interest by
bead-binding, whereas the negative selection describes the ’flow-through’ pool of cells, of
which undesired cell populations were removed by prior positive selection.
For the presented work, cells from single cell suspensions were strained using a 40 µm
mesh size and red blood cells (RBC) were eliminated by lysis (RBC lysis buffer, Ther-
moFisher) [198]. For positive epithelial cell selection, cells were stained with CD326-
AlexaFluor647 antibody (Biolegend, 118212) for 30 min at 4�C in the dark, and after washing,
incubated with microbeads specific against AlexaFluor647 (Miltenyi Biotec, 130-091-395)
for 15 min at 4�C [198]. MACS LS columns (Miltenyi Biotec, 130-042-401) were prepared
as outlined by the manual [198]. Cells were applied to the columns, and positively-labeled
epithelial cells were retained in the column [198]. The flow-through was collected separately
for later mesenchymal cell enrichment (negative MACS selection) and kept on ice [198].
Epithelial cells were eluted from the LS columns and prepared for Drop-Seq [198]. Mes-
enchymal cells from the flow-through were further enriched by negative depletion of CD31+
(Invitrogen, 17-0311-82), CD45+ (Biolegend, 103112), Lyve1+ (Invitrogen, 50-0443-82),
Ter119+ (Biolegend, 116218), and CD326+ cells (Biolegend, 118212) [198]. After antibody
staining, 100 µl per 10 million cells of MACS dead cell removal beads (Miltenyi Biotec,
130-090-101) were added and incubated according to the product’s accompanying pro-
tocols [198]. Depletion of undesired cell types was achieved by the use of micro-beads
specific for APC (Miltenyi Biotec, 130-090-855), which ensured magnetic retention of these
cells [198]. Likewise to epithelial cells, negatively-selected mesenchymal cells were applied
to the Drop-Seq workflow [198].

2.6 Fluorescent-activated cell sorting and flow cytometry

Single cell suspensions derived from whole lung tissue was prepared for analysis using flow
cytometry. After depletion of red blood cells by red blood cell lysis buffer (Invitrogen, Ther-
moFisher), cell suspensions were stained with anti-mouse CD45-PE-Vio770 (Miltenyi Biotec,
130-110-661), CD326-BV421 (Biolegend, 118225), Krt8/TROMA-I (DSHB-Developmental
Studies Hybridoma Bank at the University of Iowa), and av-beta-6-specific monoclonal

34



2.7 Precision-cut lung slices

antibody 6.3G9 (Itgb6-3G9; kindly provided by Prof. Dr. Dean Sheppard, available through
Biogen Idec, USA). Cells were stained for surface markers in the dark at 4�C for 20 min,
followed by cell fixation and permeabilization (Fix Perm, Life Technologies, GAS004) for
intracellular staining of Krt8. From the CD326 (EpCam)-positive population, epithelial cells
were selected by the exclusion of the CD45+/CD326+ fraction. Within the epithelial cell
gate, Krt8+, Itgb6+, or Krt8+/Itgb6+ cells were identified and quantified by their geometric
mean fluorescence signal intensity. For exclusion of non-specific antibody binding and
autofluorescence signal, fluorescence-minus-one (FMO) controls were included in the mea-
surement. Antibody staining per 1,000,000 cells was performed in the following dilutions:
CD326 (1:500), CD45 (1:20), Krt8 (1:35), Itgb6 (1:1000). Data was acquired using the BD
LSRII flow cytometer (Becton Dickinson, Germany) and analyzed using the FlowJo software
(TreeStart Inc., Ashland, OR, USA) [198]. All gatings were defined by thresholding the mean
fluorescence intensity signals based on isotype-labeled and unstained controls [198].

2.7 Precision-cut lung slices

Precision cut lung slices (PCLS) were obtained by following previously published instructions
[306]. Shortly, directly after euthanasia, mouse lungs were inflated by intratracheal instillation
of warm 2% (w/v) low-gelling temperature melting point agarose (Sigma Aldrich, A9414)
dissolved in sterile DMEM/Ham’s F12 cultivation medium (Gibco, 12634010), supplemented
with 100 U/ml penicillin, 100 µg/ml streptomycin, and 2.5 µg/ml amphotericin B (Sigma
Aldrich, A2942) [198]. Upon full inflation, lungs were harvested and immediately chilled in ice-
cold cultivation media to enhance the gelling of the agarose [198]. The actual cutting of single
300 µm-thick slices was facilitated by a vibratome (Hyrax V55; Zeiss, Jena, Germany) [198].
Final PCLS were methanol-fixed for 20 min and prepared for microscopy as previously
described [198,307]. Briefly, primary antibodies diluted in 1% bovine serum albumin (BSA,
Sigma Aldrich, 84503) in PBS (1:100) were incubated for 16 hours at 4�C and 3x washed
with PBS for 5 min [198]. Secondary antibodies were likewise diluted at a concentration
of 1:200, incubated for 4 hours at room temperature, and finally 3x washed with PBS for 5
min [198]. Primary antibodies: rat anti-Krt8/TROMA-I (1:200; DSHB-Developmental Studies
Hybridoma Bank at the University of Iowa), rabbit anti-pro-SPC (1:200; Millipore, AB3786),
goat anti-Pdpn (1:200; RD Systems, AF3244). Nuclear counterstaining was achieved with
DAPI (4’,6-diamidino-2-phenylindole, Sigma-Aldrich, 1:2,000) [198]. Confocal high-resolution
3D imaging of the PCLS was accomplished by placing the PCLS into a glass-bottomed 35
mm CellView cell culture dish (Greiner BioOne, 627870) as a wet chamber. Acquisition of
PCLS z-stack images succeeded with an inverted microscope stand of an LSM 710 (Zeiss)
confocal module [198]. The microscope was used in multitrack mode with these listed
objectives: Plan-Apochromat W 40x/1.0 M27 and Plan-Apochromat W 63x/1.3 M27 [198].

35



2 Material and methods

The microscopy software was ZEN2009 (Zeiss). The collected confocal z-stack images were
surface rendered using the Imaris 9.3 software (Bitplane) [198]. For 3D cell shape analysis,
the Imaris statistical analysis tool (Measurement Pro) was used [198]. Basis for the analysis
was the morphometric parameter sphericity, in which a value of 1 corresponds to a perfect
sphere [198].

2.8 Human lung material

Human lung tissue and human lung explant material were received from the CPC-M
bioArchive at the Comprehensive Pneumology Center (CPC), Munich [198]. Lung tis-
sue from patients with ILD diagnosis (n=5) was derived from lung explant material, thereby
reflecting non-resolving end-stage disease [198]. ARDS-lung tissue sections (n=2) were
provided by the Institute of Pathology at the University Hospital of Ludwig Maximilians
University, Munich [198]. Healthy control tissue (n=7) originated from tumor resections from
the Asklepios Lung Specialty Clinics in Gauting, near Munich, Germany [198]. All partici-
pants gave written informed consent [198]. This study and the handling of human tissue,
which required special training, were performed in agreement with the locally authorized
ethics committee of the Ludwig Maximilians University, Munich, Germany (vote number:
333-10) [198].

2.9 Immunofluorescence microscopy

After euthanasia, mouse lungs were immediately inflated with 4% paraformaldehyde. For
formalin-fixed, paraffin-embedded (FFPE) lung tissue, sections were cut at 3.5 µm, followed
by deparaffinization, rehydration, and antigen retrieval by pressure-cooking (30 sec at 125�C
and 10 sec at 90�C) in citrate buffer (10 mM, pH 6.0) [198]. Sections were blocked for
1 hour at room temperature with 5% bovine serum albumin, and incubated in primary
antibodies overnight at 4�C, followed by secondary antibody (1:250) incubation for 2 hours
at room temperature [198]. These primary (1) and secondary (2) antibodies were used: (1)
rat anti-Krt8 (170 µg/ml; University of Iowa Hybridoma Bank, 1:200), rabbit anti-pro-SPC
(1:200; Millipore, AB3786), goat anti-Pdpn (1:200; RD Systems, AF3244), rabbit anti-SPC
(1:150; Sigma-Aldrich, HPA010928), mouse anti-alphaSMA (1:1,000, Sigma-Aldrich, A5228),
rabbit anti-Areg (1:50; LSBIO, LS-B13911), rabbit anti-Hbegf (1:200; Bioss Antibodies, bs-
3576R), rabbit anti-Ki67 (1:200; Abcam, ab16667), mouse anti-CC10 (1:200; Santa Cruz,
sc-365992), rabbit anti-Cst3 (1:100; Abcam, ab109508); (2) donkey anti-rabbit AlexaFluor568
(Invitrogen, A10042), donkey anti-rat AlexaFluor488 (Invitrogen, A21208), donkey anti-goat
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AlexaFluor647 (Invitrogen, A21447), goat anti-mouse AlexaFluor647 (Invitrogen, A21236)
[198]. All images were taken using the LSM 710 microscope (Zeiss) [198].

2.10 Microscopic image quantification

The fluorescence intensity of Krt8 expression in selected regions of immunofluorescence
microscopy images was measured (excluding airway signal) using FIJI (ImageJ) [305]. For
quantification of Krt8 expression in human FFPE sections, and likewise, for the Hbegf and
Areg quantification in the mouse sections, the mean overall fluorescence intensities were
measured. For quantification of cell proliferation, cells were stained with Ki67 and Krt8 and
counted manually for Ki67 positive cells.

2.11 Mouse lung function

After anesthesia, mice were tracheotomized and a cannula inserted into the trachea. In more
detail, the skin at the neck was opened by a marginal incision, followed by the separation of
the submaxillary gland. Once the trachea was exposed, it was cut open in close location
to the larynx, ensued by the insertion of a cannula and its fixation in the trachea by the aid
of a suture. Thereafter, mice were immediately connected to a computer-controlled piston
ventilator (flexiVent, SCIREQ Inc, Montreal, Canada), which executed a predefined forced
oscillation and deep inflation program [198].

2.12 Histology and collagen quantification

For histologic assessment of the degree of interstitial fibrosis and collagen content, mouse
lung tissue was fixed in 4% paraformaldehyde prior to embedding in paraffin. Sections with
3.5 micron thickness were mounted on microscopy slides, deparaffinized and stained using
a commercially available Masson’s Trichrome staining kit (Sigma Aldrich, Germany). Briefly,
following the manufacturer’s instructions, sections were washed in deionized water and
incubated in preheated Bouin’s solution for 15 min at 56�C. Slides were cooled in deionized
water and counterstained with Weigert’s iron hematoxylin solution and Biebrich scarlet-acid
Fuchsin. After treatment with phosphotungstic/hosphomolybdic acid, slides were put into
Anilin blue solution and 1% acetic acid. Finally, slides were dehydrated and conserved using
Entellan mounting medium (Merck Millipore, Germany). Collagen content was quantified by
segmentation image analysis (cf. Fig.38b) to define large vessel space (excluded for the
analysis) and differentiate between cellular staining and whitespace ares (mainly the alveolar
space). Additionally, Anilin-blue positive staining was quantified using the calculation as
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shown in Fig.38b. Likewise, the formula for the quantification of tissue density is noted
in Fig.38b, describing the degree of how condensed the tissue appeared in response to
bleomycin administration.

2.13 Flow cytometry for BAL and tissue analysis

Bronchoalveolar lavage. During the procedure of lung function measurement, lungs of
sedated mice were filled with 2 ml of sterile PBS, supplemented with 0.1 mM EDTA and
cOmplete protease inhibitors (Sigma Aldrich, Germany) through the previously prepared
cannula in the trachea. Collected BAL fluid was centrifuged at 300xg for 10 min and cells
were taken up in FACS buffer (PBS with 10% fetal bovine serum) and stored on ice until
measurement.

Whole lung single cell extraction. Single cell suspensions from whole lung tissue were
generated as described earlier (cf. 2.2.1).

Flow cytometry. Cells were counted and per sample, 2x 100.000 cells were stained with 7-
aminoactinomycin D (7-AAD; ThermoFisher) for dead-live cell discrimination. Subsequently,
cells were blocked using 5% PBS/normal mouse serum, 5% PBS/normal rat serum and
1% PBS/mouse Fc blocking reagent (eBioscienes, USA). Following antibodies were used
for the staining of the cells: CD45 (clone 30-F11, rat, 1:800, eBiosciences), Ly6G (clone
1A8, rat, 1:200, BD Biosciences), CD11c (clone HL3, armenian hamster, 1:100, BD Bio-
sciences), CD11b (clone M1/70, rat, 1:200, eBiosciences), MHC-II (clone M5/114.15.2, rat,
eBiosciences), CD24 (clone M1/69, rat, 1:1000, Biolegend), CD64 (clone X54-5/7.1, mouse,
1:400, Biolegend), Ly6C (clone AL-21, rat, 1:200, BD Biosciences), and SiglecF (clone E50-
2440, rat, 1:1500, BD Biosciences). Cells were incubated for 20-30 min at room temperature
and fixed using BD CytoFix Fixation Buffer (BD Biosciences, USA). Data acquisition was
performed on the BD LSRII cytometer (Becton Dickinson, Germany). Data was analyzed
using the FlowJo software (TreeStart Inc., Ashland, OR, USA) and freely-accessible R script
codes.
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3.1 Single cell transcriptomics reveals a novel alveolar

epithelial progenitor

The work that is presented is this chapter (3.1) has been drafted into a manuscript for sub-
mission to a scientific journal. Hence, this work has not yet been peer-reviewed by the time
of submission of this doctoral thesis. Nevertheless, a preprint version of this manuscript has
been uploaded onto the bioRxiv server, which is a free online archive and distribution service
for unpublished preprints in the life sciences and operated by the Cold Spring Harbor Labo-
ratory, NY, USA. The file is accessible through the bioRxiv website (https://www.biorxiv.org)
or directly via the digital object identifier: https://doi.org/10.1101/705244. For the following
chapter, and as has been used in parts for the material and methods section (2), the citation
for this preprint will be ’Strunz et al., 2019’: [198].
Being the first author of this manuscript, I was involved in all parts of the study, including
the second project, which has not yet been published. I performed all animal experiments
and practical wet lab work, executed programming code, and drafted all figure panels.
Some of the panels I could not create on my own and was therefore thankful to receive
computational support. Credits need to be given to Dr. Simon Lukas for data integration
methods, trajectory modeling and gene fit modeling, as well as for providing code for the
cellular deconvolution analysis: Fig.11a; Fig.22 b; Fig.28 c, d; Fig.29; Fig.32; Fig.43 f;
Likewise I want to acknowledge the contributions and the continuous support of Meshal
Ansari in solving issues that emerged during the single cell data analysis: Fig.13 d, e; Fig.14
b; Fig.26 b.

3.1.1 Aims and hypothesis

The lung is the organ, which is constantly exposed to our environment by the air that
we inhale. It is an organ without high cellular turnover but there are cellular niches that
are home to stem cells and stem cell-like progenitor cells that can react to local injury.
The alveolar niche has been described to react to injury by induction of alveolar type-II
cells that transdifferentiate to alveolar type-I cells. But also local airway-derived cell types
are involved during regeneration processes. However, the molecular events guiding this
transdifferentiation have not yet been defined. Such findings are based on classical in
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vivo lineage tracing studies in mice, which rely on the tracing of a single gene and may
be therefore misleading considering the very plastic remodeling. While data suggests a
remarkable cellular plasticity during alveolar regeneration, it remains difficult to prove that
plasticity, as stringent lineage tracing with high temporal labeling of cell types is almost
not feasible. For the first time, with the advent of single cell transcriptomics, hundreds
to thousands of genes from a single cell can be ’traced’ giving rise to unprecedented
possibilities in studying repair mechanisms.
As many pathways and factors play a role during regeneration, the overall aim central-
ized around the resolution of the many molecular events that guide and support but also
counteract to a proper tissue repair response. Combining single cell RNA sequencing with
a mouse model that uses bleomycin to induce alveolar damage, it was aimed to denote
the longitudinal transcriptional changes and mechanisms via which cells regenerate the
destructed alveolar architecture. More tangibly, to cast light on the molecular events during
AT2-to-AT1 conversion, the hypothesis stated that AT1 cell regeneration after injury must be
dependent on intermediate progenitor cells or cellular states that are tightly regulated over
time.

3.1.2 Introduction

Despite being extensively studied, the complex mechanisms after lung injury remain elusive.
In the mouse, many efforts have been made to better understand regenerative responses
after lung injury and to ascertain cell populations that guide or drive tissue regeneration,
such as tissue-resident stem and progenitor cells [198]. Using genetic reporter mice with
the aid of the Cre recombination technology, several cell lineages were described to pro-
mote tissue regeneration with respect to both the location and the severity of the injured
lung [38,198,234,235]. Epithelial cells from both the airway, as well as the alveolar com-
partment contribute to regeneration thanks to a highly plastic source of stem and progenitor
cells that get activated by complex cell-cell communications and niche signals after in-
jury [198,236]. However, this intricate orchestration remains largely unknown, including how
tightly controlled is the spatiotemporal crosstalk between epithelial, immune, and mesenchy-
mal cells after injury [198,237,238].

As introduced in Chapter 1.1.2, AT1 and AT2 cells constitute the main cell populations in
the alveolus. There is evidence that AT2 cells can serve as a progenitor population for
AT1 reconstitution after alveolar injury or during homeostatic turnover [57]. While this AT2
transdifferentiation potential seems valid for minor injuries, and is maybe restricted to local
damage, studies revealed that upon massive loss of alveolar epithelial cells after severe
injury, airway-derived stem cells may be recruited for tissue regeneration [198,239–243]. On
the molecular level, recent findings suggest a cell cycle activation of AT2 cells for alveolar
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regeneration by the inflammation-induced NFkB signaling [244]. Yet, other results spotted
Yap/Taz activity in AT2 cells to be essential for correct alveolar regeneration [198,245]. As
part of the Hippo pathway, these proteins negatively regulate NFkB. For the AT2-into-AT1
transdifferentiation, AT2 cells require to undergo a cellular reorganization, which hence
seems to be guided by signals from multiple pathways. Additionally to the NFkB and Hippo
signaling pathways, TGFb signaling has been identified as a major regenerative driver by
mediating an arrest of the cell cycle in AT2 cells [198,246]. Nevertheless, a comprehensive
knowledge of the molecular details is missing.

Combining single cell RNA sequencing using the Drop-Seq platform [179] with novel com-
putational methods (see 2 for more details), new biological aspects can be addressed at
unprecedented resolution. For instance, using RNA velocity [223], future cellular states
can be predicted on the basis of a spliced-to-unspliced ratio of the transcripts within a
single cell [198]. Moreover, cell fate trajectories can be modeled by deploying the diffusion
pseudotime algorithm [247,248]. Interrogation of the clonal history of cells can be achieved
by studying allele frequencies of somatic mitochondrial mutations [198,248]. Such analyses
can be exceptionally powerful using high-resolution longitudinal data, which is generated by
timely well-coordinated sampling, e.g. hourly or daily sampling [198,249,250]. Additional
benefits from such data is the possibility to investigate dynamic cellular communications
between cell types by the construction of cell-cell communication networks, approximated
by screening receptor-ligand databases [198,249,251].

The following sections will summarize the results of the herein conducted investigations.
Using the bleomycin-mediated lung injury mouse model, 28 lung cell types were identified
from single cells, which were derived from the dissociation of whole lungs [198]. Single
cell sequencing data was used to study the dynamics of gene expression, as well as
cell-cell communication routes during a 4-week regeneration course [198]. The analysis
revealed the discovery of an intermediate cell state with progenitor features during alveolar
regeneration, concomitant with the increasing accumulation of myofibroblasts and M2-
phenotypic macrophages [198]. In order to gain enhanced insights into this novel cellular
state, a second experiment was conducted, focusing on only epithelial cells from the murine
lung. In a skydive approach [252], sorted epithelial cells were sampled at very high temporal
resolution and were analyzed with respect to cell state transitions after injury, including
potential routes towards AT1 cell fate transitions [198].

3.1.3 A single cell portrait of lung regeneration

Bleomycin-induced lung injury was studied at six time points after injury - day 3, 7, 10,
14, 21, and day 28, n=4 for each time point. Uninjured control mice (n=7) were treated

41



3 Results

with sterile PBS. Per examined time point, at least four replicate mice with each approx.
1,000 cells were sequenced, which finally, after filtering and quality control, resulted in a
data set containing 29,297 cells [198]. Single cell transcriptomes were subjected to data
dimensionality reduction using the Uniform Manifold Approximation and Projection (UMAP)
method [253], and were displayed with a color code for each sampling time point (Fig.9a).
Unsupervised clustering of the data revealed 46 cell clusters. By manual annotation of these
clusters with known canonical marker genes from published single cell RNA sequencing
studies [201,254], 28 lung cell populations could be tagged and separated into major lung
cell lineages (Fig.9b) [198]. Thanks to the sampling at different time points, the UMAP
embedding of the single cell transcriptomes even unveiled cellular gene expression states
that changed over time; such gradual movements suggest cell differentiation processes
during regeneration (Fig.9a) [198].

For the validation of the degree of reproducibility with respect to technical quality and the
assignment of cell types across all mice [198], the UMAP visualizations were color-coded
according to treatment groups (PBS and bleomycin), or assessed by overlaying the individ-
ual replicates (Fig.10a, b). Analysis of the fraction of cells for each cell type across all the
replicate mice confirmed good technical reproducibility (Fig.10c), and the summary statistics
for the alignment of sequencing reads were comparable across all mice (Fig.10d).

For a comparison of the single cell-derived data with prior published bulk RNA sequencing
and proteomics data from the day 14 time point after bleomycin injury [139], the single cell
sequencing data was used to generate an in silico bulk (scRNA-seq) data set (see chapter
2.3.3) [198]. Bulk RNA-seq data and the in silico bulk (scRNA-seq) data were merged with
the proteome data and quantile normalized [198]. Principal component analysis shows
the clustering by data modality (RNA-seq, in silico scRNA-seq, proteome) in the first two
principal components (PC), and how the third principal component separates the bleomycin-
treated mice from the control animals (Fig.11a). Checking for the highest gene loadings of
PC3 demonstrated clear shared features across all data modalities and hence, the global
bleomycin-induced effects (Fig.11d) [198]. Studying of the loadings of PC3 over time showed
a clear peak of those shared features at day 10 with a gradual decline over the regeneration
course (Fig.11b) [198]. The cell type specific expression is hereby mainly restricted to
alveolar epithelial cells, macrophages and fibroblasts (Fig.11c) [198]. In order to better chart
the molecular dynamics of each of the cell types, differential expression time course analysis
was executed (see chapter 2.3.3) [198]. In total, 6,660 genes revealed to be significantly
changed after bleomycin-mediated lung injury in at least one cell type (FDR < 0.1) [198]. To
allow for an easy exploration of this data, and to track changes of gene expression in the
lung after injury, as well as during the regenerative phase, an interactive web tool has been
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Figure 9: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Longitudinal single cell RNA-seq analysis of lung regeneration reveals different cellular dynamics over time. a

Single cell suspensions from whole mouse lungs were analyzed using scRNA-seq at the indicated time points after
bleomycin-mediated lung injury. The color code in the UMAP embedding shows shifts of the indicated cell types
in gene expression space during the regeneration time course. b UMAP embedding colored by Louvain clusters
demonstrates separation of cells into major lineages; unsupervised hierarchical clustering of the Louvain clusters
recapitulates known hierarchical cell type topology.
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Figure 10: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Good technical agreement of whole lung single cell transcriptomes of 28 individual mice. UMAP embeddings show
good overlap between treatment conditions (a) and individual mouse replicates (b). c Bar plot shows high overlap
of mouse samples across cell types. d Alignment summary statistics are comparable across mouse samples.
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created, accessible at http://146.107.176.18:3838/Bleo_webtool_v2/ [198].

Exploration of relative cell frequencies over time helps to understand the dynamic processes
during lung regeneration and to address potential cellular movements. For instance, the
relative cell frequency of proliferative T cells showed a massive increase after injury at
day 3 (Fig.12a) [198]. Likewise, monocyte recruitment after injury is noticeable (Fig.12b),
the accumulation of Arg1-positive M2-phenotypic macrophages culminating at day 10 and
onwards after injury (Fig.12c), or the transient appearance of myofibroblasts (Fig.12d) [198].
Another example to show is a resolution macrophage cell state, marked by the expression
of Mfge8, which is gradually rising in number over time (Fig.12e).

There is evidence that myofibroblasts can convert back to fibroblast phenotypes, as found in
the regular tissue steady state, during the course of resolution of fibrosis [198,255]. Fig.12d
demonstrates the transient emergence of myofibroblasts, which are known fibrogenic cells
marked by the expression of matrix genes, such as type-1 collagen (Fig.12f), alpha-smooth
muscle actin (Fig.12g), and tenascin-C (Fig.12h); shown here are relative expression levels
of the respective genes [198]. Comparing the gene expression levels between myofibroblasts
(right side in the volcano plot) and fibroblasts (left side in the volcano plot) reveals distinct
expression of known markers for each of the two cell populations (Fig.12i), and extracellular
matrix components that are shared between the mesenchymal lineages (Fig.12j).

Since it is known that bleomycin administration engenders a massive influx and activation of
monocytes and macrophages, immune cell populations were subclustered in the data, which
revealed several distinct phenotypes (Fig.13c, shown are commonly used markers for distinct
macrophage subtypes) at different time points (Fig.13a, b) [198]. In order to score individual
cells, the data was compared to published bulk RNA-seq signatures, which derived from
lineage tracing experiments of monocyte-derived macrophages using the bleomycin lung
injury model [198,231]. This comparison showed a distinct assignment of the cells to either
interstitial or alveolar macrophages (Fig.13d), the latter of which is marked by the expression
of Cebpb and Ear2 (Fig.13f, g), and that monocyte-derived macrophages precede the
alveolar macrophage phenotype, as well as the M2 phenotypic and resolution macrophages
(Fig.13e), marked by the expression of Arg1 and Mfge8 (Fig.13h, i), respectively [198].

For an improved understanding of cellular interactions, receptor-ligand pairs across all cell
types were used to implement a cell-cell communication network (see chapter 2.3.3) (Fig.14a)
[198]. By identifying receptor-ligand pairs with at least one gene being significantly expressed
over time in the corresponding cell type, expression dynamics could be integrated [198].
Based on the proportion of receptor-ligand pairs, the highest possible cellular communication
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Figure 11: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a Normalized bulk (RNA-seq) and in silico bulk (scRNA-seq) data were merged with proteome data (mass
spectrometry) and quantile normalized. Bulk and protein data contain samples from day 14 after bleomycin-induced
injury and controls. The first two principal components show clustering by data modality. The third principal
component separates bleomycin samples from controls across all three data modalities. Blue and red colors
indicate control and bleomycin samples, respectively. b The box plot shows the time-resolved loading of PC3
peaking at day 10. The boxes represent the interquartile range, the horizontal line in the box is the median, and the
whiskers represent 1.5 times the interquartile range. c The dot plot shows average expression of genes with top
PC3 loadings across cell type identities. d The barplot depicts genes with the highest loadings for PC3.
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Figure 12: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a-e Relative frequency of the indicated cell types relative to all other cells was calculated for individual mice at the
indicated time points after injury (n=4) and for PBS treated control mice (n=7). The boxes represent the interquartile
range, the horizontal line in the box is the median, and the whiskers represent 1.5 times the interquartile range. f-h

Relative expression levels of Col1a2 (f), Acta2 (g), and Tnc (h) are shown on the UMAP embedding. i The volcano
plot shows differential gene expression between myofibroblasts (right side) and fibroblasts (left side). j Single cell
analysis was used to derive the myofibroblast specific ECM components in comparison to fibroblasts and smooth
muscle cells.
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Figure 13: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Dynamics of macrophage states in lung tissue regeneration. a, b UMAP embedding of 10,379 cells that express
known macrophage markers, colored by cluster identity (in a) and time points (in b). Following cells along the time
course after reaching the peak of inflammation at day 10 and 14, two potential trajectories from M2-phenotypic
macrophages can be discerned. c Several macrophage populations can be identified. These clusters uniformly
express the macrophage markers Cd68 and Mrc1, while also showing distinct expression of other specific genes.
d Previously published gene signatures from bulk RNA experiments were used to reveal potential origins of
macrophage cells. In that data set, FACS-sorting allowed to differentiate between tissue-resident alveolar (AM),
interstitial (IM) and monocyte-derived macrophage populations [231]. Similarity score of each cell is calculated as
correlation to differentially expressed genes and corresponding log fold changes in the three sorted populations.
Cells are assigned to either AM or IM category, if the difference in scores for either category is higher than 0.05.
Alveolar macrophages in this herein presented data set indeed show the highest score on the tissue-resident AM. e

Potentially monocyte-derived cells based on scoring (at threshold of 0.1). There is a separation in the potentially
monocyte-derived cells, which concurs with the real-time trajectories in (b). Relative cell type frequency per time
point of alveolar macrophages (f, g), M2 macrophages (h), and Mfge8+ macrophages (i) across all samples and
the smoothed expression per time point of Cebpb (f), Ear2 (g), Arg1(h), and Mfge8 (i) in the macrophage subset
with the confidence interval of 0.95.
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Figure 14: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Longitudinal single cell RNA-seq analysis of lung regeneration reveals cell communication dynamics. a The network
shows 15 meta-cell type identities and their putative communication structure. Edge weight and color illustrate the
number of receptor-ligand pairs between cell types. b The edges represent the relative proportion of receptor-ligand
pairs between cell types with altered expression after injury.

after injury was observed between fibroblasts and macrophages and their altered interaction
with the epithelium (Fig.14b) [198].

3.1.4 Alveolar regeneration involves a novel cell state

During the annotation of the cell clusters with canonical markers, in particular one alveolar
epithelial cell cluster showed a distinct but unknown gene expression pattern with a notable
expression of Keratin-8 (Krt8) at day 10 and later after injury. Partitioning of the alveolar
epithelium by subclustering of the corresponding single cell transcriptomes demonstrated a
split into 4 distinct clusters (Fig.15a), which in large parts represented different time points
(Fig.15b). When observed at more detail, the connectivity between AT1 and AT2 cells is
mainly derived from intermediate time points [198], indicating that cells are undergoing
cellular transdifferentiation. To better trace these cellular dynamics, hierarchical clustering
was employed, resulting in two AT2 cell clusters marked by Sftpc expression, with one of
which representing an activated cell state defined by the expression of the injury-induced
genes Lcn2 and Il33 (Fig.15c, d, e) [198]. While AT1 cells were identified by the expression
of known markers, such as Pdpn, Ager, or Hopx, one cluster remained unassigned as no
canonical genes for AT1 or AT2 cells could be detected (Fig.15c, f). However, clustering
disclosed a marked expression of Krt8 among other genes. The gene expression plot
in the UMAP embedding (Fig.15g) confirms that this newly discovered cell state is only
found at stages during fibrogenesis and distinguishable by Krt8 expression. In order to
address whether there is a possible transition from AT2 to AT1 cells, the single cell analysis
method scVelo was used (see chapter 2.3.2 for details) [198]. This method makes use of
splicing events of each individual cell and thus infers RNA velocities [223] to predict a cell’s
future state [198]. Overlaying the vectors resulting from the scVelo analysis with the UMAP
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Figure 15: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Discovery of a novel cellular state involved in alveolar tissue regeneration. a UMAP embedding of alveolar epithelial
cells shows four distinct gene expression states. b The color code shows the time points of sampling on the UMAP
embedding. c Heatmap shows the 50 most differentially expressed genes for the four alveolar cell states. The
box shows gene names of selected examples. d-g UMAP embedded visualizations of single cells colored by
gene expression for the four distinct gene expression states: AT2-Sftpc, AT2 activated-Lcn2, AT1-Pdpn, alveolar
Krt8+-Krt8. hRNA velocity information is plotted onto the UMAP embedding. Each arrow represents the local
direction of transcriptome dynamics, estimated by comparing spliced vs. unspliced transcripts. Arrows are pointing
towards the alveolar Krt8+ cell state after bleomycin-mediated injury.

embedding suggests the establishment of the Krt8-positive cell state to be derived from the
AT2 via the activated AT2 cell state, potentially even reaching to AT1 cells (Fig.15g, h) [198].

To confirm the presence of these cells in the lung, and to assess whether this expression on
RNA level is also present on the protein level, immunofluorescence staining of control (PBS)
and bleomycin-treated lung tissue sections were executed. In the lung, Krt8 expression is
found to be located in airway epithelial cells, which served as a control for the success of the
staining (Fig.16a, highlighted time points). Compared to control sections, indeed, the staining
confirmed the appearance of Krt8+ cells in the parenchyma of bleomycin-treated lungs.
Furthermore, the characteristic of transient de novo Krt8 expression during the time course
became evident (Fig.16b, all time points stained). Quantification of the mean fluorescence
intensity of Krt8 signal, excluding Krt8-positive airway cells, additionally corroborated the
transient expression in the lung parenchyma (Fig.16c). Along with these findings, there
were rare Krt8+ cells found in the alveolar space of uninjured or PBS-treated lung sections
(Fig.16d, highlighted by yellow arrowheads), raising the possibility that the observed cell
state also represents a naturally occurring homeostatic cell state [198].
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Figure 16: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a Fluorescent immunostainings and confocal imaging of lung sections from the indicated conditions. Nuclei (DAPI)
are colored in white, Krt8 appears in green, Sftpc (AT2 cells) in red, and Pdpn (AT1 cells) in blue. The scale
bar indicates 100 microns. b Immunostaining of Krt8 (green) at the indicated time points after bleomycin injury.
FFPE tissue sections were co-stained with the AT2 marker Sftpc (red), and the AT1 marker Pdpn (blue). Nuclei
were labeled using DAPI (white). Scale bar = 50 microns. c Krt8 expression quantified by the mean fluorescence
intensity of selected regions in the alveolar space, excluding Krt8+ airways. Alveolar Krt8 expression is highest
at day 10 and day 14 (n=4 per time point, mean with SD). d Rare Krt8+ cells in normal alveolar homeostasis.
Fluorescent immunostainings and confocal imaging of lung sections from untreated control lungs. Nuclei (DAPI)
are colored in white, Krt8 appears in green, Sftpc (AT2 cells) in red, and Pdpn (AT1 cells) in blue. The scale bar
indicates 100 microns.
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The transient protein expression character of Krt8 was also validated by mass spectrometry-
based whole lung tissue proteomics (Fig.17a) [198]. Next to Krt8 protein quantification
based on immunofluorescence staining and mass spectrometry, flow cytometry-based quan-
tification was added (Fig.17b). EpCam-positive epithelial cells were further subdivided into
Krt8+ and integrin-beta6 (Itgb6)+ cells (Fig.17b-d), both of which were found at increased
number after bleomycin-mediated lung injury. Surface expression of Itgb6 was found to be
higher on alveolar Krt8+ cells (Fig.17d).

The single cell data exhibited striking expression of the low-affinity ligands Areg and Hbegf,
which bind to the epidermal growth factor receptor [198]. The increased protein expression
of both Areg and Hbegf in bleomycin-injured lungs was verified by immunofluorescence stain-
ing and its quantification by measuring the mean fluorescence signal intensities (Fig.18a,
b) [198].

With the help of precision-cut lung slices (PCLS), whole alveolar cell morphologic analysis
was performed. 300 micron-thick PCLS were immediately fixed after cutting and immuno-
stained against Krt8 (new cell state), Sftpc (AT2 cells), and Pdpn (AT1 cells). Confocal
microscopy allowed for the generation of high-resolution images of stained alveoli and
the quantification of cell sphericity [198]. Maximum projection of confocal z-stack images
showed low-level Krt8 expression in cuboidal AT2 cells (Sftpc+) of uninjured lung sections
but high Krt8 expression levels in sections received from mice at day 14 post bleomycin
injury (Fig.19a) [198]. Notably, the expression of Krt8 was detected in cuboidal AT2 cells
(Krt8/Sftpc double positive cells) or in Sftpc-negative cells that were found in larger number
and with elongated and squamous morphology [198]. Analysis of the cell shape clearly iden-
tified single Krt8+ cells with significantly reduced sphericity factor (Fig.19b) [198]. In addition,
after lung injury, Krt8+ AT2 cells featured a significantly flatter shape (Fig.19c), indicating
that the squamous flat Krt8+ cells may cover the alveolus similarly to AT1 cells [198].

These findings arose the question whether the formation of the Krt8 cell state was restricted
to the bleomycin-induced injury model. In fact, efforts from collaborating groups could
demonstrate the emergence of Krt8 high cells after exposure of neonatal mice to either
hypoxic or hyperoxic condition (cf. preprint - [198]). This challenge has been reported to
increase the susceptibility for lung injury and fibrosis after influenza type A infection in adult
age [198,259–261]. In another approach, the exposure of adult mice to hyperoxia, which has
been reported to raze out AT1 cells [198,262] showed Krt8+ cells in FFPE lung sections and
were identifiable already at day three after 60 hours of the hyperoxic challenge (cf. preprint
- [198]).
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Figure 17: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Protein validation of the alveolar Krt8+ cell signature. a Protein abundance of Krt8 in total lung homogenates
was assessed by mass spectrometry [139]. The line plot shows the log2 ratio of Krt8 MS-intensity of mice at day
14 after bleomycin injury (n=4) and PBS control mice (n=4). Error bars show the standard error of the mean. b

The histogram shows Krt8 fluorescence intensity quantified by flow cytometry using a CD45 negative and Epcam
positive gate to select epithelial cells. PBS control mice (n = 5, blue color) and mice at day 10 after bleomycin
(n=7, red color) are shown. c Gating strategy for the analysis of CD45-/Epcam+ epithelial cells. d The scatter plots
and histograms show increased expression of Krt8 and Itgb6 at day 10 after bleomycin in Epcam+ epithelial cells.
Highest expression of Itgb6 was observed on Krt8 high cells. Fluorescence-minus-one (FMO) controls were used
for both the Krt8 and Itgb6 quantification.
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Figure 18: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a Increased Hbegf (red) expression in bleomycin treated lung tissue, showing partial overlap with Krt8 (green)
signal. Quantification of the mean fluorescence signal intensities confirmed increased Hbegf expression (unpaired
t-test *** p = 0.0001). Sections were co-stained with Pdpn (blue); scale bar = 50 microns. b Immunostainings of
Areg (red) and Krt8 (green) expression in the lung, co-stained with Pdpn (blue) and quantified by mean fluorescence
intensity. Unpaired t-test *** p < 0.0001. Scale bar = 50 microns.
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Figure 19: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
PCLS imaging reveals elongated cell shape for Krt8+ cells. a Maximum projections of confocal z-stacks taken
from immunostained 300 micron-thick precision cut lung slices (PCLS) are shown for a representative PBS control
mouse and a mouse at day 14 after bleomycin injury. Nuclei (DAPI) are colored blue, Krt8 appears in green, Sftpc
(AT2 cells) in red, and Pdpn (AT1 cells) in white. b Alveolar cell sphericity analysis of 21 cells per condition revealed
elongated cell shapes for Krt8+ cells in IF-stained precision cut lung slices (in a). Sphericity of 1 indicates round,
cuboidal cells; 0 indicates flat cells. One-way ANOVA with Dunnett’s post testing: * p = 0.0376, *** p < 0.0001. c

The images indicate the cell morphologies found in one healthy ROI within one PBS PCLS, and in two fibrotic ROI
within one bleomycin PCLS. Note that Krt8+ cells form larger networks and clusters.

Similar to the approach used in mice, a human cohort was included for immunostaining of
the Krt8+ alveolar cell state. FFPE sections were stained for KRT8, SFTPC, and alpha-SMA.
Lung tissue from ALI patients (n=2; ARDS/Influenza A and ARDS/Sarcoidosis) and ILD
patients (EEA, n=1; IPF, n=3; and IPAF, n=1) were received from lung explant material from
transplantations, whereas non-injured control lung tissue (n=7) was derived from tumor-
free material after excision of lung tumor mass [198]. While control sections were almost
void of KRT8+ cells in the alveolar space, massive expression of KRT8 was detectable in
parenchymal tissue sections of both ALI and ILD patients (Fig.20a-c) [198].

In summary, the herein collected data proves the transient appearance of squamous Krt8-
positive alveolar cells in different lung injury mouse models, as well as in human lung disease.
The single cell RNA-seq data allows for the modeling of cellular dynamics over the time
course of the bleomycin lung injury model. Hence, it was hypothesized whether, over time,
the Krt8+ alveolar cells can function as progenitor cells for reconstitution of AT1 cells and
their maturation after lung injury [198].
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Figure 20: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Krt8+ alveolar cells appear in human acute lung injury and fibrosis. a FFPE sections from non-fibrotic control
parenchyma derived from non-involved areas in tumor resections were stained against Krt8 (red), Sftpc (green), and
Acta2 (blue). Scale bar = 100 microns. b Human lung tissue sections were stained as in (a) revealing pronounced
Krt8 expression at the site of acutely injured lesions (ARDS diagnosis) and fibrotic regions of ILD patient lungs
(IPAF, IPF and EAA diagnosis). Scale bar = 100 microns. c Fluorescence intensity of Krt8 stainings was quantified
from 5-8 representative areas of control tissue (n=7), ILD tissue (n=5), and ARDS (n=2). One-way ANOVA statistical
analysis: *** p < 0.0001, ** p = 0.0041.
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Figure 21: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a A high-resolution longitudinal data set was generated by subjecting sorted cells from the epithelial compartment
to scRNAseq from the 18 indicated time points. UMAP embedding displays cells colored by cell type identity (b)
and time point (c).

3.1.5 A sky dive into epithelial cell fate transitions

After the identification of the novel Krt8-positive cell state, its progenitor potential was tested
in a refined experiment. For better time- and cell type-resolved resolution with the goal to
comprehensively model the emergence of Krt8+ cells from alveolar epithelial precursor cells,
mice were again treated with bleomycin or PBS [198]. Single cells were extracted from the
lung but prior to the scRNA-seq experiment subjected to epithelial cell selection via the
EpCam surface protein by magnetic-activated cell sorting (MACS). Mice were sacrificed
daily (n=2/day) until day 13, and weekly until day 56, resulting in a final scRNA-seq data
set of the epithelium at 18 time points with n=36 mice and k=34,575 cells (Fig.21a) [198].
Sampling until day 56, which constitutes the fully-regenerated baseline in the bleomycin
injury model, ensured to track the dynamic changes over the entire injury and regeneration
course [198].

This high resolution data set of the epithelial compartment led to the classification of the
same cell type identities as were found in the whole lung screen [198]. However, thanks to
the improved temporal and cellular resolution, neuroendocrine cells (PNEC) and basal stem
cells were additionally collected (Fig.21b, c) [198]. As some cell types revealed a remarkable
transcriptional heterogeneity during the time course of regeneration, certain cell clusters
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Figure 22: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a The scaled lines represent smoothed relative frequencies of alveolar cell types and club cells over the time
course. Confidence interval derived from the smoothing fit is shown. b PAGA graph visualizes potential cell-type
transitions and the topology of the data manifold. Nodes represent Louvain clusters and thicker edges indicate
stronger connectedness between clusters.

were categorized into activated cell states (Fig.21b, c) [198]. To understand which lineages
give rise to the Krt8+ cells, relative cell frequency over time was assessed. Activated AT2
cell states preceded the appearance of Krt8+ cells just as activated club cells did, however,
with the difference that the relative frequency of activated AT2 cell states was observed to be
increased at earlier time points (Fig.22a) [198]. To analyze global connectivity and infer on
potential cell trajectories, partition-based graph abstraction (PAGA) was used [198]. PAGA
is among the best performing pseudotime methods [247] and establishes a graph-like map
for the interpretation of the data manifold (Fig.22b) [198,222]. Studying the PAGA map with
more detail, several potential transdifferentiation routes emerge between the connectivity
nodes of the cell clusters. To highlight are the strong connectivity of the nodes of cell clusters
10 (airway club cell subset), 2 (Krt8+ cells), and 11 (activated AT2 cells) [198].

Application of differential gene expression analysis to the club cell subsets only (clusters
6, 7, and 10 in Fig.23a), allowed for the split of club cells (cluster 6) versus activated club
cells (cluster 7) [198]. Cluster 10, by contrast, remained a distinct cluster and was most
prominently different by the high expression of MHC-II complex genes, including H2-Ab1
and the cysteine proteinase inhibitor Cystatin-C (gene name: Cst3) [198]. The latter has
been demonstrated to be co-expressed with MHC-II by dendritic cells (Fig.23a-d) [198,263].
The contradistinction between activated club cells and club cells is best appreciated by
enriching gene categories with significant enrichment (FDR<5%) in both cell populations
(Fig.23e) [198]. Expression of ribosomal genes and ATP synthesis were increased in ac-
tivated club cells, while the Wnt signaling pathway was found downregulated [198]. The
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Figure 23: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Discovery of a MHC-II positive club cell subset. Plots visualize the UMAP embedding of Club cells colored by
Louvain clustering (a) and by time point (b). c The heatmap shows the average expression levels of marker genes
across the three Club cell clusters. d UMAP embedding shows distinct expression patterns for selected marker
genes. e The bar graph shows the annotation enrichment score68 for selected examples of gene categories with
significant enrichment (FDR < 5%) in either activated Club (positive scores) or Club cells (negative scores). f

Immunofluorescence staining of mouse airways shows CC10+ club cells (green) and Cst3+ cells (red), DAPI (white).
Note the partial overlap of Cst3+/CC10+ airway cells (highlighted by yellow arrowheads). Scale bar = 100 microns.

MHC-II+ club cell subset also features higher amounts of ribosomal genes, as well as in-
creased cytokine and intermediate filament expression, suggesting that this subset may play
a distinct role in mediating response to injury in the airway epithelium [198]. Staining against
Cst3 and Scgb1a1 (CC10) confirmed the presence of Cst3+ subset cells in the airway
epithelium as only few Scgb1a1+ cells were found to co-express Cst3 (Fig.23f, highlighted
with yellow arrowheads).

In order to predict cellular functions and cell pathway activity based on the expressed
genes of each cell type, Ingenuity Pathway Analysis (IPA, Qiagen Redwood City, USA;
www.qiagen.com/ingenuity) was performed. IPA-embedded algorithms infer and score
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Figure 24: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Ingenuity pathway analysis was used to score the activity of pathways within the signatures of the indicated cell
states. The pathway activation z-scores were grouped by hierarchical clustering using their Pearson correlation.

pathway activities and assign respective z-scores, which were hierarchically clustered using
the Pearson correlation.

The analysis revealed that Krt8+ cells, activated AT2 cells, as well as activated club cells
possess higher oxidative phosphorylation (Fig.24), indicating that these cells are metaboli-
cally active and undergoing cellular differentiation [198,264]. Strikingly, EIF2 signaling is
very active in the activated cell states, as well is the up-regulation of ribosomal genes and
N-Myc target genes, suggesting that cells re-enter the cell cycle (Fig.25) [198]. Comparison
of the Krt8+ cells with AT1, AT2, activated AT2, club, and activated club cells in the Ingenuity
upstream regulator analysis (IPA, Qiagen) revealed target genes significantly enriched for
the TNF, TGFb, and NRF2 pathway, which indicates an active hypoxic response (Fig.25).
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Figure 25: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Ingenuity upstream regulator analysis was used to score the activity of upstream regulators within the signatures
of the indicated cell states. The activation z-scores were grouped by hierarchical clustering using their Pearson
correlation. Bar graphs show target genes sorted by highest expression in Krt8+ cells relative to all other cells.
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Moreover, in both the UMAP embedded data (Fig.21b) and the PAGA representation
(Fig.22b), a proliferative cluster of Mki67+ and Top2a+ cells (denoted cluster 14 in the
PAGA plot) became prominent, interestingly connecting activated AT2 cells and the MHC-II+
club cell subset [198]. Studying the relative cell frequency of cluster 14 showed a marked
Mki67 expression around day 15 after bleomycin-mediated lung injury (Fig.26a). Cell cycle
regression analysis within that cluster resulted in the determination of the cell type identities
that all shared the proliferative gene signature (Fig.26b); after lung injury, Krt8+ cells, AT2
cells, club cells, and the MHC-II+ club cells all proliferated (Fig.26c) [198]. Staining of
bleomycin-treated lung sections and control tissue against Ki67 confirmed the proliferative
peak of cells around day 15 (Fig.26e), with a sudden inhibition of Ki67 expression at day 28
after injury [198]. Quantification by counting all Ki67+ cells within randomly chosen regions
of interest (n=4-7 per time point) manifested a curve quite similar to the relative frequency
curve (compare Fig.26d with Fig.26a) [198]. To assess the degree of proliferation among
the Krt8+ cell population, the stained images were further used to specifically screen for
Krt8/Ki67 double-positive cells at day 10 after lung injury (Fig.27). In fact, double-positive
cells were detected, highlighted with yellow arrowheads, corroborating that Krt8+ cells are
actively proliferating during the fibrogenic phase.
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Figure 26: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Cell cycle analysis reveals proliferation of Krt8+ alveolar progenitor cells. a Relative frequency of Mki67+ proliferating
cells plotted over time. b The scatter plots show cells from proliferating cell cluster 14 before and after cell cycle
regression, colored by inferred cell cycle phase. Regression removes cell cycle effects from principal component
data manifold. Re-analysis of cell cycle corrected expression deconvolves cell type identities of proliferating cells.
c UMAP of cell cycle corrected cluster 14 cells visualizes four distinct clusters, which contain Krt8+ progenitors,
AT2, club, and MHC-II+ club cells. The heatmap shows the average expression levels of selected marker genes. d

Quantification of Ki67+ cells (cf. panel e) from immunostained FFPE sections demonstrates transiently increasing
cellular proliferation of cells after bleomycin treatment. Randomly selected areas were analyzed for Dapi+/Ki67+
cells, n(areas)=3. e Immunostaining of FFPE lung tissue over time after bleomycin-induced injury. Scale bar
indicates 100 microns.
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Figure 27: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Immunostaining of day 10 post bleomycin-injured lungs with enlarged views on proliferative Krt8+ alveolar progenitor
cells (Ki67+/Krt8+), highlighted with yellow arrowheads. Scale bar indicates 100 microns.

3.1.6 Transcriptional convergence of AT2 and club cells towards Krt8+

cells

To comprehend transcriptional transdifferentiation dynamics towards the newly identified
Krt8+ cell state, RNA velocities [223] were calculated for the skydive epithelial data set and
overlaid onto the UMAP data representation (Fig.28a) [198]. Being consistent with published
literature, the RNA velocity vectors pointed from the club cells towards the ciliated and goblet
cells [38,198]. Scrutinizing all the velocity vectors, the Krt8+ cell state seemed to be of dual
origin via both the AT2 cells and club cells (Fig.28a, b). By calculating the terminal state
likelihood using scVelo of only the AT2 cells, Krt8+ cells, and club cells, a differentiation
axis of activated AT2 cells (cluster 11) and the MHC-II+ club cells (cluster 10) towards
the Krt8+ cell state emerged (Fig.28c). The terminal state likelihood algorithm describes
the terminally differentiated cells by analysis of their spliced and unspliced transcript ratio
and a random walk bioinformatic analysis (see chapter 2.3.4 for details). Pseudotempo-
ral trajectory analysis identified 3,036 genes with distinct expression along the calculated
trajectories (Fig.28d) [198]. Cell identities are represented by their relative expression
levels as smoothened lines along the pseudotime. The gene expression patterns along the
converging differentiation trajectories based on the inferred likelihood of detection revealed
3,036 altered genes (Fig.29a). Both club cells and AT2 cells show distinct transcriptional
changes towards the Krt8+ cell state, categorized into gene clusters A-F (Fig.29a). The
most significant regulating transcription factors for each cluster are presented next to the
heatmap (Fig.29a). Closely studying the transcription factors, there was a gradual decline
in the expression of the homeobox protein Nkx-2.1 noticeable [198], a factor important in
lung development and for the lung epithelial identity (Fig.29b) [198,265]. Similarly, Foxp2
and Cebpa were found to be decreased during the conversion of club and AT2 cells to Krt8+
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cells; Krt8+ cell state is represented by the dashed line as defined by the peak expression
in Fig.28d. Foxp2 has been reported to be critical in repressing the differentiation of the
lung epithelium [198, 266, 267], and Cepba to play important roles in lung development
and cell maintenance of club and AT2 cells (Fig.29b) [198, 268–270]. Etv5 expression, a
master transcription factor for AT2 cell maintenance [198,271], was found to be drastically
reduced, whereas the prime regulator for AT1 cell differentiation, Gata6, gradually increased
during the differentiation towards the Krt8+ cell state [198,272,273]. Both the AT2 and club
cell trajectories showed an overlap of genes that correspond to the Krt8+ cell state [198].
These genes include the p53 interactor Nupr1, which is induced by stress, as well as the
key regulator for epithelial to mesenchymal transition Sox4, and genes involved in chromatin
remodeling, such as the histone demethylase Kdm5c (Fig.29b) [198].

Based on computational analysis, the question remained open whether these predictions
can be validated in vivo. With collaborative support, reporter mice for the AT2 cell lineage
(Sftpc-Cre/ER), and later the club/airway cell lineage (Sox2-Cre/ER), were treated with
bleomycin to confirm a dual origin for the Krt8+ cell state (cf. preprint - [198]). Ten days
after treatment, they found high Krt8 expression in both Sftpc-Cre/ER-positive and -negative
cells in stained sections of the lung, suggesting that indeed some Krt8+ cells might be
airway-derived.

In a nutshell, the acquired data and analyses demonstrate a dual origin for Krt8+ alveolar
epithelial cells of both airway-derived progenitors from the club cell lineage and AT2 cells
[198]. Since both AT2 cells and club cells focalize on the same transcriptional state with peak
expression of Krt8 during alveolar regeneration [198], and due to the observation that Krt8+
cells are transiently present in the course of lung injury and regeneration, the assumption
was raised that Krt8+ cells can act as progenitor epithelial cells for AT1 cell maturation after
lung injury, as drafted in a first hypothetical model (Fig.30). [198].

3.1.7 Krt8+ cells are alveolar progenitors that reconstitute the AT1

layer

In order to corroborate the mentioned hypothesis and to model potential cell trajectories, the
Krt8+ and AT1 cells were submitted for a separate analysis [198]. A first idea of potential
differentiation was given by the RNA velocity-based trajectory between Krt8+ cells and
mature AT1 cells (Fig.31a). Making use of the RNA velocity and evaluating the proportion of
spliced and unspliced reads, a steady transcriptional induction of Ager, the prime AT1 cell
marker, could be observed around day 14 after bleomycin-mediated injury (Fig.31b) [198].
Comparing control (day 0, no bleomycin administration) and late time points (days 36 and 56)
during the time course of regeneration with time points that cover the acute injury response
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Figure 28: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Transcriptional convergence of club and AT2 cells onto the alveolar Krt8+ cell state. a Velocity plot displays the
UMAP embedding colored by Louvain clusters with velocity information overlaid (arrows), indicating convergence
of AT2 and club cells onto the alveolar Krt8+ cell state. b Velocity plots on AT2 and club cell subsets corroborate
the transcriptional convergence towards the Krt8+ cell state. c Diffusion map of Louvain clusters 2, 10, and 11,
colored by inferred terminal state likelihood, reveals two distinct transdifferentiation trajectories from activated AT2
and MHC-II+ club cells towards a Krt8+ cell state. d The lines illustrate smoothed expression levels of Scgb1a1,
Krt8, and Sftpc across the trajectory, marking cell identities. The dashed vertical line indicates the peak of Krt8
expression. Grey colors represent the confidence interval derived from smoothing fit.
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Figure 29: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a The heatmap shows the gene expression patterns along the differentiation trajectory based on the inferred
likelihood of detection for 3,036 altered genes. b Line plots show the smoothed relative expression levels of selected
transcriptional regulators across the converging trajectories. The dashed vertical line indicates the peak of Krt8
expression. Grey colors represent the confidence interval derived from smoothing fit.
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Figure 30: Novel proposed model for alveolar regeneration after bleomycin-mediated lung injury. Lineage tracing
experiments together with scRNAseq experiments show that both airway progenitors and AT2 cells give rise to the
same Krt8+ cell transcriptional state.

and the fibrogenic phase (days 2-28), a significantly lower ratio of unspliced over spliced
Ager reads was detected (Fig.31c; Wilcoxon Rank Sum test, p<1e-46) [198]. The analysis
of RNA velocity predicted an increasing expression of Ager along the cell trajectory towards
mature AT1 cells (Fig.31d), which was corroborated by plotting the total expression levels of
Ager onto the UMAP embedding (Fig.31e) [198].

In order to figure out which genes and transcriptional regulators drive these observed
gene expression dynamics, a trajectory was calculated based on the pseudotime, which
revealed 1,150 significantly regulated genes to be involved in the Krt8+ progenitor to
AT1 cell transition (Fig.32) [198]. The pseudotime trajectory allowed for segregation of
temporal changes during the transition from the Krt8+ progenitor cell towards the terminally
differentiated AT1 cell [198]. The transdifferentiation trajectory could be distinguished into
four phases, separated by distinct expression of transcriptional regulators driving different
cellular responses or actions [198]. Determination of key genes was achieved by searching
for the keywords cell adhesion, developmental protein, differentiation, ECM, growth factor,
and keratin (Fig.32). Accordingly, pathways could have been assigned to each of the four
phases, which showed that the initial phase during the transition from Krt8+ progenitor to
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Figure 31: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Pseudotime analysis reveals Krt8+ cells as alveolar progenitors that give rise to AT1 cells. a Velocity plot displays the
UMAP embedding colored by time point with velocity information overlaid (arrows), indicating terminal differentiation
of Krt8+ progenitors into AT1 cells. b Velocity phase plot shows the number of spliced and unspliced reads of the
AT1 marker Ager for each cell (points) on the X and Y axes, respectively. Cells are colored by time point and the
black line represents the linear steady-state fit. Cells above and below the diagonal are predicted to be in inductive
or repressive states, respectively. c The boxplot shows the log2 ratio of unspliced over spliced Ager reads for days
0, 36 and 56 (blue) and all other time points (red). To avoid division by zero, one was added to both counts. UMAP
embedding colored by Ager velocity (d) and expression (e) displays a gradual increase along the inferred trajectory.

AT1 cell is featured by cell growth and cell cycle exit, as demonstrated, for instance, via MYC
targets and oxidative phosphorylation (Fig.32) [198].

Towards the culmination of Krt8 expression along the differentiation trajectory, stress-related
signaling, like the induction of p53 and the unfolded protein response pathways, join the
transcriptional landscape, which is additionally noticed by the enhanced expression of tran-
scription factors, such as Atf4 and Trp53inp1 (Fig.32, Fig.33) [198]. Moreover, non-canonical
NFkB signaling seems to characterize the Krt8+ cell state as the expression of the EGFR-
ligand amphiregulin (Areg), the nuclear factor NF-kappa-B p100 subunit (Nfkb2), as well
as the Tweak receptor CD266 (Tnfrsf12a) were highly correlated with the Krt8 expression
(Fig.33) [198]. Towards a terminal differentiation into an AT1 cell, the trajectory helped to
distinguish a critical pre-AT1 phase, in which Krt8 expression was found down-regulated
while concomitant, a genetic profile reminiscent of the epithelial-to-mesenchymal transition
(EMT) was induced, e.g. by the key regulator Sox4 [198,274]. An interesting finding in this
pre-AT1 cell stage was the expression of TAZ (Wwtr1), which is a downstream regulator of
the Hippo signaling pathway with crucial functions in AT2 cell differentiation after alveolar in-
jury [198,245]. As both the Hippo and Wnt pathways have been ascribed a role in mediating
pulmonary disease, the expression of beta-catenin (Ctnnb1) is worthwhile to mention here.
Beta-catenin is the key downstream signaling molecule in the canonical Wnt pathway [275]
and peaked transiently in the pre-AT1 cell stage [198]. In the context of fibrogenesis, this
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Figure 32: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
The heatmap shows the gene expression patterns across the differentiation trajectory for 1,150 altered genes.
The analysis allowed for segregation into four groups based on temporal gene expression changes. Based on
transcriptional regulators, cellular responses and pathways were predicted.

cell stage was further marked by the expression of many TGFb target genes, including
Sox4, integrin beta-6 (Itgb6), and connective tissue growth factor (Ctgf) (Fig.33), suggesting
a pivotal role for TGFb in alveolar regeneration [198, 246]. Considering the squamous
cellular morphology of the Krt8+ cells (as was demonstrated in 3.1.4), the expression of
the non-muscle myosin heavy chain IIa (Myh9) in the pre-AT1 cell stage confirmed that
additional cytoskeletal rearrangements and increased cell contractility constitute final steps
in the maturation of the Krt8+ progenitor cells towards AT1 cells [198]. Ultimately, the fully
differentiated and terminated AT1 cell state showed expression of commonly valid AT1
cell markers and transcription factors, including Hopx, Gata6 and Wwc1, as well as ECM
proteins and growth factors, such as Fgf1, Npnt and Agrn (Fig.33) [198].

Although having surveyed the genetic and transcriptional dynamics of the Krt8+ progenitor
cell, the functional role of these cells in the context of alveolar regeneration remained still
unclear. Considering the fact, that many ECM-related and EMT-related genes were found to
be up-regulated during the Krt8-to-AT1 transdifferentiation, an important role for intercellular
communication was raised for the Krt8+ alveolar epithelial progenitor [198]. Using the whole
lung single cell RNA-seq data (cf. Fig.9), a cell communication network was established by
pairing receptor-ligand interactions between cell types [198].
Here, most pairs were found in fibroblasts, macrophages, and (capillary) endothelial cells
(Fig.34a) [198]. AT1 and capillary endothelial cells are in close contact due to their shared
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Figure 33: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
The line plots illustrate smoothed expression across the differentiation trajectory for a number of exemplary genes.
Grey colors represent the confidence interval derived from the smoothing fit. The dotted line indicates the peak of
Krt8 expression.
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Figure 34: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
a The cell-cell communication network displays the number of receptor-ligand pairs between the molecular markers
of the Krt8+ alveolar progenitor cell state and all other meta cell type identities. b, c The bar graphs show the
average log2 fold change of either ligands (b) or receptors (c) within the endothelial cell (EC) connectome for Krt8+
alveolar progenitors and AT1 cells.
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Figure 35: Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ : [198]
Summary of observations and revised model of alveolar regeneration. AT2 and club cells enter an activated
state characterized by a distinct set of pro-inflammatory genes as a result of inflammatory cytokine driven NFkB
activation early after injury. Both club and AT2 cells can converge on the same Krt8+ alveolar progenitor cell state
as a consequence of metabolic reprogramming and the local niche in injured alveoli. Activated club and AT2 cells
lose cell identity genes such as Cebpa and Etv5 and re-enter the cell cycle, followed by a Myc-driven phase of cell
growth and differentiation that is marked by increased oxidative phosphorylation and a drastic change in shape
towards a squamous morphology. The Krt8+ alveolar progenitors are characterized by a stress response gene
expression program involving p53, hypoxia response, and ER-stress related gene programs. Terminal differentiation
into AT1 cells involves a transient peak of the transcriptional regulators Sox4, Ctnnb1 and Wwtr1, and their target
genes. This indicates involvement of the Wnt, Yap/Taz, and TGF-beta signaling pathways in committing Krt8+
alveolar progenitors towards AT1 cell fate, which then becomes fixed by a peak in Hopx expression. Krt8+ alveolar
progenitors peak in numbers during fibrogenesis and feature a highly distinct connectome of receptor-ligand pairs
with endothelial cells, fibroblasts, and macrophages, suggesting that these cells serve to instruct the fibrogenic
phase of lung regeneration. Conversely, it is likely that the fibrogenic niche, which as we show is largely driven by
fibroblasts and macrophages, plays an instructive role in terminal AT1 differentiation. Finally, mature AT1 cells likely
provide signals important for resolution of fibrogenesis.

functional role in facilitating gas exchange between inhaled air and blood [198]. Analysis of
the connectome, which are all receptor-ligand interactions, of endothelial cells (EC) with both
the Krt8+ progenitor and AT1 cells, revealed signal transduction between the endothelin-
receptor (Ednrb) on EC via the ligand endothelin-1 (Edn1), which was exclusively expressed
on the Krt8+ cells [198] (Fig.34c). In contrast, receptor-ligand pairs specific to only AT1 cells
were also spotted, including for instance Vegfa-Flt1, Vegfa-Nrp1/2, or Sema3e-Nrp1/2 [198].
Similarly, differences observed for the receptors included the urokinase plasminogen activa-
tor receptor (Plaur), which is specifically expressed on the Krt8+ progenitor cells and binds
to the EC-derived ligand plasminogen activator inhibitor-1 (PAI; Serpine1) (Fig.34b) [198].

Combined, this data suggests an important role for the newly-identified Krt8+ alveolar
epithelial progenitor cell in mediating fibrogenesis and alveolar regeneration. There are
distinct transcriptional programs following a temporal order, which has been deciphered
in the presented analysis. Compliant with the data, a hypothetical model for regeneration
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including all transcriptional and genetic regulators and pathways was updated with the
molecular data and is summarized in Fig.35.

3.1.8 Discussion

The presented work describes the dynamics of mouse lung regeneration at single cell reso-
lution and the discovery of an alveolar progenitor cell state that gives rise to AT1 cells [198].
This novel cell state was found to highly express Krt8 and only appeared transiently but with
highest expression during the fibrogenic phase. After having surveyed all cell populations
of the murine lung, spanning the six commonly studied time points of the bleomycin lung
injury model, a special focus was set on EpCam+ epithelial cells over 18 time points, thereby
increasing the longitudinal resolution [198]. Deploying the potential of pseudotemporal
modeling [198,224,247,276,277], epithelial transdifferentiation was studied based on gene
regulation, which enabled temporal gene expression programs and main transcriptional
regulators [198]. Besides cell fate and trajectory modeling, receptor-ligand networks helped
to unravel potential cell-cell communications and their temporal dynamics [198].

Combining high-throughput single cell sequencing with advanced computational methods
allowed for unprecedented insights into the dynamics of lung regeneration and lineage
reconstruction, which complements traditional in vivo lineage tracing experiments. Transdif-
ferentiation processes are complex and frequent, and involve intermediate gene expression
states with distinct genotypic differences between initial and terminal cell state [198]. Tra-
ditional views on tissue regeneration are mainly focused on stem cell differentiation with
gradual loss of stem cell-specific genes towards terminally matured tissue cells. Many
of such stem cell subtypes and even niches have been described in the lung. For the
regeneration of the alveolar compartment, different mechanisms have been discovered,
often in dependence of the severity of injury [234]. Bronchioalveolar stem cells (BASC)
and p63+/Krt5+ distal airway stem cells (DASC) have been proposed as the key drivers for
alveolar regeneration [198]. Although a major contribution of Krt5+ cells can be neglected
based on the herein presented data, there was clear evidence for airway-assisted alveolar
regeneration by Krt8+ cells (as seen in the Sox2-Cre/ER experiments) [198]. Activation
of club cells after injury, in particular the MHC-II subset, as well as the activation of AT2
cells led to the emergence of cellular intermediate states, marked by high Krt8 expression.
Despite such convincing data, an involvement of BASCs cannot be ruled out [198]. Due to
the observation that two distinct lineages (club cell- and AT2-derived) converged in the same
Krt8+ transcriptional state implies that not the lineages themselves but the injured alveolar
niche determines the (progenitor) cell identities [198].
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The pathways that were carved out in this work can be associated with injury-induced
stress- and inflammation responses and allow for drawing the conclusion that environmental
alterations might evoke the emergence of the Krt8+ alveolar progenitor [198]. Consistent with
the presented data, independent work demonstrated a loss in AT2 cell proliferation after injury
in AT2-specific IL1-receptor knock-out mice via IL1b and NFkB activation [244], providing
a molecular tie between inflammation and epithelial regeneration [198]. Environmental
and inflammatory stimuli might promote cell plasticity by activation of alternative cell fate
programs [198]. Cultivation of AT2 cells in vitro may lead to spontaneous AT1 cell drifts,
indicative for the necessity to receive niche-derived signals for proper AT2 cell maintenance
[198]. A five-day in vitro AT2 to AT1 transdifferentiation experiment revealed highest Krt8
protein levels at day 3, with a peak expression of Pdpn (AT1 cell marker) at day 5 [198,278].

The Krt8+ alveolar progenitor has been introduced here as an important intermediate cell
state during lung regeneration. However, although very low in number, there were cells with
high Krt8 expression in parenchymal lung tissue of control mice. The function of these rare
cells remain obscure and has only been described as an observation in this present work.
Neither club cell-, AT2-, nor AT1 cell marker genes were found in this novel Krt8+ cell state,
suggesting that it truly represents a distinct reprogrammed cell type and progenitor role [198].
There is no evidence that could disprove a potential AT2 reconstitution by the Krt8+ alveolar
progenitor, however, the data strongly suggests a compelling propensity towards a final AT1
cell differentiation [198].

Terminal AT1 cell differentiation during development has been shown to occur via a non-
proliferative two-step process of cell flattening and cell folding [60,198]. By morphology, the
Krt8+ progenitor cell appears in squamous shape, which is congruent with the cell flattening.
For proper regeneration, the alveolar architecture needs to be re-established, which, on the
molecular level, is guided by morphogenic factors, such as Vegfa and semaphorins which
coordinate angiogenesis and alveolar morphogenesis [60,198]. The connectome analysis
presented here demonstrated the specific expression of these morphogens in only the
mature AT1 cells after injury. By contrast, the Krt8+ progenitor cells expressed Endothelin-1
(End1) for the stimulation of capillary endothelial cells [198].

Transcriptional regulators, including TAZ (Wwtr1), Sox4, and beta-catenin (Ctnnb1) constitute
key switch points in terminal AT1 differentiation [198]. Using small molecule inhibitors in vivo
and conditional knockout mouse models, Wwtr1 (involved in the YAP/TAZ-Hippo pathway)
was recently shown to be of high mechanistic relevance in the AT2 to AT1 transdifferentiation
[198, 245, 279]. Additionally, beta-catenin and the canonical Wnt signaling pathways are
crucial factors for AT2 in vitro differentiation [198,278]. The data suggested that cell fate-
deciding switches towards the AT1 phenotype are operated by regulators, such as Sox4,
but this awaits further experimentation [198]. Generally, the contribution and crosstalk of
all the involved pathways of TGFb, Wnt, or Hippo in shaping the transdifferentiation from

75



3 Results

Krt8+ alveolar progenitor towards the AT1 cell is fairly obscure and needs more in-depth
research [198].
Nevertheless, there is a complex coordination of cell types during fibrogenesis, which in-
cludes active or inflammatory (monocyte-derived) macrophage populations and fibroblasts
that can transform to myofibroblasts for exacerbated expression of extracellular matrix pro-
teins. Microenvironmental stimuli that drive communications, such as intercellular contacts,
or the cell to cell communication remain loosely defined. During tissue regeneration, the
matrix takes over a master regulator function to ensure proper healing. This includes the
polarization of macrophages into phenotypes promoting fibrogenesis and, at a later stage,
promoting scar resolution [198,256,257]. By the interaction with fibroblasts, also monocyte-
derived macrophages can contribute to a pro-fibrotic processes [198,231,237,258]. Further
research is necessary to better define the local niche signals that drive fibrogenesis and a
proper resolution towards tissue regeneration.

3.2 Effects of Emilin-2 in experimental pulmonary fibrosis

The work presented is this chapter summarizes the findings up to the completion date of
this thesis. This project is currently ongoing to discern the molecular effects of Emilin-2 in
the context of lung injury and repair.

3.2.1 Aims and hypothesis

This side project is anchored in previously published findings by Schiller et al. [139] who
studied lung remodeling using the bleomycin model with a proteomics approach. The data
revealed among others the peak expression of the extracellular matrix protein Emilin-2 at
day 14 of the model. In a follow up approach, it was aimed at understanding the effects of
Emilin-2 after lung injury using a knockout mouse line. As the peak expression was found to
be highest at the inflammatory and fibrogenic phase, the hypothesis was drafted that there
is a more severe phenotype during fibrogenesis when Emilin-2 is absent/knocked out. Two
central questions initiated this project: (i) which cells express the protein Emilin-2, and (ii) is
there a specific phenotype after lung injury in knockout animals?

3.2.2 Introduction

The lung can be injured in various ways. Upon injury, a complex cascade is initiated
leading to local inflammation, which causes additional alterations of tissue homeostasis,
as well as cellular and extracellular changes on behalf of a timely response to injury.
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Local alveolar injury involves the immediate recruitment of neutrophils [280], concomitant
to the development of alveolar edema and the deposition of collagen fibers [281–283].
Due to the neutrophil-derived proteases, necrotic cells are detached from the basement
membrane [284], which requires macrophage populations at the sites of injury for dead cell
removal. Collagen fibers and other ECM constituents, mostly expressed by fibroblasts, are
assembled to facilitate cellular migration at the lesion site. Under regular condition, these
fibers, or the scar, respectively, is ultimately removed for complete tissue regeneration. If
this delicately orchestrated response is impaired, however, the excessive expression of ECM
components can lead to exuberant scarring of the tissue and to tissue fibrosis [59,285–288],
which greatly hampers the ability for proper gas exchange in the body.

Although many regulatory processes have been described, the convoluted mechanisms that
involve immune cells, their mediators, and mesenchymal populations during inflammation
and regeneration are insufficiently understood [289, 290]. Upon injury and during wound
healing, the ECM undergoes massive rearrangement that has effects on cell growth and
cell behavior, cellular differentiation, and cell viability [291–294]. Moreover, the ECM plays
an important role in regulating signals derived from developmental signaling pathways that
are active during tissue repair, including the TGFb, Wnt, sonic hedgehog (Shh), or bone
morphogenic protein (Bmp) pathways [139,295].

Using the bleomycin-induced lung injury mouse model and mass spectrometry-driven tissue
proteomics, Schiller et al. identified key regulator proteins during tissue injury and regenera-
tion [139]. In their work, a novel quantitative detergent solubility profiling (QDSP) method
was used to comprehensively chart temporal events in ECM changes after injury [139].
Among others, the highly-regulated proteins Emilin-2 and Collagen-XXVIII emerged as pro-
visional ECM components for tissue repair [139]. Protein expression of Emilin-2 was found
highest during the peak inflammatory phase at day 14 [139]. While Emilin-2 expression
was found to be restricted to perivascular and peribronchiolar location in healthy lungs, the
bleomycin-treated mice also revealed Emilin-2 expression in the alveolar regions, espe-
cially in areas where alpha-SMA-positive myofibroblasts were found to be accumulated [139].

Emilin-2 belongs to the Emilin/Multimerin family [296, 297] and has been named after its
biochemical properties: elastin microfibril interface located protein [297]. Emilin-2 is an
elastic fiber-associated glycoprotein with a C1q domain at the C-terminus and a cysteine-
rich domain at the N-terminus, termed EMI after the Emilin family [297]. Other protein
domains include a short collagenous region and a coiled-coil region [297]. The 40 kb
large protein is encoded on chromosome 18p11.3 with the gene spanning eight exons and
seven introns [296] and has experimentally found to have highest expression in the fetal
heart and the adult lung [297]. Emilin-2 is predominantly expressed in diffuse meshwork
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pattern in the extracellular space [296,297]. The different domains have been assigned to
different protein functions, including apoptosis, tumor growth, and angiogenesis: Emilin-2
activates the extrinsic apoptotic pathway by binding to the death receptors 4 and 5 and
can thus mimic death receptor ligand activity [296, 298]. Creating tumors in Emilin-2 null
mice corroborated the pro-apoptotic function of Emilin-2 as tumors were found at reduced
sizes as compared to wildtype mice [298,299]. Interestingly, Emilin-2 increased the overall
vessel density in tumors, additionally giving proof of the pro-angiogenic functions for Emilin-
2 [296, 300]. In a different experiment, the promotion of angiogenesis by Emilin-2 was
demonstrated by direct binding of the epidermal growth factor receptor (EGFR), which can
cause augmentation of IL-8 levels and hence, the proliferation and migration of vascular
endothelial cells [300]. Emilin-2 was shown to regulate angiogenesis by IL-8 expression
through the EGFR/EGF pathway [300]. Apart from these functions, Emilin-2 has additionally
described to associate with elastic fibers and the lung interstitium [297], and to bind to Wnt
ligands in the ECM [301]. The data generated in these studies suggest a crucial role for
Emilin-2 in regulating extracellular growth factors from the Bmp/TGFb and Wnt signaling
pathway [139, 302]. For the study of functional effects in vivo, a constitutive knockout of
Emilin-2 in C57Bl/6 mice was created [300].

3.2.3 Characteristic features of the injured Emilin-2 knockout lung

Knowing that Emilin-2 is highly up-regulated at day 14 in the bleomycin-injured lung, the aim
was to assess the functional role of the protein in the context of lung injury and regeneration.
A straightforward approach was the usage of an in vivo knockout mouse model, which for
the case of Emilin-2, was kindly provided by Dr. Paolo Bonaldo at the University of Padova in
Italy. To generate a constitutive knockout of Emilin-2 in C57Bl6/J mice, exon 1 of the Emilin-2
gene was replaced by a neoR cassette (further details are described in the cited paper) [300].
To study the effects of Emilin-2 under the bleomycin toxicity, in total, almost 200 mice were
studied over the time points of the model until day 28. During each experimental round, mice
were regularly weighed for loss of body weight, which could not exceed a loss of more than
20% of the initial body weight (in accordance with the animal welfare protection requirements).
Having four groups in each cohort (wildtype/Emilin-2 knockout with PBS/bleomycin), the
weight curves could be tracked over time (Fig.36a). After treatment, independent of the
assigned group (PBS or bleomycin), a loss of weight was usually noticeable due to the
acute burden of the instillation. While PBS-treated animals gained back to regular weights
within the first 3-6 days, bleomycin-treated animals discontinued their food intake due to the
malady induced by the treatment. Weight loss measurement can be a rough indicator for
the successful administration of bleomycin, for the disease progression, and at times even
for the severity of injury. Studying the weight loss curves, there was no difference between
the two PBS-treated groups. While the control mice even exceeded their initial weight over
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time, the bleomycin-treated animals lost weight rapidly during the first days and failed to
uptake enough food during the inflammatory phase until day 14 (red and green curves in
Fig.36a). Despite gross variances over time, the knockout bleomycin group only resumed
almost initial weights after 3 weeks post injury, while in contrast, their wildtype litter mates
made up for the weights of the control mice. Only in the late days of week four post-injury,
the bleomycin-treated knockout mice reached to similar weights as their wildtype litter mates.
In a different approach, some animals could be subjected to lung function measurement
at day 10 and day 14 after bleomycin administration (Fig.36b). Pulmonary compliance
measures the lung’s distensibility and confirmed the effect of bleomycin in both the wildtype
and Emilin-2 knockout mice. As was expected, the lungs were even less compliant at day
14, however, no differences could be determined between the bleomycin-treated groups.

With unobtrusive results of the lung function measurement, tissue was collected and pro-
cessed for histologic assessment using Masson’s Trichrome/Anilin-blue staining for the
detection of collagen content in the sections (Fig.37). Comparing day 3, resembling the
initial inflammatory time point, with later time points of day 10, 14, 21, and 28, the bleomycin-
induced changes in the lung became very prominent. PBS-treated mice generally did not
feature obvious relevant morphologic alterations. Although clear spaces around perivascular
and peribronchiolar regions were detected, which is presumably attributable to installation
and fixation of the tissue, these did not differ between the PBS groups (Fig.37a). Bleomycin
lung sections, especially at day 10 and later, exhibited interstitial pneumonia, however, a wide
inter-individuality was observed with varying degree of severity. This highly inter-individual
effect is likely the reason for non-significant observations during the quantification of collagen
content in these sections (Fig.37a and Fig.39). Tissue destruction was mainly characterized
by perivascular and perbronchiolar edema, e.g. in WT bleomycin mice numbers 56 or
3-91, by vascular congestion, e.g. in KO bleomycin mouse number 9-75 or WT bleomycin
mouse number 3-91, and inflammatory cell infiltration (cf. Fig.38a highest magnification
of the bleomycin section). Inflammatory cells and fibroblasts extended into the pulmonary
parenchyma where alveolar expansion and the presence of alveolar macrophages was
noticed (Fig.38a). The bleomycin-treated animals showed an apparent overall progression of
lesions from day 3 (generally more acute inflammatory changes) to day 28 (inflammatory le-
sions with more accentuated interstitial fibrosis), however again, considerable inter-individual
variation was discerned in mice of the same necropsy dates. Generally, the bleomycin
treatment had no clearly discernible or consistent differences between the two genetic
groups (wildtype and Emilin-2 knockout), which is consistent with the quantification results
(Fig.39). In order to quantify the degree of fibrosis and the tissue density, scanned sections
were adjusted by increasing the background contrast, followed by segmentation into areas
excluded for the analysis (i.e. main vessels), and areas that made up the tissue density
(Fig.38b). First, PBS-treated lungs were analyzed to allow for the differentiation between
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Figure 36: a Emilin-2 knockout mice recover more slowly after bleomycin administration. Mice from 11 instillation
cohorts (n = 193 mice) were observed with regard to average mean body weight loss in their respective group (PBS
wildtype or knockout, Bleomycin wildtype or knockout). Bleomycin-treated animals lose body weight in a similar
manner until day 14; thereafter, wildtype mice re-gain body weight faster than knockout animals. The lines represent
smoothed body weight loss over the time course. Confidence interval (CI = 90%) derived from the smoothing fit is
included. b Distribution of numbers of mice used in the different experiments. Data was collected from 193 mice
from 11 instillation cohorts. Each one cohort was sacrificed at day 3 and 7, two cohorts at day 10, 14, and 28, and
3 cohorts at day 21. Mice that died during the experiment were removed from the analysis. Cohorts of later time
points generally include less mice explaining the wide confidence interval ranges observed in a. Statistical tests
between the different conditions were not significant at day 14 to day 28. c Lung function measurement in the
mouse lung reveals no differences between wildtype and Emilin-2 knockout animals. Bleomycin-treated test mice
show expectedly less compliance of the lung, which is increasing at day 14.
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Figure 37: Histologic analysis using Masson’s Trichrome staining shows emerging interstitial fibrosis over time.
a PBS-treated mice have no histologic signs for tissue abnormalities independent of the genetic background.
Bleomycin mice show typical features of the bleomycin lung with alveolar wall thickening, excessive ECM production,
especially after day 14. At day 28 after bleomycin administration, Emilin-2 knockout animals tend to resolve less
rapidly the fibrotic areas with anilin-blue positive Collagen staining, suggestive by histology that there might be a
delayed response to injury when Emilin-2 is absent. Shown are representative sections; the scale bars indicate 500
microns. b Immunofluorescence staining of wildtype and Emilin-2 knockout bleomycin-treated lung sections reveal
increased density of Collagen 1 fibers and increased deposition of alpha-SMA (Acta2) protein in the knockout
lungs.
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peribronchiolar or perivascular positive Anilin-blue staining versus the interstitial staining.
Bleomycin-specific effects, i.e. interstitial fibrosis by mature collagen fiber staining with
Anilin-blue (cf. Fig.38a) were then quantified by division of the Anilin-blue positive space
by the entire tissue space without whitespace areas (cf. calculation formula in Fig.38b).
For the quantification, 3-5 fields of view/regions of interest (ROI), depending on the lobe
size, were assigned to the scanned lung sections in an unbiased manner, however, the
ROI needed to lay within tissue space only. For the mice analyzed, at day 10, there were
only few ROIs detected in the wildtype cohort as compared to the Emilin-2 knockout mice
(Fig.39a; each dot represents a ROI with detectable Anilin-blue+ interstitial fibrosis). This
trend was generally valid for all investigated time points, suggesting that there may be
more mature Collagen 1 content in knockout lungs, in particular around day 21 and day
28. Compared to their wildtype littermates, however, no significant changes were observed
(Fig.39c). Immunofluorescence staining of bleomycin-treated lungs after 21 days showed a
massive increase in collagen 1-positive signal, together with the expression of Emilin-2 in
the knockout mice (Fig.37b). These contradicting results evoked a critical assessment of the
Anilin-blue staining of affected lung tissue. A different approach of studying the degree of
tissue abnormality is using the tissue density as calculated and described in Fig.38b. All
ROIs of all time time points could be integrated into the analysis. The results demonstrated
that there were no noticeable differences between the PBS-treated cohorts (Fig.39b). After
lung injury, wildtype mice revealed tissue density increases up to day 14, followed by a slow
decline towards regeneration (day 28). Prominent changes were measured only between
day 10 and day 14. By contrast, the Emilin-2 knockout cohort demonstrated massive in-
crease in tissue density at day 21 with significant changes compared to day 10 and day 14
(Fig.39b). It was surprising to see that Emilin-2 knockout mice revealed a highly significant
reduction in tissue density within one week of time (changes between day 21 and day 28;
Fig.39b). Juxtaposition of both genotypes after bleomycin administration over time showed
significant differences only at day 14 and day 21 (Fig.39d).
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Figure 38: Estimating the degree of fibrosis in Emilin-2 knockout animals after bleomycin-mediated lung injury. a

Scanned Masson’s Trichrome stained sections were analyzed by closely studying histologic features at enlarged
view. To differentiate between peribronchiolar or perivascular positive staining versus interstitial staining, Emilin-2
knockout PBS-treated lungs were compared to bleomycin lungs for the detection of true interstitial fibrosis. In
bleomycin sections, the infiltration of immune cells into the alveolar space and tissue thickening becomes prominent
(cf. enlarged view - Bleo). Scale bars indicate from low to high magnification: 1,000, 500, 100 microns. b For
quantification of the degree of interstitial fibrosis, at least 3 scenes of a lung’s lobe were enriched by contrast in
image background and used for segmentation analysis. Lumina of large vessels, shown in green, were excluded
from the quantification analysis. Whitespace areas (light blue), cells (yellow), and Anilin-positive regions (blue)
were considered tissue. Calculation of % Collagen content (i.e. Anilin-blue positive areas) and tissue density was
achieved by using the indicated calculations (lower left).
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Figure 39: Quantification of the degree of fibrosis in Emilin-2 knockout animals. a Measurement of interstitial
fibrosis by positive Anilin-blue-staining; stained lung sections were scanned and quantified as described in at least
three areas. Emilin-2 knockout mice may develop more fibrotic lesions as compared to their wildtype litter mates by
assessing the number of scanned sections possible; Statistics: t-test comparison with 95% confidence interval; *p
= 0.0109; **p = 0.0028; ***p = 0.0005; data is plotted with SEM. b Comparison of tissue density as effect after the
bleomycin lung injury shows no difference between genotypes in the PBS-treated mice. In the bleomycin lungs, the
tissue density follows time-dependent changes with a peak in density at day 14 in wildtype animals, while in the
knockout mice the density changed to massive increases at day 21; note that tissue density at day 28 is again
comparable between the genotypes. c Data juxtaposition of the Anilin-blue data between wildtype and Emilin-2
knockout over the analyzed time points. d Data comparison between the two genotypes with respect to observed
tissue density changes over time. Statistics: a-d t-test comparison with 95% confidence interval; *p < 0.05; ***p <
0.0001; data is plotted with the standard error of the mean.
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3.2.4 Ablation of Emilin-2 causes lung immunophenotypic changes

Emilin-2 has been demonstrated to be expressed, among others, in the cochlear basilar
membrane [309] and outside of blood vessels [310]. Although there is evidence that Emilin-2
is also expressed in the lung, and especially after lung injury [139], it remained unclear
which cell types account most for its expression. Due to the cysteine-rich EMI domain,
which are also found in other ECM proteins [311–313], fibroblasts could be a major source
for Emilin-2. Surprisingly, by studying the time course single cell data as described in
3.1.3, the gene expression of Emilin-2 in the injured mouse lung was majorly detected
within the leukocyte populations (Fig.40a). In fact, Emilin-2 gene expression seemed to
be predominantly restricted to cell types of the immune lineage, with the highest average
relative expression in fibronectin-positive macrophages (Fig.40b).

Figure 40: Emilin-2 expression in leukocyte populations. Plots were generated from the web tool as introduced in
3.1.3. a UMAP representation of Emilin-2 gene expression in the bleomycin-injured lung. b Dot plot representation
of Emilin-2 gene expression in all detected cell types; highest expression was observed in fibronectin-expressing
macrophages and various other leukocyte populations.

This quick survey suggested a potential contribution of immune cell-derived Emilin-2 during
the bleomycin-induced lung injury time course. M2 phenotypic macrophages showed a
differentiation over time in the whole lung survey, so the question arose whether Emilin-2 is
involved in the processes during the inflammatory phase. Using flow cytometry, cells from
bronchoalveolar lavage (BAL) at day 7 and day 10 post bleomcyin-injury were investigated
from both Emilin-2 knockout mice and their wildtype litter mates. Following a gating strategy
for a comprehensive immune cell panel (Fig.41a) [314], there were noticeable changes
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between genotypes in the alveolar macrophages (Fig.41b). Despite being a heterogeneous
population, alveolar macrophages from bleomycin-treated lungs have been shown to develop
a remarkable pro-fibrotic M2-phenotypic profile [315, 316]. However, in the first line of
defense, many alveolar macrophages undergo apoptosis after bleomycin administration
[317, 318]. In the collected BAL cells, almost no alveolar macrophages were detected
after bleomycin instillation as compared to control instillations (Fig.41b). Although alveolar
macrophages participate in experimental lung fibrosis [315,316], and by checking the alveolar
macrophage cell cluster in the single cell data from chapter 3.1.3, especially in Fig.13, it
could be that remaining classical alveolar macrophages, defined by the expression of the
gene Ear2 or the protein CD170/SiglecF, transcriptionally react to the lung injury stimulus by
down-regulation of CD170 expression and Ear2 expression (cf. Fig.13g) with concomitant
up-regulation of genes specific for an M2-macrophage phenotype. Additionally, it has
been described that in the early phase of the bleomycin lung injury model, mice showed a
decrease in alveolar macrophage numbers, while at the same time, interstitial macrophages
and CD11b+ dendritic cells were found to be augmented [101]. The real time changes in the
single cell data (Fig.13a, b) may corroborate this hypothesis. Investigation of the monocytes
and interstitial macrophages from the bronchoalveolar lavage revealed only minor changes,
with the exception that among the monocytes, the Emilin-2 knockout group showed higher cell
numbers after bleomycin treatment at both day 7 and day 10 (Fig.41b). Similar observations
were made for the natural killer cells with almost no differences between the bleomycin-
treated groups, nor the PBS-treated groups. Among the myeloblast lineage, both neutrophils
(in the PMN cluster in the gating strategy) and eosinophils showed an increase in cell number
after bleomycin (Fig.41b). Again, the Emilin-2 knockout mice exceeded in numbers with
the presence of neutrophils in the BAL, while for eosinophils, the numbers were found to
be decreased compared to wildtype litter mates. Considering that there are elevated cell
numbers of monocytes in response to injury in the Emilin-2 knockout mice, a higher number of
interstitial macrophages would be expected in the lungs of knockout animals after bleomycin
administration. The rationale behind this hypothesis was that short-lived macrophages
recruited from the blood were shown to actively exacerbate lung inflammation [79,319,320]
so that the presence of more monocytes in the knockout lungs after injury should give rise to
more monocyte-derived interstitial macrophages. Moreover, it has been demonstrated that
the presence of active interstitial macrophages may facilitate the influx of neutrophils into
the lung [321,322], which could explain the higher observed amounts of neutrophils in the
Emilin-2 knockout animals. However, since the cells collected from bronchioalveolar lavage
only represent the alveolar space but not the lung interstitium [323,324], conclusions from
the data need to be drawn carefully. To overcome this impediment, fresh single cell lung
suspensions from both the wildtype and knockout cohorts were created. Similar to the BAL
flow cytometry analysis, the leukocyte populations from whole lung cell suspensions were
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stained and analyzed (Fig.42a). Comparing all cellular populations at four different time
points, day 3, 14, 21, and 28, with respect to treatment and genotype group, several cellular
changes became apparent (Fig.42a, b): for instance, the afore-mentioned observations in
the alveolar macrophage population were similarly found in the whole lung flow cytometry
analysis. Quite strikingly, the interstitial macrophages were low in numbers in animals that
were treated only for three days, although bleomycin-treated animals already showed a
minor increase (Fig42c). However, 14 days after bleomycin treatment, a higher number
of interstitial macrophages was detected in wildtype animals. Surprisingly, the massive
appearance of interstitial macrophages in the Emilin-2 knockout cohort was most prominent
21 days after the bleomycin-induced injury (Fig.42c). Comparing these cells between the
days after treatment with the respective PBS control groups, two major clusters of interstitial
macrophages stood out (Fig.42b). The fraction of interstitial macrophages that appeared
only after injury partially coincided with identified inflammatory macrophages. Despite a
clear differentiation of certain leukocyte populations in the healthy lung (PBS-treated lungs),
the herein applied gating strategy is rather challenging for the fibrotic lung. The high cellular
plasticity of especially the macrophage populations makes a distinct classification based on
surface markers difficult.
Other cell types, e.g. the natural killer cells, behaved also differently in the model between
the genotypes (Fig.42b, c). While there was a general increase in cell number over time up
to day 21 after bleomycin treatment, only Emilin-2 knockout animals showed a continuous
decline over time, which was significantly different at the highest state of fibrosis (day 21) in
these mice (Fig.42c).

In a different experiment, whole lung tissue transcriptomics (bulk RNA-sequencing) from
14 day-treated mice were performed and the resulting data matched with cell type marker
signatures derived from the single cell data (presented in 3.1.3) to discern enriched cell
types in the bulk RNA-seq data. This deconvolution experiment showed an enriched
presence of the signatures for natural killer cells and granulocytes in the Emilin-2 knockout
(both treatment groups combined) (Fig.43a). With this interesting finding, single cell RNA
sequencing data from Emilin-2 knockout mice, 10 and 14 days after bleomycin treatment,
were merged with those from the wildtype litter mates (Fig.43b, c). Both genotypes resulted
in a data set with good sample overlap, thus allowing for the discrimination of cell types
that are rather driven by only one of the genotypes. Interestingly, especially the clusters
for granulocytes and natural killer cells (highlighted in red in Fig.43d) seemed to be almost
exclusively derived from cells of the Emilin-2 knockout bleomycin-treated lungs (Fig.43b, c).
On the gene level, there was a noticeable enrichment of cell type frequency for granulocytes
and natural killer cells in only the Emilin-2 knockout lungs (Fig.43e). When comparing to
the flow cytometry data, a slight increase in cell number of eosinophil granulocytes can be
confirmed. However, the group of granulocytes consist of different cell types, including as
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Figure 41: Flow cytometry analysis of bronchoalveolar lavage (BAL) from mouse lungs after bleomycin treatment
in both wildtype and Emilin-2 knockout animals. a Gating strategy according to Yu et al., 2016. the node tree on the
left represents the schematic strategy, while the scatter plots demonstrate the actual gates that were drawn. b Bar
graph representation of BAL cells at day 7 and day 10 after injury. Shown are the percentages of total 100.000
cells of each group.
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Figure 42: Flow cytometry analysis of whole lunge tissue from mice after bleomycin injury at different time points
(day 3, 14, 21, and 28). a tSNE-map showing all recorded cells and cellular populations. The color code on
the right describe the different lung cell types. b Comparison of cellular distributions in both bleomycin- and
PBS-treated lungs over time in Emilin-2 knockout mice and their wildtype litter mates. Major differences include
the interstitial macrophages and natural killer cells (both at day 21). c Quantification plots of significantly altered
cellular distributions in interstitial macrophages (bleomycin day 21, Wilcoxon test: **p = 0.0095), natural killer cells
(bleomycin day 21, Wilcoxon test: **p = 0.001), and high levels of eosinophils at day 28 in the knockout mice after
bleomycin (Wilcoxon test: p = 0.1904; n.s.).
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well basophil and neutrophil granulocytes, the latter being the most abundant granulocyte cell
type. So better distinction between these granulocytes is necessary in future experiments.

Studying genes related to type-II immunity in both natural killer cells and granulocytes
revealed a small increase in the inflammatory response to bleomycin-induced injury in the
knockout mice (Fig.43f). Mxd1 has been described as a transcriptional repressor to Myc,
thereby limiting cell proliferation [337] and influencing gene expression [336]. Proteins of the
Ifitm-family are induced by type-I and type-II interferons and play an important role in immune
response signaling [338]. This is congruent with the hypothesis that Emilin-2 knockout mice
may not adequately respond to type-II immune signals. The increased expression of the
Il1r2 gene may additionally corroborate these findings due to its inhibiting function of the
IL1R-cytokine signaling [339]. The fact that eosinophils have been found to be present at
higher levels towards the late time points in the knockout lungs (Fig.42c) suggested an
augmented involvement of ILC2s and type-II immunity in these mice. The natural killer cells
demonstrated relatively higher expressed genes in the knockout lungs, including Id2, Jak1,
and Ptprc (Fig.43f). Elevated levels of Id2 were detected in knockout mice. Id proteins inhibit
DNA binding and promote T- and B- lymphocyte differentiation [340]. Moreover, the higher
expression of e.g. the genes Jak1 or Rac2 (signaling G-protein) may suggest increased
kinase activity in Emilin-2 ablated mice. The most prominent difference between the two
genotypes was the expression of the Ptprc gene, which is the CD45 antigen (Fig.43f). Genes
that seemed to be relatively higher expressed by the knockout mice included CD45, Sell
(lymphocyte adhesion molecule-1), which again highlighted and corroborated an altered
immune response upon bleomycin lung injury in the lung in these animals. Together, these
findings revealed interesting differences between the genotypes, especially upon bleomycin-
induced lung injury. More research is necessary to understand the molecular shifts and the
functions of Emilin-2 in this context.

3.2.5 Keratin-8 expression in knockout lungs

The novel finding that Krt8-positive cells constitute an important intermediate cell state
during fibrogenesis and the resolution of pulmonary fibrosis, evoked the question whether
there are differences between wildtype or Emilin-2 knockout treated animals. Is Emilin-2 a
key protein to guide proper alveolar regeneration? The expression patterns of both genes
and proteins over time are of similar shape (Fig.44). Overlaying the protein expression
profiles of both Krt8 and Emilin-2 over time in the bleomycin lung injury model (data from
Schiller et al., 2015) resulted in similar progression courses over time, suggesting that there
may be a functional correlation between these two proteins. The average gene expression
profiles from the single cell data, irrespective of the genotype, were similar to the protein
time courses. Expression of Krt8 and Emilin-2 peaked at day 10 and day 14 (Fig.44b; for
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Figure 43: (Single cell) RNA sequencing shows increased natural killer cells and granulocytes in Emilin-2 knockout
mice (total n = 34). a Deconvolution of RNA bulk transcriptomic data collected from lungs harvested at day 14 post
bleomycin injury. Data was merged with cell type signatures derived from the whole lung single cell survey. Natural
killer cells and granulocytes were found enriched on bulk RNA levels. Each dot represents an a-priori annotated
cell type. b UMAP embedding of day 10 and day 14 treated lungs from both wildtype and knockout animals with
respective treatment. c UMAP embedding of genotype - Emilin-2 knockout and wildtype littermates. d Annotation
of clusters reveals common cell lineages with marker genes for immune cells, endothelial cells, mesenchymal cells,
and epithelial cells; highlighted in red are the natural killer cells and granulocytes, both of which are found to be
rather driven by the knockout phenotype, cf. panel c. e Relative frequency of granulocytes and natural killer cells
in both genotypes; both cell types are found to be increased in cell numbers in the Emilin-2 knockout mice after
bleomycin-induced lung injury. f Dot plot representation of regulated genes related to type-II immunity by both
natural killer cells and granulocytes; data derived from time points day 10 and day 14 only.
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Figure 44: Expression profiles of Krt8 and Emilin-2 on protein and transcript level. a Protein abundance of whole
lung tissue homogentates measured by mass spectrometry over time of the bleomycin lung injury model. Both
proteins show similar time profiles. Plots are adapted from [139]. b Average gene expression profiles of Krt8 (left
panel) and Emilin-2 (right panel) over day 10 and day 14 of the bleomycin model. Krt8 expression is plotted from
alveolar epithelial cells only, Emilin-2 expression from immune cell populations.

Krt8: average gene expression in only epithelial cells; for Emilin-2: average gene expression
in only immune cells).

Surveying the lungs of knockout mice after immunofluorescence staining against Krt8 (novel
intermediate cell state), Sftpc (AT2 cells), and Pdpn (AT1 cells), revealed an increased
presence of cells by positive nuclear staining (Fig.45a). Comparison between the genotypes
revealed that after bleomycin injury, the emergence of Krt8-positive cells in knockout lungs
is likewise triggered over time as observed in the wildtype litter mates. However, the major
histologic difference was the remaining presence of still highly Krt8-positive cells in the
lungs of Emilin-2 knockout mice 28 days after bleomycin treatment (Fig.45a, c). Although
these lungs featured areas with active regeneration, bigger fibrotic foci with elongated Krt8+
cells were still spotted (Fig.45c, highlighted with yellow arrow heads). Quantification of
the fluorescence intensities of the Krt8-positive signal (Fig.45b) demonstrated one the one
hand shifted signal intensities in the knockout mice, and on the other hand an augmented
number in Krt8+ cells at later time points, indicating that Emilin-2 knockout mice may have a
deferred response to bleomycin-induced lung injury. However, such conclusions are rather
speculative at this stage of data availability.
In order to study a potential co-expression of Emilin-2 and Krt8 with Pdpn, lung sections
were stained accordingly and analyzed (Fig.46). Assessing the staining quality, Emilin-2
signals were observed in the knockout lungs giving need to improve the specificity for
the antibody staining. In contrast to PBS-treated animals, where Emilin-2 expression was
found to be restricted around vessels (congruent with the findings in [300]), a large Emilin-2
network was detected in day 10 lungs after bleomycin administration (Fig.46a). These
networks are mainly found in fibrotic foci of the parenchymal tissue but never co-express
Krt8. However, a co-localization of Krt8-positive cells in close proximity to Emilin-2-positive
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regions was usually observed, suggesting that Emilin-2 may occupy a critical role during
alveolar regeneration.
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Figure 45: a Krt8 immunofluorescence staining in wildtype and Emilin-2 knockout lung sections at different time
points of the bleomycin model. Knockout animals have noticeably higher numbers in cells (Dapi staining) at day 10
and onward; Apart from the airway cells, Krt8-positive cells (in green) undergo morphological changes as observed
in wildtype mice, including elongation during fibrogenesis, but are retained in the lungs of Emilin-2 knockout animals
much longer, cf. day 28. AT2 cells were stained with Sftpc (red), AT1 cells with Pdpn (blue). Scale bars indicate
50 microns. b Quantification of the Krt8 mean fluorescence signal by excluding airway regions corroborates the
observation of delayed alveolar reconstruction by the remaining presence of Krt8-positive and elongated cells in
knockout lungs at day 28 post bleomycin injury; data shown with SD and *p = 0.0266; ***p = 0.0002. c Enlarged
view of day 28 wildtype and knockout lungs to demonstrate the presence of still elongated Krt8-positive cells in the
alveolar regions (highlighted by yellow arrowheads); note the lack of Pdpn staining in the knockout lungs, indicating
that there is still incomplete alveolar regeneration.

94



3.2 Effects of Emilin-2 in experimental pulmonary fibrosis

Figure 46: Co-localization of Emilin-2 and Keratin-8 in wildtype and Emilin-2 knockout lungs. a Wildtype mice
show distinct expression of Emilin-2 in the extracellular space, mostly located within fibrotic foci of the bleomycin
lung. Krt8+ cells are in close proximity to these foci, suggesting that there is an important functional role between
these cell types. In PBS-treated lungs, Emilin-2 expression is restricted to vascular regions, as previously described
in the literature. b In the Emilin-2 knockout lungs, there are no differences in Krt8-expression; positively stained
cells reveal similar cell shapes and intensity signals as compared to wildtype mice.
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3.2.6 Discussion

This chapter introduced Emilin-2, an extracellular protein with a potential role during fibro-
genesis after bleomycin-induced pulmonary fibrosis. In both proteomic and transcriptomic
analysis, Emilin-2 showed highly significant gene expression [139]. With a peak expression
at day 14 after injury, a putative function in mediating fibrogenesis had been suggested [139].
With the help of the Emilin-2 knockout mouse it was aimed to characterize and define
differences in the bleomycin-injured lungs of these animals. The Emilin-2 knockout mice are
viable and, by direct comparison with their wildtype litter mates, there were no noticeable
differences. Mice included in the experiments, did not show any obvious signs in behavior
or appearance in response to bleomycin other than the typical features seen after the
administration. Despite a measurable difference in loss of body weight between wildtype
and knockout after day 21, the knockout animals recovered and re-gained weight slower
and less effectively. Lung function analysis showed no compliance differences between
the genotypes. However, measurements were only performed at the phases of peak in-
flammation and fibrogenesis, which only allows to draw conclusions for the acute response
but lacks full comprehensibility as later time points are still missing. As lung function in
the mouse is an invasive experiment and time-consuming per animal, the experimental
setup limited the inclusion of many mice per time point. Moreover, the cytotoxic effects
of bleomycin administration elicits a heavy burden for the mouse allowing only small time
frames to measure lung function parameters without risking the animal’s death.

Using histology, the degree of fibrosis was assessed and quantified. While all mice showed
massive loss of functional alveolar tissue after bleomycin administration, followed by slow
tissue regeneration, the lungs of Emilin-2 knockout mice expressed higher amounts of
collagen 1 and alpha smooth muscle actin at day 21 as compared to wildtype mice. Mas-
son’s Trichrome staining of lung sections was not suitable to detect differences in collagen
production between control or bleomycin groups. Scrutinizing condensed tissue areas
allowed for the identification of interstitial fibrosis by excessive ECM production and matrix
deposition. Tissue density assessment proved to be the more reliable method to discern true
interstitial fibrosis than quantification of Anilin-blue-positive Collagen 1 signals. Histologic
and morphologic observations included a leukocyte accumulation in the alveolar regions and
around the interstitial fibrotic regions, which appeared by eye to be intensified in the Emilin-2
knockout lungs. Together with other data, these histologic features of the bleomycin-treated
lungs may be used to corroborate key findings.

Addressing the previously acquired single cell RNA sequencing data on Emilin-2 expression
throughout the bleomycin time course, led to the identification of leukocyte populations
as a major expression source for Emilin-2. In order to trace potential contributions by the
immune compartment, first, bronchoalveolar lavage (BAL) samples were analyzed using

96



3.2 Effects of Emilin-2 in experimental pulmonary fibrosis

a comprehensive flow cytometry panel for lung leukocytes. Later, whole lung tissue sam-
ples were used for a likewise analysis. The BAL results permitted to gain first notion of
the distribution of immune cells in the alveolar space of affected mice. In order to draw
more comprehensive conclusions by not solely studying the alveolar regions with BAL
samples, the whole tissue approach allowed for the determination of interstitial changes after
bleomycin-induced lung injury. The inclusion of different time points and the representation
of data in dimensionality-reduced plots (tSNE embedding), simplified the interpretation
of changes within cell types over time. In particular interstitial macrophages showed an
interesting abundance curve, considering that these cells are recruited upon injury from the
circulation. Further experiments for the improved characterization of these macrophages
are indispensable.

Natural killer cells, as well as natural killer T cells play important roles in the context of
pulmonary fibrosis. Being cytotoxic, these cells exert functions by secretion of cytokines
that change the extracellular milieu [325, 326]. An interesting observation was recently
published and describes the bleomycin-induced activation of group-2 innate lymphoid cells
(ILC2) by interferon gamma after bleomycin-induced lung injury [327]. Innate lymphoid
cells (ILCs) have been categorized into three subsets: ILC1, ILC2, and ILC3 [341]. While
the ILC1 and ILC3 populations can exert pro-inflammatory functions, the ILC2 cells are
involved in type-II immunity, and are negatively controlled by ILC1 or ILC3 cells, depending
on the environmental stimuli [327,341,342]. Natural killer cells, which due to their interferon-
gamma expression are allocated to the ILC1 group, were shown to inhibit ILC2 proliferation
and hence the production of type-II cytokines [327], including interleukin-5, which has
been described to cause eosinophilia [327, 328]. With a lack of adequate cell numbers
of natural killer cells in the bleomycin-treated Emilin-2 knockout animals, a hypothesis
could be that the fibrotic phenotype in these lungs may not be sufficiently controlled by
responding to type-II immunity signals. Hence, in these lungs, natural killer cells would
not be capable of the attenuation of inflammation and the resulting pulmonary fibrosis. If
ablation of the Emilin-2 gene affected the type-II immunity in the lung, which needs better
elucidation, then eosinophilia in bleomycin-treated knockout animals, or the observed relative
increase of eosinophils (cf. Fig.42c) in knockout mice at 28 days post-bleomycin injury would
be consistent with previous findings. Nevertheless, a more comprehensive study of the
contribution of Emilin-2 and immunologic responses in the lung is needed. The fluctuation of
natural killer cells as observed in the PBS-treated lung has been described before [334,335],
indicating that bleomycin is not as much affecting natural killer cell numbers but further
elucidation is necessary.

In agreement with previously reported findings, low amounts of natural killer cells may
influence type-II immunologic responses and directly influence eosinophilia. Type-II immunity
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has not yet been studied in the context of the injured lungs of Emilin-2 knockout mice. The
contribution of highly plastic macrophage populations and the complex cross-talks with
other leukocyte and non-leukocyte populations remain to date elusive. Flow cytometry can
not tackle these issues easily. Moreover, Emilin-2 gene expression was found highest in
fibronectin-positive macrophages, maybe indicating that these macrophages express several
extracellular proteins, including Emilin-2, during the fibrogenic phase of the bleomycin-
induced lung injury. In order to address future work, recent findings of immunity-related
mechanisms in the injured and fibrotic lung might need to be adduced to describe the
observed findings regarding the natural killer cells and the increased eosinophils numbers:
Upon bleomycin injury, ILC2 cells get activated due to epithelial damage and its release of
among others IL33 and IL25 [343–346]. ILC2 cells are tissue-resident and react sensitively
on microenvironmental changes [343, 344]. At this stage, macrophages and monocytes
contribute to the expression of pro-inflammatory signals [347]. With the early neutrophil influx,
full-length IL33 protein e.g. gets actively cleaved by neutrophils into heavily active peptides
[348, 349], which strongly activates ILC2 cells. Upon activation, many type-II cytokines
are produced, including IL-13, which has been described to drive fibrogenesis [350–352],
IL6, and IL5, the latter of which may cause eosinophilia and eosinophilic inflammation
[353]. Interestingly, expression of amphiregulin (Areg) has also been noted in these cells
[354, 355], highlighting that ILC2s may actively contribute to alveolar regeneration after
epithelial damage (cf. findings in chapter 3.1.4) with beneficial functions (which might not
yet be detectable at day 10 and 14 in the herein presented data). In line with this, as
such inflammatory and pro-fibrogenic signals augment, a negatively regulating feedback
mechanism kicks in. ILC1, including natural killer cells, were shown to suppress ILC2
activation [344]. In fact, due to high cellular plasticity among the three ILC subsets, even
ILC2 cells may respond in an autocrine manner to the presence of strong pro-inflammatory
signals [356]. Interferon-gamma has been shown to suppress ILC2 function, which denotes
a key role for the presence of ILC1 cells and natural killer cells [344]. Since both natural killer
cells and ILC1 cells are hard to distinguish by phenotype it could well be that the designation
of the natural killer cells in the flow cytometry data is misleading, as the cells were only
defined by a CD11b-/CD64- gate. The application of further distinct natural killer cell markers
could benefit future experiments. Interestingly, intranasal administration of either IL25 or
IL33 in mice resulted in severe type-II inflammation in the lungs [357,358]. Both cytokines
together with the co-stimulatory IL2 cytokine, which is primarily derived from T lymphocytes,
induce a fast cell proliferation and boost the type-II cytokine production by ILC2 cells [344].
Studies have identified signal transducer and activator of transcription (STAT) pathways as
main regulatory source for ILC2 cells [359–362].

Activation and survival of ILC2 cells, triggered by e.g. IL9 derived from T lymphocytes and
natural killer cells, are enhanced by STAT5, which is activated by Jak1, a gene that showed
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higher expression in the scRNA-seq data of the Emilin-2 knockout mice (cf. Fig.43d). This
may explain why during the inflammatory and fibrogenic phase, these mice show increased
activation of immune cells, particularly of type-II inflammatory cells. Additionally, this would
be in line with the observed increase in CD45+ cells (Ptprc gene expression). At day 10
and day 14, the presence of natural killer cells in the lungs of both wildtype and Emilin-2
knockout mice was at equilibrium. Hence, a putative function of Emilin-2 could be to mediate
proper microenvironmental stimuli to enhance the increase in cells that negatively regulate
type-II immunity at the peak of inflammation so that proper regenerative responses can be
initiated. At a first and not yet comprehensive glance, the knockout mice might lack these
important signals, which could lead to a perpetuation of ILC2-mediated inflammation and a
potentially concomitant eosinophilic inflammation (provided this hypothesis is true). There-
fore, the precise molecular role of Emilin-2 remains to date elusive. A possible link could
be the pro-TGFb modulatory function of Emilin-2 [302,363,364] to activate the TGFb/BMP
pathways for intensified suppression of inflammation via IL5, or fibrogenesis via IL13 [365].
For an improved understanding, other time points need to be studied, and additionally, the
conduction of more functional experiments regarding a potential immune-modulatory feature
of Emilin-2 is necessary.

Additionally, it cannot be excluded that fibroblast populations exert functional roles in the
assembly of Emilin-2 in the extracellular space. Mesenchymal cells, in particular fibroblast
populations, may also contribute to Emilin-2 expression but further experiments are neces-
sary.

Ultimately, and because the detection of a novel transient intermediate cell state after lung
injury has been described, lung tissue from Emilin-2 knockout mice was stained with Krt8 (for
the newly described cell state), Sftpc (for AT2 cells) and Pdpn (for AT1 cells). The analysis
of micrographs from all examined time points revealed an increased presence of Krt8+ cells
10 days after bleomycin-induced injury, with the noticeable difference that Emilin-2 knockout
animals showed higher overall cell numbers, indicative for increased tissue density, and
the persistent presence of the Krt8+ cells in the alveolar regions up to the late time points
(day 21, day 28). At this stage, and although there is co-localization of Krt8 and Emilin-2
signals in immunofluorescence staining, potentially concerted roles or functions of Krt8 and
Emilin-2 after injury and during regeneration could not be carved out. Additional efforts
are essential to understand the underlying molecular processes, with a particular focus on
cellular communications and the signaling landscape.
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In conclusion, the presented work delineated epithelial cell plasticity after injury in the lung
and, for the first time, described an intermediate cell state, which is involved in non-gradual
transdifferentiation [198]. This cell state is marked by high Krt8 expression and was proposed
to function as a progenitor cell in the AT2-to-AT1 conversion after lung injury. A precise
definition of the molecular functions of these cells is highly relevant, which can be ideally
addressed using single cell RNA sequencing [198]. Considering that this novel intermediate
cell state is found in different experimental injury models but also in lungs from heavily
diseased patients (both in acute lung injury and fibrotic disease), further experimentation is
needed to allow for translational conclusions, i.e. whether the herein presented findings are
comparable between human disease and mouse experimental pulmonary fibrosis.

For a better notion of the development of chronic lung disease, researchers team up for
current endeavors for the Human Lung Cell Atlas [155]. Together with efforts for murine cell
atlases, this project will lay basis to understand lung development, lung homeostasis, as
well as lung disease formation and lung regeneration [198]. However, such efforts are only
feasible by the generation of longitudinal data derived from many individuals and by highly
functional data integration methods [198,214]. By combining experimental models of pul-
monary fibrosis with longitudinal sequencing and novel computational approaches [198,331],
as used in this presented work, complex dynamic processes can be identified, even across
samples and species, empowering predictions for future translational work [198].
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1 Gross human lung architecture, the complex branching of airways, and mor-
phologic specifics of respiratory epithelial cells. a. Anatomical representation
of the human lung with ten segmental lobes for both the right and left lung. b.
Bronchopulmonary airway tree branching into continuously narrowing smaller
airways with each generation; larger conducting airways span from trachea to
terminal bronchioles, ultimately changing via the transitional bronchioles into
the acinar airways, including the smallest respiratory bronchioles, alveolar
ducts, and alveolar sacs. c. overview of the different epithelia types found in
the lung; simple and stratified epithelia can be described by distinct cellular
shapes; pseudostratified epithelium features a columnar appearance with all
cells attached to the basement membrane. Figure credits are indicated under
the respective panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Overview of the airway architecture and cellular composition. a Schematic
representation of (mouse) airway epithelial cell populations spanning from
tracheal cell composition over large bronchi and bronchioles through the
delicate epithelia of the alveolar compartment. Cell niches are highlighted in
circles. b Cellular differences in airway cell composition between mouse and
human with respect to different anatomical location. Pie chart representation
with approximate proportions of the main airway cell types. Basal cells are
rare in the mouse upper airway, goblet cells almost not existing. The human
airway is void of club cells in tracheal and large bronchi regions. Figure credits
are indicated under the respective panel. . . . . . . . . . . . . . . . . . . . . 6

3 Top 50 causes of global years of life lost in 1990 and 2013 - data and table
adapted from the Global Burden of Disease Study 2013; Lancet 2015; 385:
117-71. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4 The bleomycin mouse model to induce acute lung injury and pulmonary fi-
brosis. a The acute injury model is initiated by single dose administration of
bleomycin, resulting in transient fibrogenesis and subsequent tissue regenera-
tion. Repetitive administration of bleomycin, including during the inflammatory
and fibrogenic phase, induces excessive tissue scarring without regeneration.
Typically assessed time points are day 3, 7, 14, 21, 28, and 56, but to better
capture tissue changes, shorter intervals are also considered. b Histological
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assessment over time post injury. Compared to the PBS instilled control lung,
aberrant extracellular matrix deposition and concomitant immune cell influx
can be observed towards day 14, the peak of the inflammatory phase. At day
56, the treated lungs almost resemble those that have been treated with PBS
only. c Schematic representation of the intratracheal bleomycin administra-
tion. Using a microsprayer, bleomycin is instilled via an intratracheal catheter
as a highly dispersed aerosol. d Principle of the oropharyngeal aspiration
route. Bleomycin is pipetted at the tip of the oropharynx after blockage of the
nostrils using tweezers and pulling firmly at the tongue. This way the mice
are forced to deeply aspirate the solution into the lung. Figure credits are
indicated under the respective panel. . . . . . . . . . . . . . . . . . . . . . . . 14

5 Overview of scRNA sequencing protocols: over the past decade, more than
50 sequencing protocols emerged; thanks to fluidics-based applications,
thousands of single cells can be sequenced in a very short time. Top panel
shows the most commonly used protocols with original publication date.
Lower panel lists a variety of different protocols until 2017, including the latest
innovations. Later protocols are usually adaptations from these. Figure credits
are indicated under the respective panel. . . . . . . . . . . . . . . . . . . . . 18

6 Overview of the PDMS chip production. a Fabrication process of a PDMS
device for single cell RNA sequencing. After the master mold production
using a photoresist, PDMS slabs are generated, plasma treated, and bonded
to glass slides. b Design of microfluidic devices as used in the Drop-Seq
protocol. Figure credits are indicated under the respective panel. . . . . . . . 21

7 The Drop-Seq principle. Cells are co-encapsulated with specialized mi-
crobeads to capture polyadenylated mRNA transcripts after cell lysis. Thus
captured transcribed are reverse transcribed and PCR amplified for single cell
library preparation. Libraries are sequenced in a paired-end run (read 1 and
2) on Illumina flow cells.Figure credits are indicated under the respective panel. 22

8 RNA sequencing on Illumina flow cells. a Schematic overview of the clus-
ter generation process before sequencing. Sample or template strands are
hybridized to a nanowell on the flow cell. After extension and denaturation,
strands form bridges for subsequent bridge amplification resulting in mono-
clonal cluster formation. b Principle of the sequencing-by-synthesis reaction.
In each sequencing cycle, fluorescently-labeled nucleotides compete for the
incorporation to a newly growing strand, which after laser excitation are de-
tected by a camera. c Illumina HiSeq 4000-compatible patterned flow cell
with eight sequencing lanes containing billions of nano wells. Figure credits
are indicated under the respective panel. . . . . . . . . . . . . . . . . . . . . 24
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9 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Longitudinal single cell RNA-seq analysis of lung regeneration reveals
different cellular dynamics over time. a Single cell suspensions from whole
mouse lungs were analyzed using scRNA-seq at the indicated time points
after bleomycin-mediated lung injury. The color code in the UMAP embedding
shows shifts of the indicated cell types in gene expression space during the
regeneration time course. b UMAP embedding colored by Louvain clusters
demonstrates separation of cells into major lineages; unsupervised hierar-
chical clustering of the Louvain clusters recapitulates known hierarchical cell
type topology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

10 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Good technical agreement of whole lung single cell transcriptomes of 28
individual mice. UMAP embeddings show good overlap between treatment
conditions (a) and individual mouse replicates (b). c Bar plot shows high
overlap of mouse samples across cell types. d Alignment summary statistics
are comparable across mouse samples. . . . . . . . . . . . . . . . . . . . . . 44

11 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a Normalized bulk (RNA-seq) and in silico bulk (scRNA-seq) data were
merged with proteome data (mass spectrometry) and quantile normalized.
Bulk and protein data contain samples from day 14 after bleomycin-induced
injury and controls. The first two principal components show clustering by data
modality. The third principal component separates bleomycin samples from
controls across all three data modalities. Blue and red colors indicate control
and bleomycin samples, respectively. b The box plot shows the time-resolved
loading of PC3 peaking at day 10. The boxes represent the interquartile
range, the horizontal line in the box is the median, and the whiskers represent
1.5 times the interquartile range. c The dot plot shows average expression of
genes with top PC3 loadings across cell type identities. d The barplot depicts
genes with the highest loadings for PC3. . . . . . . . . . . . . . . . . . . . . . 46

12 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a-e Relative frequency of the indicated cell types relative to all other cells
was calculated for individual mice at the indicated time points after injury (n=4)
and for PBS treated control mice (n=7). The boxes represent the interquartile
range, the horizontal line in the box is the median, and the whiskers represent
1.5 times the interquartile range. f-h Relative expression levels of Col1a2
(f), Acta2 (g), and Tnc (h) are shown on the UMAP embedding. i The
volcano plot shows differential gene expression between myofibroblasts (right
side) and fibroblasts (left side). j Single cell analysis was used to derive the
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myofibroblast specific ECM components in comparison to fibroblasts and
smooth muscle cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

13 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Dynamics of macrophage states in lung tissue regeneration. a, b UMAP
embedding of 10,379 cells that express known macrophage markers, colored
by cluster identity (in a) and time points (in b). Following cells along the
time course after reaching the peak of inflammation at day 10 and 14, two
potential trajectories from M2-phenotypic macrophages can be discerned.
c Several macrophage populations can be identified. These clusters uni-
formly express the macrophage markers Cd68 and Mrc1, while also showing
distinct expression of other specific genes. d Previously published gene
signatures from bulk RNA experiments were used to reveal potential origins
of macrophage cells. In that data set, FACS-sorting allowed to differentiate
between tissue-resident alveolar (AM), interstitial (IM) and monocyte-derived
macrophage populations [231]. Similarity score of each cell is calculated
as correlation to differentially expressed genes and corresponding log fold
changes in the three sorted populations. Cells are assigned to either AM or
IM category, if the difference in scores for either category is higher than 0.05.
Alveolar macrophages in this herein presented data set indeed show the
highest score on the tissue-resident AM. e Potentially monocyte-derived cells
based on scoring (at threshold of 0.1). There is a separation in the potentially
monocyte-derived cells, which concurs with the real-time trajectories in (b).
Relative cell type frequency per time point of alveolar macrophages (f, g),
M2 macrophages (h), and Mfge8+ macrophages (i) across all samples and
the smoothed expression per time point of Cebpb (f), Ear2 (g), Arg1(h), and
Mfge8 (i) in the macrophage subset with the confidence interval of 0.95. . . . 48

14 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Longitudinal single cell RNA-seq analysis of lung regeneration reveals
cell communication dynamics. a The network shows 15 meta-cell type iden-
tities and their putative communication structure. Edge weight and color
illustrate the number of receptor-ligand pairs between cell types. b The edges
represent the relative proportion of receptor-ligand pairs between cell types
with altered expression after injury. . . . . . . . . . . . . . . . . . . . . . . . . 49

15 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Discovery of a novel cellular state involved in alveolar tissue regenera-
tion. a UMAP embedding of alveolar epithelial cells shows four distinct gene
expression states. b The color code shows the time points of sampling on the
UMAP embedding. c Heatmap shows the 50 most differentially expressed

130



List of Figures

genes for the four alveolar cell states. The box shows gene names of selected
examples. d-g UMAP embedded visualizations of single cells colored by
gene expression for the four distinct gene expression states: AT2-Sftpc, AT2
activated-Lcn2, AT1-Pdpn, alveolar Krt8+-Krt8. hRNA velocity information is
plotted onto the UMAP embedding. Each arrow represents the local direction
of transcriptome dynamics, estimated by comparing spliced vs. unspliced
transcripts. Arrows are pointing towards the alveolar Krt8+ cell state after
bleomycin-mediated injury. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

16 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a Fluorescent immunostainings and confocal imaging of lung sections
from the indicated conditions. Nuclei (DAPI) are colored in white, Krt8 appears
in green, Sftpc (AT2 cells) in red, and Pdpn (AT1 cells) in blue. The scale bar
indicates 100 microns. b Immunostaining of Krt8 (green) at the indicated time
points after bleomycin injury. FFPE tissue sections were co-stained with the
AT2 marker Sftpc (red), and the AT1 marker Pdpn (blue). Nuclei were labeled
using DAPI (white). Scale bar = 50 microns. c Krt8 expression quantified by
the mean fluorescence intensity of selected regions in the alveolar space,
excluding Krt8+ airways. Alveolar Krt8 expression is highest at day 10 and
day 14 (n=4 per time point, mean with SD). d Rare Krt8+ cells in normal
alveolar homeostasis. Fluorescent immunostainings and confocal imaging
of lung sections from untreated control lungs. Nuclei (DAPI) are colored in
white, Krt8 appears in green, Sftpc (AT2 cells) in red, and Pdpn (AT1 cells) in
blue. The scale bar indicates 100 microns. . . . . . . . . . . . . . . . . . . . . 51

17 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Protein validation of the alveolar Krt8+ cell signature. a Protein abun-
dance of Krt8 in total lung homogenates was assessed by mass spectrom-
etry [139]. The line plot shows the log2 ratio of Krt8 MS-intensity of mice
at day 14 after bleomycin injury (n=4) and PBS control mice (n=4). Error
bars show the standard error of the mean. b The histogram shows Krt8
fluorescence intensity quantified by flow cytometry using a CD45 negative
and Epcam positive gate to select epithelial cells. PBS control mice (n = 5,
blue color) and mice at day 10 after bleomycin (n=7, red color) are shown.
c Gating strategy for the analysis of CD45-/Epcam+ epithelial cells. d The
scatter plots and histograms show increased expression of Krt8 and Itgb6 at
day 10 after bleomycin in Epcam+ epithelial cells. Highest expression of Itgb6
was observed on Krt8 high cells. Fluorescence-minus-one (FMO) controls
were used for both the Krt8 and Itgb6 quantification. . . . . . . . . . . . . . . 53
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18 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a Increased Hbegf (red) expression in bleomycin treated lung tissue,
showing partial overlap with Krt8 (green) signal. Quantification of the mean
fluorescence signal intensities confirmed increased Hbegf expression (un-
paired t-test *** p = 0.0001). Sections were co-stained with Pdpn (blue);
scale bar = 50 microns. b Immunostainings of Areg (red) and Krt8 (green)
expression in the lung, co-stained with Pdpn (blue) and quantified by mean
fluorescence intensity. Unpaired t-test *** p < 0.0001. Scale bar = 50 microns. 54

19 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] PCLS imaging reveals elongated cell shape for Krt8+ cells. a Maximum
projections of confocal z-stacks taken from immunostained 300 micron-thick
precision cut lung slices (PCLS) are shown for a representative PBS control
mouse and a mouse at day 14 after bleomycin injury. Nuclei (DAPI) are
colored blue, Krt8 appears in green, Sftpc (AT2 cells) in red, and Pdpn (AT1
cells) in white. b Alveolar cell sphericity analysis of 21 cells per condition
revealed elongated cell shapes for Krt8+ cells in IF-stained precision cut
lung slices (in a). Sphericity of 1 indicates round, cuboidal cells; 0 indicates
flat cells. One-way ANOVA with Dunnett’s post testing: * p = 0.0376, *** p <
0.0001. c The images indicate the cell morphologies found in one healthy ROI
within one PBS PCLS, and in two fibrotic ROI within one bleomycin PCLS.
Note that Krt8+ cells form larger networks and clusters. . . . . . . . . . . . . 55

20 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Krt8+ alveolar cells appear in human acute lung injury and fibrosis.
a FFPE sections from non-fibrotic control parenchyma derived from non-
involved areas in tumor resections were stained against Krt8 (red), Sftpc
(green), and Acta2 (blue). Scale bar = 100 microns. b Human lung tissue
sections were stained as in (a) revealing pronounced Krt8 expression at the
site of acutely injured lesions (ARDS diagnosis) and fibrotic regions of ILD
patient lungs (IPAF, IPF and EAA diagnosis). Scale bar = 100 microns. c

Fluorescence intensity of Krt8 stainings was quantified from 5-8 representative
areas of control tissue (n=7), ILD tissue (n=5), and ARDS (n=2). One-way
ANOVA statistical analysis: *** p < 0.0001, ** p = 0.0041. . . . . . . . . . . . 56

21 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a A high-resolution longitudinal data set was generated by subjecting
sorted cells from the epithelial compartment to scRNAseq from the 18 in-
dicated time points. UMAP embedding displays cells colored by cell type
identity (b) and time point (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
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22 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a The scaled lines represent smoothed relative frequencies of alveolar
cell types and club cells over the time course. Confidence interval derived
from the smoothing fit is shown. b PAGA graph visualizes potential cell-type
transitions and the topology of the data manifold. Nodes represent Louvain
clusters and thicker edges indicate stronger connectedness between clusters. 58

23 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Discovery of a MHC-II positive club cell subset. Plots visualize the
UMAP embedding of Club cells colored by Louvain clustering (a) and by time
point (b). c The heatmap shows the average expression levels of marker
genes across the three Club cell clusters. d UMAP embedding shows distinct
expression patterns for selected marker genes. e The bar graph shows the
annotation enrichment score68 for selected examples of gene categories with
significant enrichment (FDR < 5%) in either activated Club (positive scores)
or Club cells (negative scores). f Immunofluorescence staining of mouse
airways shows CC10+ club cells (green) and Cst3+ cells (red), DAPI (white).
Note the partial overlap of Cst3+/CC10+ airway cells (highlighted by yellow
arrowheads). Scale bar = 100 microns. . . . . . . . . . . . . . . . . . . . . . 59

24 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Ingenuity pathway analysis was used to score the activity of pathways
within the signatures of the indicated cell states. The pathway activation z-
scores were grouped by hierarchical clustering using their Pearson correlation. 60

25 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Ingenuity upstream regulator analysis was used to score the activity of
upstream regulators within the signatures of the indicated cell states. The ac-
tivation z-scores were grouped by hierarchical clustering using their Pearson
correlation. Bar graphs show target genes sorted by highest expression in
Krt8+ cells relative to all other cells. . . . . . . . . . . . . . . . . . . . . . . . 61

26 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Cell cycle analysis reveals proliferation of Krt8+ alveolar progenitor cells.
a Relative frequency of Mki67+ proliferating cells plotted over time. b The
scatter plots show cells from proliferating cell cluster 14 before and after cell
cycle regression, colored by inferred cell cycle phase. Regression removes
cell cycle effects from principal component data manifold. Re-analysis of cell
cycle corrected expression deconvolves cell type identities of proliferating
cells. c UMAP of cell cycle corrected cluster 14 cells visualizes four distinct
clusters, which contain Krt8+ progenitors, AT2, club, and MHC-II+ club cells.
The heatmap shows the average expression levels of selected marker genes.
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d Quantification of Ki67+ cells (cf. panel e) from immunostained FFPE
sections demonstrates transiently increasing cellular proliferation of cells
after bleomycin treatment. Randomly selected areas were analyzed for
Dapi+/Ki67+ cells, n(areas)=3. e Immunostaining of FFPE lung tissue over
time after bleomycin-induced injury. Scale bar indicates 100 microns. . . . . . 63

27 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Immunostaining of day 10 post bleomycin-injured lungs with enlarged
views on proliferative Krt8+ alveolar progenitor cells (Ki67+/Krt8+), highlighted
with yellow arrowheads. Scale bar indicates 100 microns. . . . . . . . . . . . 64

28 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Transcriptional convergence of club and AT2 cells onto the alveolar Krt8+
cell state. a Velocity plot displays the UMAP embedding colored by Louvain
clusters with velocity information overlaid (arrows), indicating convergence of
AT2 and club cells onto the alveolar Krt8+ cell state. b Velocity plots on AT2
and club cell subsets corroborate the transcriptional convergence towards the
Krt8+ cell state. c Diffusion map of Louvain clusters 2, 10, and 11, colored
by inferred terminal state likelihood, reveals two distinct transdifferentiation
trajectories from activated AT2 and MHC-II+ club cells towards a Krt8+ cell
state. d The lines illustrate smoothed expression levels of Scgb1a1, Krt8, and
Sftpc across the trajectory, marking cell identities. The dashed vertical line
indicates the peak of Krt8 expression. Grey colors represent the confidence
interval derived from smoothing fit. . . . . . . . . . . . . . . . . . . . . . . . . 66

29 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a The heatmap shows the gene expression patterns along the differen-
tiation trajectory based on the inferred likelihood of detection for 3,036 altered
genes. b Line plots show the smoothed relative expression levels of selected
transcriptional regulators across the converging trajectories. The dashed
vertical line indicates the peak of Krt8 expression. Grey colors represent the
confidence interval derived from smoothing fit. . . . . . . . . . . . . . . . . . 67

30 Novel proposed model for alveolar regeneration after bleomycin-mediated
lung injury. Lineage tracing experiments together with scRNAseq experiments
show that both airway progenitors and AT2 cells give rise to the same Krt8+
cell transcriptional state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

31 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Pseudotime analysis reveals Krt8+ cells as alveolar progenitors that
give rise to AT1 cells. a Velocity plot displays the UMAP embedding colored
by time point with velocity information overlaid (arrows), indicating terminal
differentiation of Krt8+ progenitors into AT1 cells. b Velocity phase plot shows
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the number of spliced and unspliced reads of the AT1 marker Ager for each
cell (points) on the X and Y axes, respectively. Cells are colored by time
point and the black line represents the linear steady-state fit. Cells above
and below the diagonal are predicted to be in inductive or repressive states,
respectively. c The boxplot shows the log2 ratio of unspliced over spliced
Ager reads for days 0, 36 and 56 (blue) and all other time points (red). To
avoid division by zero, one was added to both counts. UMAP embedding
colored by Ager velocity (d) and expression (e) displays a gradual increase
along the inferred trajectory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

32 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] The heatmap shows the gene expression patterns across the differenti-
ation trajectory for 1,150 altered genes. The analysis allowed for segregation
into four groups based on temporal gene expression changes. Based on
transcriptional regulators, cellular responses and pathways were predicted. . 70

33 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] The line plots illustrate smoothed expression across the differentiation
trajectory for a number of exemplary genes. Grey colors represent the confi-
dence interval derived from the smoothing fit. The dotted line indicates the
peak of Krt8 expression. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

34 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] a The cell-cell communication network displays the number of receptor-
ligand pairs between the molecular markers of the Krt8+ alveolar progenitor
cell state and all other meta cell type identities. b, c The bar graphs show
the average log2 fold change of either ligands (b) or receptors (c) within the
endothelial cell (EC) connectome for Krt8+ alveolar progenitors and AT1 cells. 72

35 Figure and figure legend: copied from the manuscript ’Strunz et al., 2019’ :
[198] Summary of observations and revised model of alveolar regeneration.
AT2 and club cells enter an activated state characterized by a distinct set
of pro-inflammatory genes as a result of inflammatory cytokine driven NFkB
activation early after injury. Both club and AT2 cells can converge on the
same Krt8+ alveolar progenitor cell state as a consequence of metabolic
reprogramming and the local niche in injured alveoli. Activated club and AT2
cells lose cell identity genes such as Cebpa and Etv5 and re-enter the cell
cycle, followed by a Myc-driven phase of cell growth and differentiation that
is marked by increased oxidative phosphorylation and a drastic change in
shape towards a squamous morphology. The Krt8+ alveolar progenitors are
characterized by a stress response gene expression program involving p53,
hypoxia response, and ER-stress related gene programs. Terminal differenti-
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ation into AT1 cells involves a transient peak of the transcriptional regulators
Sox4, Ctnnb1 and Wwtr1, and their target genes. This indicates involvement
of the Wnt, Yap/Taz, and TGF-beta signaling pathways in committing Krt8+
alveolar progenitors towards AT1 cell fate, which then becomes fixed by a
peak in Hopx expression. Krt8+ alveolar progenitors peak in numbers during
fibrogenesis and feature a highly distinct connectome of receptor-ligand pairs
with endothelial cells, fibroblasts, and macrophages, suggesting that these
cells serve to instruct the fibrogenic phase of lung regeneration. Conversely,
it is likely that the fibrogenic niche, which as we show is largely driven by
fibroblasts and macrophages, plays an instructive role in terminal AT1 dif-
ferentiation. Finally, mature AT1 cells likely provide signals important for
resolution of fibrogenesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

36 a Emilin-2 knockout mice recover more slowly after bleomycin administration.
Mice from 11 instillation cohorts (n = 193 mice) were observed with regard
to average mean body weight loss in their respective group (PBS wildtype or
knockout, Bleomycin wildtype or knockout). Bleomycin-treated animals lose
body weight in a similar manner until day 14; thereafter, wildtype mice re-gain
body weight faster than knockout animals. The lines represent smoothed body
weight loss over the time course. Confidence interval (CI = 90%) derived from
the smoothing fit is included. b Distribution of numbers of mice used in the
different experiments. Data was collected from 193 mice from 11 instillation
cohorts. Each one cohort was sacrificed at day 3 and 7, two cohorts at
day 10, 14, and 28, and 3 cohorts at day 21. Mice that died during the
experiment were removed from the analysis. Cohorts of later time points
generally include less mice explaining the wide confidence interval ranges
observed in a. Statistical tests between the different conditions were not
significant at day 14 to day 28. c Lung function measurement in the mouse
lung reveals no differences between wildtype and Emilin-2 knockout animals.
Bleomycin-treated test mice show expectedly less compliance of the lung,
which is increasing at day 14. . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

37 Histologic analysis using Masson’s Trichrome staining shows emerging in-
terstitial fibrosis over time. a PBS-treated mice have no histologic signs
for tissue abnormalities independent of the genetic background. Bleomycin
mice show typical features of the bleomycin lung with alveolar wall thick-
ening, excessive ECM production, especially after day 14. At day 28 after
bleomycin administration, Emilin-2 knockout animals tend to resolve less
rapidly the fibrotic areas with anilin-blue positive Collagen staining, suggestive
by histology that there might be a delayed response to injury when Emilin-2
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is absent. Shown are representative sections; the scale bars indicate 500
microns. b Immunofluorescence staining of wildtype and Emilin-2 knockout
bleomycin-treated lung sections reveal increased density of Collagen 1 fibers
and increased deposition of alpha-SMA (Acta2) protein in the knockout lungs. 81

38 Estimating the degree of fibrosis in Emilin-2 knockout animals after bleomycin-
mediated lung injury. a Scanned Masson’s Trichrome stained sections were
analyzed by closely studying histologic features at enlarged view. To dif-
ferentiate between peribronchiolar or perivascular positive staining versus
interstitial staining, Emilin-2 knockout PBS-treated lungs were compared to
bleomycin lungs for the detection of true interstitial fibrosis. In bleomycin
sections, the infiltration of immune cells into the alveolar space and tissue
thickening becomes prominent (cf. enlarged view - Bleo). Scale bars indicate
from low to high magnification: 1,000, 500, 100 microns. b For quantification
of the degree of interstitial fibrosis, at least 3 scenes of a lung’s lobe were en-
riched by contrast in image background and used for segmentation analysis.
Lumina of large vessels, shown in green, were excluded from the quantifica-
tion analysis. Whitespace areas (light blue), cells (yellow), and Anilin-positive
regions (blue) were considered tissue. Calculation of % Collagen content
(i.e. Anilin-blue positive areas) and tissue density was achieved by using the
indicated calculations (lower left). . . . . . . . . . . . . . . . . . . . . . . . . . 83

39 Quantification of the degree of fibrosis in Emilin-2 knockout animals. a Mea-
surement of interstitial fibrosis by positive Anilin-blue-staining; stained lung
sections were scanned and quantified as described in at least three areas.
Emilin-2 knockout mice may develop more fibrotic lesions as compared to
their wildtype litter mates by assessing the number of scanned sections pos-
sible; Statistics: t-test comparison with 95% confidence interval; *p = 0.0109;
**p = 0.0028; ***p = 0.0005; data is plotted with SEM. b Comparison of tissue
density as effect after the bleomycin lung injury shows no difference between
genotypes in the PBS-treated mice. In the bleomycin lungs, the tissue density
follows time-dependent changes with a peak in density at day 14 in wildtype
animals, while in the knockout mice the density changed to massive increases
at day 21; note that tissue density at day 28 is again comparable between the
genotypes. c Data juxtaposition of the Anilin-blue data between wildtype and
Emilin-2 knockout over the analyzed time points. d Data comparison between
the two genotypes with respect to observed tissue density changes over time.
Statistics: a-d t-test comparison with 95% confidence interval; *p < 0.05; ***p
< 0.0001; data is plotted with the standard error of the mean. . . . . . . . . . 84
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40 Emilin-2 expression in leukocyte populations. Plots were generated from the
web tool as introduced in 3.1.3. a UMAP representation of Emilin-2 gene
expression in the bleomycin-injured lung. b Dot plot representation of Emilin-2
gene expression in all detected cell types; highest expression was observed
in fibronectin-expressing macrophages and various other leukocyte populations. 85

41 Flow cytometry analysis of bronchoalveolar lavage (BAL) from mouse lungs
after bleomycin treatment in both wildtype and Emilin-2 knockout animals.
a Gating strategy according to Yu et al., 2016. the node tree on the left
represents the schematic strategy, while the scatter plots demonstrate the
actual gates that were drawn. b Bar graph representation of BAL cells at day
7 and day 10 after injury. Shown are the percentages of total 100.000 cells of
each group. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

42 Flow cytometry analysis of whole lunge tissue from mice after bleomycin
injury at different time points (day 3, 14, 21, and 28). a tSNE-map showing
all recorded cells and cellular populations. The color code on the right
describe the different lung cell types. b Comparison of cellular distributions
in both bleomycin- and PBS-treated lungs over time in Emilin-2 knockout
mice and their wildtype litter mates. Major differences include the interstitial
macrophages and natural killer cells (both at day 21). c Quantification plots of
significantly altered cellular distributions in interstitial macrophages (bleomycin
day 21, Wilcoxon test: **p = 0.0095), natural killer cells (bleomycin day 21,
Wilcoxon test: **p = 0.001), and high levels of eosinophils at day 28 in the
knockout mice after bleomycin (Wilcoxon test: p = 0.1904; n.s.). . . . . . . . . 89

43 (Single cell) RNA sequencing shows increased natural killer cells and granu-
locytes in Emilin-2 knockout mice (total n = 34). a Deconvolution of RNA bulk
transcriptomic data collected from lungs harvested at day 14 post bleomycin
injury. Data was merged with cell type signatures derived from the whole lung
single cell survey. Natural killer cells and granulocytes were found enriched
on bulk RNA levels. Each dot represents an a-priori annotated cell type. b

UMAP embedding of day 10 and day 14 treated lungs from both wildtype and
knockout animals with respective treatment. c UMAP embedding of genotype
- Emilin-2 knockout and wildtype littermates. d Annotation of clusters reveals
common cell lineages with marker genes for immune cells, endothelial cells,
mesenchymal cells, and epithelial cells; highlighted in red are the natural killer
cells and granulocytes, both of which are found to be rather driven by the
knockout phenotype, cf. panel c. e Relative frequency of granulocytes and
natural killer cells in both genotypes; both cell types are found to be increased
in cell numbers in the Emilin-2 knockout mice after bleomycin-induced lung
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injury. f Dot plot representation of regulated genes related to type-II immunity
by both natural killer cells and granulocytes; data derived from time points
day 10 and day 14 only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

44 Expression profiles of Krt8 and Emilin-2 on protein and transcript level. a

Protein abundance of whole lung tissue homogentates measured by mass
spectrometry over time of the bleomycin lung injury model. Both proteins
show similar time profiles. Plots are adapted from [139]. b Average gene
expression profiles of Krt8 (left panel) and Emilin-2 (right panel) over day 10
and day 14 of the bleomycin model. Krt8 expression is plotted from alveolar
epithelial cells only, Emilin-2 expression from immune cell populations. . . . . 92

45 a Krt8 immunofluorescence staining in wildtype and Emilin-2 knockout lung
sections at different time points of the bleomycin model. Knockout animals
have noticeably higher numbers in cells (Dapi staining) at day 10 and onward;
Apart from the airway cells, Krt8-positive cells (in green) undergo morpho-
logical changes as observed in wildtype mice, including elongation during
fibrogenesis, but are retained in the lungs of Emilin-2 knockout animals much
longer, cf. day 28. AT2 cells were stained with Sftpc (red), AT1 cells with Pdpn
(blue). Scale bars indicate 50 microns. b Quantification of the Krt8 mean
fluorescence signal by excluding airway regions corroborates the observation
of delayed alveolar reconstruction by the remaining presence of Krt8-positive
and elongated cells in knockout lungs at day 28 post bleomycin injury; data
shown with SD and *p = 0.0266; ***p = 0.0002. c Enlarged view of day 28
wildtype and knockout lungs to demonstrate the presence of still elongated
Krt8-positive cells in the alveolar regions (highlighted by yellow arrowheads);
note the lack of Pdpn staining in the knockout lungs, indicating that there is
still incomplete alveolar regeneration. . . . . . . . . . . . . . . . . . . . . . . 94

46 Co-localization of Emilin-2 and Keratin-8 in wildtype and Emilin-2 knockout
lungs. a Wildtype mice show distinct expression of Emilin-2 in the extracellular
space, mostly located within fibrotic foci of the bleomycin lung. Krt8+ cells are
in close proximity to these foci, suggesting that there is an important functional
role between these cell types. In PBS-treated lungs, Emilin-2 expression is
restricted to vascular regions, as previously described in the literature. b

In the Emilin-2 knockout lungs, there are no differences in Krt8-expression;
positively stained cells reveal similar cell shapes and intensity signals as
compared to wildtype mice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
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