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Introduction

1. Introduction

1.1 Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic, fatal, and progressive lung disease with
unknown etiology and cure. IPF is common in aged patients and is often diagnosed at the
end stage of the disease. The median survival rate after the diagnosis is 2-3 years (Sgalla,
Biffi, & Richeldi, 2016; Zhao, Kwan, Yip, Liu, & Liu, 2020).

The pathophysiology of the disease is poorly understood. However, it is widely accepted
that the initiation of IPF starts with chronic inflammation and repetitive injury of the alveolar
epithelium. Histologically, IPF is characterized by excessive extracellular matrix (ECM)
deposition and tissue scarring resulting from an aberrant wound-healing process due to
chronic injury in the alveolar compartment. The uncontrolled deposition of the ECM
progressively leads to the disorientation of lung architecture, which results in the rigidity

of the lung, and respiratory failure.

The pathological epithelial cells secrete pro-fibrotic and inflammatory mediators like
cytokines, chemokines, matrix metalloproteins, and growth factors, which involve the
chemotaxis and recruitment of activated myofibroblasts (aMYFs) in the fibrotic precursor
region known as fibrotic foci (Mora, Rojas, Pardo, & Selman, 2017; Selman & Pardo,
2006).

Transforming growth factor-beta (TGF) during homeostasis is quiescent, bound to the
ECM. However, during disease initiation and progression, TGF3 becomes activated in
the ECM. Elevated TGF acts as a potent pro-fibrotic mediator, which drives the transition
of resident lung fibroblasts to aMYFs (Fernandez & Eickelberg, 2012; Wipff, Rifkin,
Meister, & Hinz, 2007; Zhao et al., 2020).
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Healthy Fibrosis

Fibroblasts “~ Endothelial Cell f Activated myofibroblasts

G} Alveolar Type 2 Cell E:EE Extracellular matrix g Alveolar Type 1 Cell

Figure 1: Activated myofibroblasts in IPF.

In healthy lung parenchyma epithelial and mesenchymal cells, crosstalk is essential for
the maintenance of both alveolar structure and physiology. During fibrosis, interruption
in the epithelial and mesenchymal crosstalk happens due to repetitive injury, which
activates and drives massive recruitment of aMYFs. This recruited aMYFs deposit

pathological ECM that eventually leads to the loss of alveolar structure and physiology.
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1.2 Diagnosis and treatment of IPF

IPF is an age-associated disease and is often diagnosed in the elderly. Altered lung
physiology due to loss of alveolar space by excessive tissue scarring leads to impaired
gas exchange and lung failure. Symptoms include dyspnea, dry cough, bibasilar
inspiratory crackles, and digital clubbing (Raghu et al., 2018).

High-resolution computed tomography, and in some cases, histology of surgical lung
biopsy is used to visualize the presence of a reticular abnormality, honeycombing, traction
bronchiectasis, and traction bronchiolectasis. Physiologically, patients manifest a
decrease in the Diffusion capacity of the lung for carbon monoxide (DLco) and Forced
Vital Capacity (FVC) (Plantier et al., 2018; Raghu et al., 2018; Sgalla et al., 2016).

Currently, only two drugs, pirfenidone, and nintedanib, have been approved by the FDA
for treating IPF. Pirfenidone is an oral pyridine whose mechanism of action is not precisely
known, though it shows anti-inflammatory and antioxidant properties. However, itis widely
believed that the anti-fibrotic activity inhibits TGFB signaling. On the other hand,
nintedanib is a tyrosine kinase receptor inhibitor.

Despite this, these two medications are considered first-line therapy for IPF patients.
Unfortunately, they only slow the progression but do not cure the disease; they often
display tolerability issues and side effects (Y. M. Liu, Nepali, & Liou, 2017). Unfortunately,
on long-term use, these two drugs show resistance and in due course, cause lung failure.
Lung transplantation is the only intervention for end-stage IPF patients, and often the
availability of a donor’s lung is challenging.

1.3 Origin of aMYFs during IPF

Historically, modified fibroblasts/aMYFs were first observed in rat skin wound healing
experiments. Histologically, these cells exhibited numerous folds with cytoplasm
containing many stress fibers, identical to smooth muscle cells (SMC) fibers. These cells
are proposed to be helping in wound contraction and healing. During wound healing,
immune cells and fibroblasts get activated. This activated fibroblast at the site of injury
deposits ECM and regulates matrix remodeling, which finally helps in wound closure.
Following this complex process, the activated fibroblast undergoes apoptotic clearance

3
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and reconstitutes normal tissue homeostasis (Gabbiani, Ryan, & Majne, 1971; Hung,
2020).

As aforementioned, IPF is a process characterized by repetitive injury to the alveolar
epithelium, leading to the localization of aMYFs in the lung parenchyma as a response to
the injury. However, these aMYFs resist apoptotic clearance, eventually leading to lung
scarring. aMYFs acquire and express alpha-smooth muscle actin (a-SMA) and contain
contractile filaments, as they are believed to be the key regulatory cells which secrete
and deposit excessive ECM (El Agha, Kramann, et al., 2017; El Agha, Moiseenko, et al.,
2017; Peyser et al., 2019; Phan, 2012) (Figure 1).

The cellular origin of aMYFs is still debated and controversial. Various studies anticipated
and proposed that the aMYFs origin is not only a local but also systemic recruitment.
Circulating fibrocytes expressing CD45" COL1* CXCR4*, which are bone marrow-
derived, are chemoattracted and recruited during fibrosis by tissue-derived chemokines
(Phillips et al., 2004). Pericyte’s contribution to aMYFs is still unclear; studies show that
the Pericytes cells, such as FoxD1-lineage cells, contribute to aMYFs (Hung, 2020). In
addition, ABCG2rositive(pos) pericytes contribute to aMYFs (Marriott et al., 2014). In another
study, only a minor contribution of NG2 lineage pericytes contributed to aMYFs (Rock et
al., 2011). These studies suggest that pericytes are a heterogenous population that needs
further characterization in the lung. Another source of aMYFs is alveolar epithelial type 2
(AT2) cells through a process of epithelial to mesenchymal transition (EMT) (Kim et al.,
2006). This process is debatable as lineage tracing studies of AT2 cells in mice didn'’t
contribute to newly formed myofibroblasts foci (Rock et al., 2011). Interestingly, current
studies in human IPF lungs observed a new epithelial population of so-called aberrant
basaloid lining the fibrotic foci, displaying both epithelial and mesenchymal signatures
suggesting EMT (Adams et al., 2020; Habermann et al., 2020). Another potential and
important source is resident mesenchymal cells (rMCs) in the lung. A recent study using
Col1a1C mice showed the significance of rMCs and their contribution to aMYFs (Tsukui
et al., 2020). In our studies using Adrp®®ER™ (the lineage-labeled cells), which are
lipofibroblasts (LIFs), differentiate into aMYFs during fibrosis (El Agha, Moiseenko, et al.,

2017). Given all these cellular origins of aMYFs, it is rational to consider that aMYFs are
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a heterogeneous population that has not been clearly understood and characterized until

now.

1.4 Lipofibroblast in mice and human

Lung fibroblasts are quite diverse, and most fibroblast populations often overlap with their
gene expression signature. Therefore, the diversity of the different types of fibroblasts in
the lung is still unclear. However, recent studies attempted to distinguish these
populations as peribronchial, adventitial, and alveolar fibroblasts (mainly consisting of
LIFs) (Tsukui et al., 2020).

Historically, during the 1970s, two distinct types of interstitial cells were observed in
embryonic rat lungs, namely, the non-lipid interstitial cell and the lipid interstitial cell (LIF)
(O'Hare & Sheridan, 1970; Vaccaro & Brody, 1978). LIFs are lipid droplet-containing cells
and are often identified by the expression of Perilipin (Plin2). During mouse lung
development, the onset of LIFs was noticed at the end/late pseudoglandular stage.

Various genetic tracing studies in mice were employed to identify the origin and
development of the LIFs. During lung development, LIFs originate from mesenchymal
progenitors expressing fibroblast growth factor 10 (Fgf10). Fgf10, acting via both Fgfr1b
and Fgfr2b, acts in an autocrine fashion on the mesenchymal progenitors to promote their
differentiation towards the LIF lineage. Interestingly, during embryonic lung development,
disruption of the Fgf10 signaling axis, even by ablating a single allele of Fgf10, or its
receptor Fgfr2b, exhibited a significant decrease in LIFs formation at birth (Al Alam et al.,
2015; El Agha et al., 2014). Postnatally, during homeostasis, Fgf10 helps in the
maintenance of LIFs (Taghizadeh et al., 2021). These studies show that Fgf10 is a potent

mitogen in regulating the development and conservation of LIFs in mouse lungs.

In another study using Gli1°ERT2 mice, the lineage-labeled cells significantly contributed
to LIFs at the time of birth (Moiseenko et al., 2017). Additionally, in a recent study using
Tcf21CERT2 mice, the lineage-labeled cells contribute to the development of LIFs and help
in the maintenance postnatally (J. Park et al., 2019). Furthermore, in the adult lung, LIFs
also express Platelet-derived growth factor receptor a (Pdgfra) (Barkauskas et al., 2013).
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As of today, no distinguishable genetic marker has been discovered, which is the main
reason for the discrepancy in identifying the LIFs in the human lungs. LIFs were often
identified by staining their characteristic lipid bodies, which is challenging to identify in the
human lungs (Tahedl, Wirkes, Tschanz, Ochs, & Muhlfeld, 2014). In contrast, a recent
study using advanced microscopy such as transmission electron microscopy, verified the
presence of LIFs in the human lungs (Schipke et al., 2021).

In summary, despite multiple genetic origins of LIFs, only a fraction of the lineage-labeled
cells contribute to LIFs pool, which shows the complexity of LIFs origin and development.
In addition, recent advanced studies using scRNA-seq (Single-cell RNA sequencing) in
humans and mice proposed that Limch1 and Apoe are notable markers for the LIFs (X.
Liu et al., 2021; Travaglini et al., 2020).

1.5 LIF-AT2 interactions and AT2 stem cell niche

Anatomically, LIFs are located in close proximity to AT2 cells. They are characterized by
a high level of lipid droplets and have been reported to provide AT2 cells with triglycerides,

a fundamental building block of surfactant production (Figure2).

Our recent works suggest that Fgf10 signaling is crucial for the epithelial branching
morphogenesis of the developing lung. Furthermore, Fgf10 arising initially from the LIF
progenitors guides the differentiation of the alveolar epithelial progenitors during
embryonic development (Jones et al., 2018; Jones et al., 2019; Jones et al., 2020). LIF-
AT2 reciprocal interaction is also at play in the adult lung. Inactivation of Fgfr2b in the
AT2s leads to their death. Hence suggesting that Fgfr2b ligands, which include Fgf10,
are produced by the adjacent LIFs, and act on AT2 cells to maintain their survival in
homeostatic conditions (Ahmadvand et al., 2021) (Figure17). Fgfr2 signaling in AT2 cells
has also been shown to sustain ATZ2 identity during alveologenesis (Brownfield et al.,
2022; Liberti et al., 2021).

Significant efforts have focused on the LIFs interacting with AT2s. The most commonly
used is the alveolosphere model, which consists of co-culturing LIFs with AT2s in
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matrigel. In this model, we can visualize the self-renewal of the AT2 stem cell as well as
their differentiation towards AT1 cells (Barkauskas et al., 2013; McQualter et al., 2013).

A study using Pdgfra™s" rMCs represented a niche for AT2 progenitor cells (Barkauskas
et al., 2013). Another study proposed Lgr5 mesenchymal cells act as a niche for AT2 cells
(Lee etal., 2017). Further refinement of the rMC population enabling the self-renewal and
differentiation of AT2 progenitor cells led to the identification of mesenchymal alveolar
niche cells (MANCs), positive for Axin2, Pdgfra, and Fgf7 (Zepp et al., 2017).

In addition, our studies showed that a mesenchymal niche defined as
CD45/CD31/EpCam-negative and Stem cells antigen-1 (Sca1)/Fgf10 positive, distinct
from the MANCs, was also instrumental in the maintenance of AT2s. rMC Sca1P°s
Fgf10rP°s cells belong to the alveolar fibroblast lineage and have been proposed to be LIFs
(Taghizadeh et al., 2021).

Given the background, LIF-AT2 reciprocal interactions are crucial during lung
development and maintenance and homeostasis of the adult lung. Loss of LIF-AT2 stem

cell niche activity triggers the initiation and progression of the IPF.

1.6 Hallmarks of the aging lung

Aging is a natural phenomenon with decreased cellular and physiological functions with
altered inter-cellular communications. The hallmarks of aging include epigenetic changes,
metabolic changes due to mitochondrial dysfunction causing an increase in oxidative
stress, genomic mutations, cellular senescence, and stem cell exhaustion (Bueno,
Calyeca, Rojas, & Mora, 2020; Sgalla et al., 2018). Loss of the rMC-AT2 stem cell niche
is a key hallmark of the aging lung (Chanda et al., 2021).

A recent study using the organoids model demonstrated that aging highly impacts rMCs.
They showed a significant reduction in organoid number and size when young AT2s co-
cultured with aged rMCs compared to young. This rMCs niche activity is partially rescued
with the inhibition of aged-associated NADPH oxidase 4 (Nox4). Surprisingly, aged AT2
cells not showed any significant influence when co-cultured either with young or old rMCs
(Chanda et al., 2021).
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Another recent study demonstrated that Cell division control protein 42 homolog (Cdc-42)
regulates the differentiation of AT2 cells to alveolar epithelial type 1 (AT1) cells during
development. Interestingly, the deletion of Cdc-42 in AT2 cells at a young age triggered
the fibrosis formation from the periphery to the center of the lung with aging. This hallmark
was due to AT2s impaired regeneration, which triggered the mechanical stress, and

activated latent Tgf3, a master signaling cascade of IPF (Wu et al., 2020).

Interestingly, AT2 stem cell exhaustion associated with AT2s senescence is observed in
human IPF patients, though what occurs to the LIFs when the AT2s are injured is still
unclear. Altered AT2-LIFs communications and interactions due to aging or injury prompt
the factors for the induction of the fibrotic phenotype. During the fibrotic state, they
undergo collaterally damage and activate the resident fibroblast by pro-fibrotic factors
such as TGFf (Parimon, Yao, Stripp, Noble, & Chen, 2020; Yao et al., 2021).

1.7 LIFs differentiate and contribute to the aMYFs pool during fibrosis

Our recent studies using mice models showed that LIFs differentiate and significantly
contribute to the pool of aMYFs during fibrosis. At first, using Tg(Acta2-CreERT2;
tdTomato™* mice, we showed the pre-existing Vascular smooth muscle cells (VSMC) and
Airway smooth muscle cells (ASMC) do not contribute to aMYFs during fibrosis. However,
a massive contribution was seen from the cells that acquire Acta2 expression during the

fibrosis formation (El Agha, Moiseenko, et al., 2017).

Next, by using Adrp®™ER™2 a LIFs-lineage tracing model, it was shown that LIFs transition
and contribute to aMYF pool at the peak of fibrosis. Surprisingly, during fibrosis resolution,
the aMYFs, despite undergoing massive apoptosis, acquire a lipogenic program and
differentiate back to LIFs (El Agha, Moiseenko, et al., 2017).

Unfortunately, in humans, fibrosis is progressive with no resolution seen like in mouse
models. Our study in human IPF lungs identified the reversible LIF to aMYF switch. This
study used Metformin, an anti-hyperglycemic drug, in patients with type 2 diabetes.
Metformin induced lipogenesis and facilitated lipid droplet formation. The associated
signaling molecules for lipid droplet formation, such as PLIN2 and Peroxisome

8
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proliferator-activated receptor gamma (PPARg) expression, also increased with the
treatment. The lipogenic activity of Metformin is by inducing the expression and secretion
of bone morphogenetic protein 2 (BMP2). Activation of BMP2 signaling in aMYFs led to
the induction of PLIN2 expression and lipid droplet formation. In addition, Metformin
showed anti-fibrotic activity via AMPK-dependent COL1A1 (Collagen Type | Alpha 1
Chain) inhibition (Kheirollahi et al., 2019) (Figure2).

Homeostasis Initiation Fibrosis

Aging TGFB activation
Chronic injury Impaired niche activity

LIF Genetic factors } LIF to aMYF transition } : 'aMYF
C > ‘ Metformin C L { Metformin
Rosiglitazone Rosiglitazone
éATZ injury

AT1

Figure 2: LIF and AT2 interaction during homeostasis and IPF.

During homeostasis LIF and AT2 crosstalk is crucial for lipid trafficking and surfactant
production. Fgf10 signaling conserves and maintains LIFs activity, which is vital for the
stem cell activity of AT2, thereby helping in the self-renewal and maintenance of the
AT2s. In contrast, during IPF, loss of AT2s due to aging or injury leads to disruption of
LIF-AT2 crosstalk, in due course programming LIFs to aMYFs differentiation with
excessive ECM deposition. Metabolic reprogramming by using metformin or
rosiglitazone enhances the differentiation of aMYFs to LIFs and helps to retain the LIF

phenotype.
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1.8 Murine models in IPF

Mouse models are widely accepted and used to study the initiation and progression of

pulmonary fibrosis.

Various established mouse fibrosis models are currently in use, which include silica,
asbestosis, cytokine overexpression, amiodarone, fluorescent isothiocyanate, radiation-
induced, and bleomycin model (Tashiro et al., 2017). However, each model has its

advantages and limitations.

The Bleomycin model is most commonly used to study fibrosis in mice. Bleomycin (Bleo)
is a chemotherapeutic drug prescribed for cancer patients. Interestingly some patients
who received bleomycin developed pulmonary fibrosis as a side effect. The exact
mechanism of action of bleomycin is unknown; however, it is believed bleomycin breaks
DNA strands and increases reactive oxygen species, thus leading to inflammation,

epithelial cell death, and fibroblast activation.

Despite the most commonly used model, this model has limitations, including the
variations in fibrosis development between mice. Furthermore, age and gender influence
the grade of fibrosis development. Aged male mice are more vulnerable to fibrosis than
young males. Additionally, young and old female mice exhibited less fibrosis and mortality
than male mice (Redente et al., 2011). In addition, this model is often criticized for the
acute development of fibrosis and is capable of fibrosis resolution. However, in humans,

fibrosis is chronic with a longer period to develop, and is unfortunately not reversible.

Against the background, we used the Bleomycin model for this study, as it is the best
available and most commonly used model to study the development and resolution of the

disease.

1.9 Collagen triple helix repeat containing 1 positive aMYFs in IPF

Collagen triple helix repeat containing 1 (Cthrc1) was initially identified in the injured rat
carotid arteries due to balloon injury. This novel discovery led to an understanding of the

pathogenesis of constrictive vascular remodeling and lumen narrowing. Tgff3 signaling

10
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activates and guides the adventitial fibroblasts to transdifferentiate into aMYFs, eventually
developing neointima due to arterial fibrosis with excessive ECM deposition. Interesting
Cthrc1 expression was observed in the adventitia fibroblasts and neointima of injured
arteries. This discovery showed Tgff3 signaling is a crucial regulator of Cthrc1 expression
(Pyagay et al., 2005). Furthermore, Cthrc1 activates Tgff3 signaling by enhancing the
Smad2/Smad3 phosphorylation. The activated Smad2/3 dimer forms a complex with
Smad4, and then the complex translocates into the nucleus for modulating Col1a1
expression and deposition. In contrast, studies show that Cthrc1 inhibits TGFf signaling
by Smad2/Smad3 degradation (LeClair & Lindner, 2007; Myngbay, Manarbek, Ludbrook,
& Kunz, 2021).

Wingless related integration site (Wnt) signaling is another important mediator in the
progression of fibrosis; studies show that Wnt ligands and its essential regulatory protein
B-catenin are elevated in pulmonary fibrosis. A recent study proposed that Sonic
hedgehog (Shh) signaling act as an upstream of the Wnt signally during fibrosis. Shh
signaling mediated Wnt10a upregulation which enhanced the transition of fibroblasts to
aMYFs. Furthermore, various studies showed the inhibition of Wnt signal attenuated and
reversed pulmonary fibrosis (Cao et al., 2020; Henderson et al., 2010; Piersma, Bank, &
Boersema, 2015). Moreover, studies propose that Cthrc1 modulates Wnt signaling in
various organ cancers (Mei, Zhu, Zhang, & Wei, 2020; E. H. Park et al., 2013).

In the IPF, pirfenidone attuned the rhCTHRC1 mediated increase of the ACTA2 and
fibronectin expression (Jin et al., 2019). However, in another study, Cthrc1 knock-out
mice showed elevated Tgff3 and fibrosis levels; this effect might be due to the use of
global knock-out mice instead of cell-specific knock-out mice (Binks, Beyer, Miller, &
LeClair, 2017).

Given the background, a new population of cells that are positive for Cthrc1 has been
identified during fibrosis in the lung. This population is colocalized with the aMYFs in the
fibrotic regions of the lung and expresses high levels of collagen and Acta2. Human IPF
lungs also showed the presence of Cthrc1 positive cells in the fibrotic foci with high levels
of collagen expression (Tsukui et al., 2020). This study suggested that Cthrc1 cells could

be considered a new marker for the aMYFs in fibrosis.
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2. Objectives

IPF is a chronic and progressive lung disease with incurable treatment. Currently,
available medications can only inhibit disease progression with no therapeutic function.
However, long-term use of currently available medications shows resistance and finally
leads to lung failure. Despite advances in IPF research, with numerous studies proposing
and identifying various molecular pathways associated with the initiation and progression

of the disease, it is still a challenging task to develop novel therapeutic interventions.

These challenging concerns are due to activated myofibroblasts of the heterogeneous
population with multiple sources of origin. Therefore, better characterization of these
heterogeneous populations and understanding of the molecular cues associated with the
activation and differentiation from native state to activated myofibroblasts will help to

explore novel therapeutic interventions for IPF.

Our recent studies using lineage-labeled mice models proposed that the LIFs are one of
the sources of aMYFs. Further, in humans, we showed that Metformin reversed the

aMYFs to LIF phenotype and displayed anti-fibrotic activity.

Given the background, in this study, two-month-old Tg(Acta2-CreERT2); tdTomato™*
mice were used to label Acta2restveros) cells before or after bleomycin administration.
Using scRNA-seq, the origin and fate of Acta2’®® cells converging on the aMYFs lineage

were analyzed at the peak of fibrosis at day 14 and during resolution at day 60.
The aims of this study are as follows:

1) Identification of the anatomical locations of the Acta2P® cells in the lung during
homeostasis

2) Characterization of the origin of Cthrc1P* aMYFs and their heterogeneity during
fibrosis formation

3) Understanding the fate of the Cthrc1?° aMYFs during resolution

4) Better characterization of the LIF-to-aMYF reversible switch during fibrosis

formation and resolution
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3. Materials and Methods

3.1 Ethical aspects and mice

All animal experiments were performed according to the approved protocols by the
Regierungspraesidium Giessen, the animal ethics committee of the University of Giessen
(permit numbers: G57/2019—No0.974_GP and G26/2020-No0.1002_GP).

All animals were housed under specific pathogen-free (SPF) conditions and a maximum
of 5 animals were housed in a single cage. The cages were placed in an individually
ventilated cage system and supplemented with bedding and nesting material, with
unlimited access to food and water. The room environment was maintained under
controlled conditions with 12 hours of dark/light cycle at 22 °C and 40-70% humidity.

Tg(Acta2-CreERTZ2) mice (STOCK_Tg(Acta2-cre/ERT2)12Pcn) (kind gift from Dr. Pierre
Chambon, University of Strasbourg, France) were crossed with td-Tomato™* (B6;129S6-
Gt (ROSA) 26Sortm9(CAG-tdTomato)Hze/J (Jackson lab, 007909) to generate

tamoxifen-inducible reporter mice.

3.2 Genotyping

Mice tail biopsies were digested in 200 pl Viagen including 2 yl proteinase K at 55°C on
a thermomixer comfort overnight, and then the reaction was stopped at 85°C for 40 min.
Next, PCR was employed to amplify DNA using specific primers (Table 1). The PCR
product of the samples was then analyzed using a QlAxcel capillary gel electrophoresis
instrument (Qiagen, 9002123).
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Table 1. Protocols for genotyping and band size of PCR products

. Expected band size . PCR Protocol
Mouse Line Primer sequence st T i
WT Mutant ep emp. ime
(°C) (sec)
1 94 180
1)ATT TGC CTG CAT TAC 2 94 30
CGGTC
3 51.7 60
Acta2-CreERT?2 349bp 4 72 60
2)ATCAAC GTTTTG TTT repeat Step 2-4
TCG GA 35 times total
5 72 120
6 4 hold
1 94 180
1)CTG TTC CTG TAC GGC
ATG G 2 94 20
2) GGC ATT AAA GCA GCG 3 61 | ¢
TAT CC
flox 297 b 196 b
tdTomato p p 4 72 30
3) CCG AAAATC TGT GGG repeat Step 2-4
AAGTC 35 times total
4) AAG GGA GCT GCA 5 72 2
GTG GAG TA 6 4 hold

3.3 Bleomycin instillation

8- 12 weeks-old female mice were subjected to an intratracheal (1.T.) instillation (150 pl)
of either saline or bleomycin 2 U/kg body weight (Bleomedac, PNZ-02411351) using a
micro-sprayer (Penn-Century, Inc.). Post intratracheal instillation, lungs were harvested

at days 14, 30, and 60 for analysis.

3.4 Tamoxifen administration

Tamoxifen (Sigma, T5648-5G) was dissolved in corn oil (vehicle), and mice were
intraperitoneally (I.P.) injected with a dose of 0.1 mg/g body weight. Saline and Bleo-Tam
mice were subjected to four successive tamoxifen injections at days 5, 7, 9, and 11 after
saline or bleomycin instillation, respectively. Tam-Bleo mice were subjected to three

consecutive tamoxifen injections at days -18, -16, and -14 before bleomycin instillation.
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3.5 Immunofluorescence staining

Lungs were perfused with PBS, and harvested lungs were fixed with 4% PFA and

dehydrated with Ethanol. The fixed lungs were then embedded in paraffin blocks.
Five-um-thick paraffin slices were deparaffinized and rehydrated by

Reagent/solution Time (minutes)
Xylol 10
Xylol 10
100% Ethanol
100% Ethanol
95% Ethanol
70% Ethanol
50% Ethanol
30% Ethanol
Milli-Q water 5
After rehydration, the slides were subjected to antigen retrieval by placing them in citrate

a o0 o0 01 O O

buffer and boiling them for 15 min in a cooker. Following cooking, slides were cooled on
ice for 20 minutes and washed with PBST three times. Finally, the tissues were blocked
with 3% BSA + 0.4% Triton-X in PBS for 1 hour at room temperature.

Acta2 and Red fluorescent protein (RFP) staining:

Following blocking, slides were incubated overnight with primary antibodies: anti-Acta2
(1:250, Sigma, F3777), and anti-RFP (1:250, Invitrogen, R10367) in 1.5% BSA + 0.2%
Triton-X in PBS, at 4°C overnight. After washing, they were incubated with a secondary
antibody (1:500) against RFP in 1.5% BSA + 0.2% Triton-X in PBS, for 1 hour at room
temperature and finally mounted with ProLong Gold Antifade Reagent containing DAPI
(Molecular Probes, P36935). To quantify tdTomatoPosive (tdTomP®) cells, nine
independent fibrotic 63x fields per group were quantified from three independent mice

lungs.
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Acta2, RFP and Cthrc1 staining:

Following blocking, slides were then incubated overnight with primary antibodies: anti-
Acta2 (1:250, Sigma, F3777), anti-RFP (1:250, Invitrogen, R10367), and anti-Cthrc1
(1:100, R&D Systems, AF5960) at 4°C overnight. After washing, they were incubated with
secondary antibodies (1:500) against RFP and Cthrc1 for 1 hour at room temperature
and finally mounted with ProLong Gold Antifade Reagent containing DAPI (Molecular
Probes, P36935).

Acta2, Sftpc and Cthrc1 staining:

Following blocking, slides were then incubated overnight with primary antibodies: anti-
Acta2 (1:250, Sigma, F3777), anti-Cthrc1 (1:100, R&D Systems, AF5960), and anti-Pro-
Spc (1:500, Millipore, AB3786) at 4°C overnight. After washing, they were incubated with
secondary antibodies (1:500) against Pro-Spc and Cthrc1 for 1 hour at room temperature
and finally mounted with ProLong Gold Antifade Reagent containing DAPI (Molecular
Probes, P36935).

3.6 Hematoxylin and eosin staining

Lungs were perfused with PBS, and harvested lungs were fixed with 4% PFA and

dehydrated with Ethanol. The fixed lungs were then embedded in paraffin blocks.
Five-um-thick paraffin slices were deparaffinized and rehydrated by

Reagent/solution Time (minutes)

Xylol 10

Xylol 10
100% Ethanol 5
100% Ethanol 5
95% Ethanol 5
70% Ethanol 5
50% Ethanol 5
30% Ethanol 5
Milli-Q water 5
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After rehydration, the sections were stained with hematoxylin (Roth, T865.2) for 2 minutes
and washed with running tap water for 10 minutes. They were then stained with eosin
(Thermo Fisher Scientific, 6766007) for 1 min. Following staining, sections were

dehydrated and mounted.
3.7 Lung dissociation and Fluorescence-activated cell sorting (FACS)

Mice were sacrificed, and the lungs were perfused with 10 mL PBS through the heart.
Lungs were finely chopped and digested in collagenase type IV (0.5%, Gibco 17104-019)
at 37°C for 45 minutes. After digestion, the cell suspension is passed through 70 and 40

pum cell strainers. The single-cell suspension was centrifuged and stained with antibodies.

For tdTomr®s cells sorting, the pellet was resuspended with anti-CD31 (Alexa Fluor 488-
conjugated 1:100, Biolegend, 102514), anti-CD45 (Alexa Fluor 488-conjugated 1:100,
Biolegend, 103122), anti-EpCAM (APC-Cy7-conjugated 1:50, Biolegend, 118217)
antibodies at 4°C for 20 min. After washing, the cell suspension was stained with
SYTOX™ (Invitrogen, S34857), and sorting was carried out using FACSAria lll cell sorter
(B.D. Biosciences).

For Sca1P® cells sorting, the pellet was resuspended with anti-CD31 (Alexa Fluor 488-
conjugated 1:100, Biolegend, 102514), anti-CD45 (Alexa Fluor 488-conjugated 1:100,
Biolegend, 103122), anti-EpCAM (APC-Cy7-conjugated 1:50, Biolegend, 118217) and
anti-Sca1 (pacific blue-conjugated 1:50, Biolegend, 108120) antibodies at 4°C for 20
minutes. After washing, the sorting was carried out using a FACSAria Il cell sorter (B.D.
Biosciences).

Data were analyzed using FlowJo software (FlowJo, LLC).

3.8 Generation and analysis of the scRNA-seq data

Sorted tdTomP® cells were centrifuged and resuspended in 0.04% ultrapure BSA
(Invitrogen, 01266574) in PBS for optimal cell concentration. Then, 9,000 cells were
loaded into the Chromium Controller (10x Genomics). The cDNA libraries were prepared
according to the manufacturer’s instructions. Sequencing was performed by Nextseq2000
(Mlumina, Inc.), and reads were aligned against a custom mouse reference genome
(mm10) and counted by STARsolo.
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All downstream analyses were carried out with the Seurat R package (v4.1.0) (Hao et al.,
2021). The counts matrix of each sequenced sample was loaded as Seurat objects. Using
UMIs and mitochondrial content arbitrary thresholds, low-quality cells were discarded.
Then, saline, Tam-Bleo d14, Bleo-Tam d14 and Bleo-Tam d60 samples were integrated
using LIGER workflow (rliger R package v1.0.0) (Welch et al., 2019). Briefly, all samples
were first merged into one Seurat object, and all counts were log-normalized. The 2,000
most variable features in the aggregated dataset were scaled but not centered for each
sample individually. Next, integrative non-negative matrix factorization (iNMF) was run on
each sample using the RunOptimizeALS function with the following parameters: k = 50,
lambda = 3. Clusters of the shared factor neighborhood graph were quantile-normalized
using the RunQuantileNorm function with default parameters. Clusters were obtained
using Louvain community detection on the 50 first dimensions of the iINMF-reducted
space using k.param =10 and visualized in two dimensions using UMAP. According to
UMIs content and differentially expressed genes in each cluster, clusters corresponding
either to remaining low-quality cells or non-mesenchymal cells (immune and endothelial
cells) were removed. The complete integration process was rerun on the subset of kept
cells with the same parameters. Finally, obtained clusters were annotated according to
the expression of their specific markers. Subclusters of Cthrc1P* aMYFs, adventitial and
peribronchial fibroblasts were also identified in this reduced dimensional space computed
from all samples. In contrast, alveolar fibroblast subclusters were obtained in each subset
of sample pairs. UMAP plots were also rerun on each particular subset using the same

first 50 INMF dimensions computed on the complete dataset.

For the detailed analysis of Tam-Bleo d14 and Tam-Bleo d60 samples, both samples
were first integrated as described above. Then, the obtained clusters were annotated by
label transfer using the previously integrated dataset as a reference. Transfer anchors
between the two datasets were identified in PCA-reducted space using the first 50
principal components. Then, the corresponding cell type of each cell from the query

dataset was predicted using the TransferData function.

Marin Truchi (Université Cote d'Azur, CNRS, IPMC, Sophia Antipolis, Valbonne, France) carried out the bioinformatic analysis on
the generated mouse samples.

Olivier Mauduit (Department of Molecular Medicine, The Scripps Research Institute, La Jolla, CA, USA) carried out the data
mining and bioinformatic analysis on the human IPF samples.
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3.9 Alveolosphere assay

6-8 weeks old C57BL6 mice lungs were perfused with 10 mL PBS through the heart and
inflated intratracheally with 3 mL dispase (5000 Units, Corning, 354235). The inflated
lungs were digested in an additional 3 mL dispase solution at room temperature for 30
minutes. Following digestion, the cell suspension is passed through 70 and 40 pym cell
strainers, and the tissue is centrifuged. Pellet was resuspended with anti-CD31 (Alexa
Fluor 488-conjugated 1:100, Biolegend, 102514), anti-CD45 (Alexa Fluor 488-conjugated
1:100, Biolegend, 103122), anti-EpCAM (APC-Cy7-conjugated 1:50, Biolegend, 118217).
To isolate and sort mature AT2 cells from EpCAM population, we additionally stained with

Lysotracker (Invitrogen™ L7528).

Sorted 50,000 Sca1?°s resident mesenchymal cells (rMCs) from Tg(Acta2-CreERT2)/+;
tdTomato™* mice and 5,000 LysotrackerP® epithelial cells from C57BL/6J mice, were
mixed and reconstituted in 100 pL media, followed by addition of 100uL ice cold Matrigel
(Corning, 356231). First, the 1:1 mixture was transferred to 24-well 0.4 ym Transwell
inserts (Greiner bio-one, 662641) and incubated at 37°C for 15 min for
Matrigel polymerization. Next, 500 pyL of media [sorting media plus 1% ITS (Gibco, 41400-
045)] was added to each well and incubated at 37°C in 5% CO2 for 14 days. The medium
was changed every 2 days.

3.10 Statistical analysis

Graph assembly and statistical analyses were carried out using GraphPad Prism
Software. To compare the two groups, unpaired, two-tailed t-tests were used. For
comparisons involving more than two groups, one-way ANOVA with post hoc Newman—
Keuls multiple comparisons test was used. Values of P<0.05 were considered statistically

significant. All data are presented as mean + SEM.
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4. Results

4.1 Lineage tracing of Acta2r°s cells in healthy and fibrotic mouse lungs.

Six-to-eight-week-old Tg(Acta2-CreERT2)/+; tdTomato™ female mice were subjected
I.T. with a bleomycin dose sufficient to induce moderate fibrosis. Tamoxifen was
administered before (Tam-Bleo condition) or after bleomycin (Bleo) administration (Bleo-
Tam condition) to examine the fate of Acta2P°® cells during fibrosis formation (Figure 3a).
Experimental and control mice (saline condition) were analyzed on day 14, representing
the peak of fibrosis. Hematoxylin Eosin staining on the corresponding isolated lungs
demonstrated the presence of fibrotic areas on day 14 following injury (Figure 3b, c), and
Ashcroft scoring (Ashcroft, Simpson, & Timbrell, 1988) indicated a mild-to-moderate injury
with no significant difference between Tam-Bleo and Bleo-Tam mice (Figure 3d). Next,
we visualized the lineage-traced Acta2’°s cells by IF using antibodies against Rfp and
Acta2 (Figure 3e, f). In the saline condition, we identified tdTomato (tdTom) expression in
cells located within the peribronchiolar and vascular regions with most of these cells co-
expressing high levels of Acta2 and therefore corresponding to the ASMCs and VSMCs
(Figure 3e). Interestingly, we also found tdTomPs cells with low levels of Acta2 close to
the peribronchial regions and in the parenchyma (Figure 1f). Then, we examined tdTomP°s
cells in Bleo-treated mice. In Tam-Bleo, these cells only showed a minor contribution to
the fibrotic areas, supporting the claim that pre-existing Acta2r°® cells are not significant
contributors to aMYFs. However, in Bleo-Tam conditions, where the Acta2’°s cells are
labeled after injury, we found significant enrichment of tdTomP®s cells in the fibrotic regions
(Figure 3e, f). The quantification of tdTomP®s cells over total DAPIP® cells in the fibrotic
areas confirmed this observation (Figure 3g) (Tam-Bleo: 16% = 1.9% and Bleo-Tam: 53%
+ 8.1%, P=0.01)

Flow cytometry was used to quantify the percentile of tdTomP® cells out of the
CD45/CD31/EpCAM triple-negative resident mesenchymal cells (rMCs) in saline, Tam-
Bleo, and Bleo-Tam (Figure 3h). SYTOX™ staining was used to exclude dead cells from
the analysis. We found a statistically significant increase in the abundance of tdTomP°s
cells in Bleo-Tam (11% % 2.3%) vs. Tam-Bleo (5.8% % 0.59%) (P=0.04) (Figure 3i)
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supporting our previous finding that most of the Acta2’®* cells arising following Bleo injury
arise from Acta2"9 cells (El Agha, Moiseenko, et al., 2017).
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Figure 3: Lineage tracing of Acta2r°s cells in saline, Tamoxifen-Bleomycin and

Bleomycin-Tamoxifen conditions.

a) 8-12 weeks-old female Tg(Acta2-CreERT2)/+;tdTomato™* mice are used to lineage
label Acta2P°s cells in saline, Tamoxifen-Bleomycin and Bleomycin-Tamoxifen
conditions. Control and experimental lungs are collected at day14 following saline or
bleomycin administration. b and ¢) Corresponding low and high magnification of H&E
staining showing fibrosis formation at day 14 following bleomycin injury both in Tam-
Bleo and Bleo-Tam. d) Ashcroft score confirming mild to moderate fibrosis formation
upon fibrosis injury Saline 0 + 0 score (n=4), Tam-Bleo 5 £ 0.58 score (n=3), Bleo-Tam
4.5 + 0.65 score (n=4). e and f) Corresponding low and high magnification of IF
staining against Rfp, Acta2 and DAPI, indicating the presence of tdTomP®s cells in the
bronchiolar region as well as in the alveolar region in saline conditions. Note the minor
contribution of tdTomP® cells in the fibrotic region in Tam-Bleo conditions and the
presence of abundant tdTomP® cells in the fibrotic region in Bleo-Tam conditions. g)
Quantification of the percentile of tdTomP®s /total DAPI in the fibrotic areas of Tam-Bleo
16% = 1.9% (n=3) and Bleo-Tam 53% + 8.1% (n=3). h) Gating strategy to sort lineage-
labeled tdTomP® cells. i) Representative Quantification of sorted tdTomP®s cells from
Saline (n=3), Tam-Bleo (n=3), Bleo-Tam (n=3) out of resident mesenchymal cells
(rMCs). No significant difference was observed between Tam-Bleo 5.8% * 0.59% and
Saline 3.7% % 0.35% (P value: 0.32). By contrast, there is a stark increase in Bleo-
Tam 11% = 2.3% versus Tam-Bleo 5.8% + 0.59% (P value: 0.04) or between Bleo-
Tam and Saline (P value: 0.02). Scale bar: b- 500um, c-50um, e-75um and f- 10um.
Statistical analysis was performed using: (d and i)- one-way ANOVA with Newman-—
Keuls post hoc test for multiple comparisons; (g)- unpaired two-tailed t-test. *: p<0.05;
***: p<0.001.
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4.2 Acta2r°s cells contribute to multiple lineages in homeostasis condition but
with low commitment to the Cthrc1°°s aMYF lineage.

Lineage-labeled Acta2r°® (tdTomP°s) cells were sorted from saline and Tam-Bleo lungs at
day 14 by negative gating for CD31, CD45, and EpCAM (Figure 3h). Then, 9,000 cells
per condition were loaded for scRNA-seq. After quality control (Figure 4a), a total of 2,182
cells were recovered for the saline group and 7,125 cells for the Tam-Bleo group (Figure
4b). We found 18 different subclusters, including alveolar fibroblasts (Al1,2), adventitial
fibroblasts (Ad1,2), peribronchial fibroblasts (Pb1-3) as well as smooth muscle cells
(SMC)/Pericytes and Cthrc1 fibroblasts (Ct1-Ct4) (Figure 5a). Figure 5b displays the
heatmap with the corresponding highly expressed genes for each cluster. The proportion
of alveolar fibroblasts (Al1,2) and adventitial fibroblasts (Ad1,2) was decreased while that

of peribronchial fibroblasts (Pb1-3) was increased in Tam-Bleo vs. saline (Figure 5c).

The Prolif. Cthrc1F. and the Cthrc1F. clusters (Ct1-Ct4) represented 1.7% of the total
cells in the saline vs. 3.8% in Tam-Bleo, confirming the minimal contribution of pre-
existing Acta2P°s lineage to aMYFs (Figure 5c). Interestingly, among Cthrc1°°* fibroblasts,
Cthrc1 was found to be already expressed in cluster Ct2 in saline, and its expression was
amplified upon Bleo injury. Lower levels of Cthrc1 expression were also observed in

clusters Ct3 and Ct4 upon Bleo injury (Figure 5d).

Next, we carried out a refined analysis for the Cthrc1°°® cluster (Figure 5e). Taking into
consideration the combined number of cells in saline and Bleo samples for each
subcluster, we concluded that Ct2 was the most abundant cluster (45.7%), followed by
Ct1 (27.6%), Ct3 (23.6%) and Ct4 (3.1%) (Figure 5e). Examination of the relative number
of cells for each Cthrc1P°® cluster arising from saline indicates that the vast majority were
found in Ct1 and Ct2 only, with 55% and 39% of total cells present in saline. Interestingly,
Ct2 found in saline is also very close to the main signature of Ct1 (Figure 5f), indicating
that this subcluster is specific of homeostatic conditions. However, in the context of Bleo,
the proportion of cells in Ct1 decreased (from 55% to 24%). The Ct2 cells displaying a
Ct1 signature in saline acquire a Ct2 signature upon Bleo injury, which is enriched in

Cthrc1 expression.
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Next, we carried out a refined analysis for the alveolar fibroblast cluster. This cluster can
be subdivided into Al1 and Al2 (Figure 5h). Al2 represents 36.5% of the cells in the
alveolar fibroblast cluster. Figure 5i displays the heatmap with the corresponding
differentially highly expressed genes for Al1 and AI2 in saline and Bleo. Al1 in saline
displays dispersed expression of both Al1 and Al2 alveolar fibroblast signature. Upon Bleo
treatment, the expression was increased and polarized to Al1 signature. Al2 in saline is
enriched with alveolar fibroblast markers such as Scube2, Ces1d, and Npnt. Interestingly,
upon Bleo treatment, Al2 displayed dispersed expression by acquiring Al1 signature, with

a decreased expression of its native signature.

We then evaluated the expression of a LIF signature, composed of 17 genes identified
through a literature search (X. Liu et al., 2021) in the different clusters. Of note, an
enrichment of this signature was found in Ct1. Furthermore, this signature was also
enriched in Al2 (Figure 5k). Interestingly, this LIF signature thus appears to be globally

reduced in Bleo vs. Saline.

Altogether, our data indicate that the saline lung already contains a primed pro-fibrotic
niche with the existence of lineage-labeled Cthrc1P°S cells. The alveolar fibroblast cells
positive for Acta2 expression are hypothesized to contribute to the Cthrc1P°$/aMYF pool

during fibrosis formation.
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Figure 4: Quality control of scRNA-seq data sets.

a) Violin plots showing quality control RNA features, RNA count and mitochondrial RNA
for saline, Tam-Bleo and Bleo-Tam at corresponding time points b) Number of cells
recovered after quality control and used for the data analyses. ¢) Corresponding

Feature plots of Acta2 expression
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Results

Figure 5: Acta2r°s cells contribute to multiple lineages in saline and their labeling
before bleomycin injury indicates their minimal commitment to the Cthrc1r°s

myofibroblast lineage.

a) Integrated UMAP of Acta2P°s cells isolated from saline and Tam-Bleo lungs at day
14 post-bleo injury showing 18 distinct clusters including alveolar fibroblasts,
peribronchial fibroblasts, adventitial fibroblasts and Cthrc1?°® myofibroblasts. b)
Heatmap showing genes enriched for each cluster. ¢) Distribution of the different
clusters in saline and Tam-Bleo at day 14. Note that the Cthrc1P°® myofibroblasts
already exist in saline and are minimally amplified in Tam-Bleo. The alveolar
fibroblasts, adventitial fibroblasts are decreased in Tam-Bleo while the peribronchial
fibroblasts are increased. d) Violin plot for Cthrc1 expression indicates that the Ct2
cluster displays the highest expression level. e) integrated UMAP of the Cthrc1 clusters
from saline and Tam-Bleo lungs. Ct2 represents 45.7% of the overall Cthrc1°°® cells.
Cthrc1?°® cells are amplified in the context of fibrosis formation. f) Heatmap showing
the main differentially expressed genes for each Cthrc1 subclusters. Note that Ct1
contains Limch1, a canonical LIF marker. The signature of this cluster is not
significantly impacted by bleomycin. Ct2 in saline is enriched in the Ct1 signature.
However, upon bleomycin exposure, this Ct1 signature is lost and an Ct2 signature is
increased. The Ct3 signature contains Hhip and Lgr6, markers of peribronchial
fibroblasts. The Ct4 cluster, is only observed in the context of Tam-Bleo and displays
high level of the fibrotic marker Spp1. g) Expression of Cthrc1, Limch1, Penk and Spp1
on feature plots. h) Integrated UMAP of the alveolar fibroblasts subclusters from saline
and Tam-Bleo lungs. Note that the Al1 represents 63.5% of the total alveolar fibroblasts
cluster. i) Heatmap showing the main differentially expressed genes for each alveolar
fibroblasts subclusters. Al1 is saline displays both the upper and lower part of the
alveolar fibroblasts signature. Upon bleo treatment, the lower part of the signature is
decreased and the upper part is increased. Al2 in saline does not express the upper
part of the signature. Upon bleo, the upper signature is induced and the lower part is
reduced. The lower part of the signature contains Scube2, Ces1d and Npnt. j)
Expression of LIF markers Inmt, Ces1d and the differentially expressed gene Rbp4 on
feature plots. k) Expression of the LIF signature in the different Cthrc1 subclusters
indicates enrichment in Ct1. This signature is also enriched in Al2 of the alveolar

fibroblasts.
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4.3 Acta2r°s cells captured during fibrosis formation (Bleo-Tam condition)
massively contribute to the Cthrc1P°s aMYF lineage.

Next, lineage-labeled Acta2’®® cells captured during fibrosis formation (Bleo-Tam
condition) were isolated at day 14 and compared to Acta2’°® cells isolated from saline-
treated lungs (Figure 5). After quality control (Figure 4a), we recovered a total of 6,679

cells (Figure 4b).

The UMAP visualization of the integrated analysis showed 18 distinct clusters, including
a highly abundant Cthrc1P°S cluster (Figure 6a). Figure 6b shows the heatmap for the
genes enriched for each cluster. The distribution of the different clusters in saline and
Bleo-Tam at day 14 is shown in Figure 6¢ and supports our initial observation that
Cthrc1P°S myofibroblasts are drastically increased in Bleo-Tam (Figure 5c¢). We also noted
the presence of proliferating Cthrc1?°® fibroblasts, which correlates with the drastic
increase in Cthrc1P® cells. Interestingly, the overall percentile of alveolar fibroblasts was
not changed, while those of adventitial and peribronchial fibroblasts were decreased and
increased, respectively in Bleo-Tam (Figure 6c¢). Violin plots for Cthrc1 expression
indicated that all Cthrc1?®® fibroblast subclusters (Ct1-4) express high levels of Cthrc1

with Ct2 showing the maximum expression (Figure 6d).

Next, we carried out a detailed analysis of the Cthrc1 P clusters from saline and Bleo-
Tam lungs (Figure 6e). All Cthrc1P°s cells distributed within the 4 clusters were amplified
in the context of fibrosis formation, the Ct2 representing 35.1% of the overall Cthrc1P°s
cells. Figure 6f shows the heatmap of the most expressed gene markers for each Cthrc1
subclusters. Interestingly, the Ct1 cluster contains Limch1 and Apoe, two canonical LIF
markers. The signature of this cluster is not significantly impacted by bleomycin. Only 2%
of cells within the Ct2 originated from saline and possessed an intermediate “mild”
Ct1/Ct2 signature. Both Ct4 and Ct3 were only observed in the context of Bleo-Tam.
Pathway analysis comparing the different Cthrc1 subclusters suggests that Ct4
represents the most activated cluster with increased NFkb, Tnfa, Mapk, Egfr, and Vegf

signaling compared to the other Cthrc1 subclusters (Figure 6g).

We also generated a UMAP of the alveolar fibroblast subclusters integrated from saline
and Bleo-Tam datasets. Interestingly, our analysis indicates the presence of a newly
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formed AI3, which was not present in the previous analysis (Figure 5h). AI3 represents
40.4% of the total alveolar fibroblast cluster (Figure 6h). This new alveolar fibroblast
subcluster Al3 is characterized by the expression of the fibrotic markers Spp1, Ein, Ltbp2,
and Sfrp1 (Figure 3) with low expression of the LIF markers Inmt and Ces1d (Figure 6j).
Finally, the expression of the LIF signature in the different Cthrc1 subclusters indicates
enrichment in Ct1. This signature is also enriched in Al2 of the alveolar fibroblasts (Figure
6k).
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Figure 6: Acta2r°s cells captured during fibrosis formation (Bleo-Tam condition)

massively contribute to the Cthrc1P°° myofibroblast lineage.

a) Integrated UMAP of Acta2’®* cells isolated from saline and Bleo-Tam lungs at day
14 post-bleo injury showing 18 distinct clusters including alveolar fibroblasts,
peribronchial fibroblasts, adventitial fibroblasts and Cthrc1?°® myofibroblasts. b)
Heatmap showing genes enriched for each cluster. ¢) Distribution of the different
clusters in saline and Bleo-Tam at day 14. Note that the Cthrc1?°® myofibroblasts are
drastically increased in Bleo-Tam and include the proliferating Cthrc1P°® cells. The
percentile of alveolar fibroblasts is not changed while Adventitial fibroblasts are
decreased in Bleo-Tam while the Peribronchial fibroblasts are increased. d) Violin plot
for Cthrc1 expression indicates that all Cthrc1°°° fibroblast express high level of Cthrc1
with Ct2 showing the maximum expression. e) Integrated UMAP of the Cthrc1P°®
clusters from saline and Bleo-Tam lungs. Ct2 represents 35.1% of the overall Cthrc1P°S
cells. Cthrc1P°s cells are amplified in the context of fibrosis formation. f) Heatmap
showing the main differentially expressed genes for each Cthrc1 subclusters. Note that
Ct1 contains Limch1 and Apoe, two canonical LIF markers. The signature of this cluster
is not significantly impacted by bleomycin. Ct2 in saline is enriched in the Ct1 signature.
However, upon bleomycin exposure, this Ct1 signature is lost and an Ct2 signature is
increased. The Ct4, is only observed in the context of Bleo-Tam. g) Pathway analysis
comparing the different Cthrc1°°® subclusters suggesting that Ct4 represents the most
activated cluster. h) Integrated UMAP of the alveolar fibroblasts subclusters from saline
and Bleo-Tam lungs. Note that the newly formed Al3 represents 40.4% of the total
alveolar fibroblasts cluster. i) Heatmap showing the main differentially expressed genes
for each alveolar fibroblasts subclusters. Note the presence of new alveolar fibroblast
subcluster, Al3, which is characterized by the expression of the fibrotic markers Spp1,
Ein, Ltbp2 and Sfrp1. j) Expression of LIF marker Inmt, the differentially expressed
gene Rbp4, the fibrotic gene Sfrp1 and the LIF marker Ces7d on feature plots. k)
Expression of the LIF signature in the different Cthrc1 subclusters indicates enrichment

in Ct1. This signature is also enriched in Al2 of the alveolar fibroblasts.

31



Results

4.4 Human IPF lungs display heterogeneity in the CTHRC1P°s population.

We then analyzed by IF the expression of Cthrc1, Acta2, and Rfp (tdTomP®) in saline and
Bleo-Tam lungs at day 14. Low expression of Cthrc1 is detected in the saline lung while
a substantial increase in Cthrc1 expression is observed in the fibrotic regions of the Bleo-
Tam lungs. Note the overlap between tdTomP® cells, Acta2, and Cthrc1 (Figure 7a).
Immunofluorescence for ACTA2, SFTPC, and CTHRC1 was also carried out in human
donor and IPF lungs. While CTHRC1 is detected at a low level in SFTPCP®s cells in the
donor, CTHRC1/ACTAZ2P° myofibroblasts accumulate in the IPF lungs (Figure 7b).

To analyze the heterogeneity of CTHRC1P%s cells in human lungs, we data-mined two
previously published/available human IPF datasets (Adams et al., 2020; Habermann et
al., 2020). First, using the Adams et al. dataset, we generated an integrated UMAP of
donor and IPF lungs with two clusters, fibroblasts (majorly present in donor’s lungs) and
myofibroblasts (majorly presentin IPF lungs). Furthermore, the sub-clustering of the initial
two clusters displayed the presence of CTHRC1P° fibroblasts in all fibroblast and
myofibroblast populations. Fine resolution of these subclusters was done for better
visualization. We selected six different subclusters based on the presence of atleast 30%
of the cells within this cluster positive for CTHRC1 regardless of its level of expression
(Figure 7c-e).

Interestingly, five subclusters out of six were of myofibroblasts origin and displayed
heterogeneity. Cluster 0 belonging to the myofibroblast pool expresses LIF markers.
Cluster 3 expresses high levels of fibrotic markers (Figure 7f). Cluster 2 expresses a high
level of ACTAZ expression. Surprisingly, irrespective of the cluster’s origin, LIMCH1 a LIF
marker’s expression was noticed, with a higher expression in the myofibroblasts pool
(Figure 7g). These data suggest that LIFs can differentiate to form pathological aMYFs
during fibrosis.

Next, using the Habermann et al. dataset, the four initial fibroblast populations (HAS1high
fib., PLIN2+ Fib., fib., MyoFib.) were further subclustered into 8 clusters. The selection of
the subclusters was based on the presence of at least 25% of the cells within this cluster
positive for CTHRC1, regardless of its level of expression (Figure 8a). CTHRC1
expression was visualized in these clusters using violin plots (Figure 8b) or directly on the
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UMAP plot (Figure 8c). As expected, the MyoFib. subclusters (1, 5, 6, and 7) displayed
the highest levels of CTHRC1 expression. Figure 8d shows the corresponding heatmap
with the top 10 markers for each cluster. Interestingly, subcluster 1, which belongs to the
myofibroblast cluster, expresses LIF markers such as LIMCH1, TCF21, MACF1, and
APOE, while subcluster 5 expressed a high level of fibrotic markers such as COL1A7,
SPARC, COL3A1, and FN1. The expression of ACTAZ as a myofibroblast marker and
LIMCH1 as a LIF marker is shown as a violin plot. ACTAZ2 is detected in all the subclusters
with a maximal expression in clusters 1, 5, 6, and 7. Supporting a LIF-to-MYF transition,

LIMCH1 was detected almost exclusively in MyoFb. clusters (Figure 8e).
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Figure 7: Human IPF lungs display heterogeneity in the CTHRC1 population.

a) Immunofluorescence for Acta2, Rfp (tdTomP°) and Cthrc1 in saline and Bleo-Tam
lungs at day 14. Note the low expression of Cthrc1 in the saline and the substantial
increase in Cthrc1 expression in the fibrotic regions of the Bleo-Tam lungs. Note the
overlap between tdTomP® cells and Cthrc1. b) Immunofluorescence for ACTAZ,
SFTPC and CTHRC1 in donor and IPF lungs. CTHRC1 is detected at a low level in
SFTPCP® cells in the donor. Note the accumulation of CTHRC1/ACTAZ2pros
myofibroblasts in the IPF lungs. ¢) UMAP of selected CTHRC1P°S fibroblast clusters
from IPF lungs. The two initial fibroblast and myofibroblast populations were further
subclustered into 6 clusters. d) Corresponding violin plots for CTHRC1 expression.
Note that the MyoFib. Subclusters (2, 3 and 5) display the highest levels of CTHRC1
expression. e) Feature map of CTHRC1 expression in different clusters. f)
Corresponding heatmap showing the top 10 markers for each cluster. Please note that
Cluster 0 belongs to MyoFib. expresses LIF markers such as LIMCH1 and ROBO2.
Cluster 3 expressed a high level of fibrotic markers such as COL71A1, TNC, COL3A1,
POSTN and FN1. g) Violin plots for ACTA2 and LIMCH1. Note that LIMCH1 is detected

in all the subclusters with an abundant expression in cluster 0. Scale bar: a and b:20um
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Figure 8: Heterogeneity of CTHRC1 population Human IPF lungs.

a) UMAP of selected CTHRC 1S fibroblast populations from IPF lungs. The 4 initial
fibroblast populations (HAS1Md" fib., PLIN2+ Fib., Fib., MyoFib.) were further
subclustered into 8 clusters. b) Corresponding violin plots for CTHRC1 expression.
Note that the MyoFib. Subclusters (1, 5, 6 and 7) are displaying the highest levels of
CTHRC1 expression. ¢) CTHRC1 expression in the UMAP. d) Corresponding heatmap
showing the top 10 markers for each cluster. Please note that Cluster 1 belongs to
MyoFib. expresses LIF markers such as LIMCH1, TCF21, MACF1 and APOE. Cluster
5 expressed a high level of fibrotic markers such as COL1A1, SPARC, COL3A1 and
FN1. e) Violin plots for ACTA2 and LIMCH1. Note that ACTAZ2 is detected in all the
subclusters with a minimal expression in cluster 0. LIMCH1 is detected in the MyoFb.

clusters suggesting a LIF to MYF transition.
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4.5 Characterization of the fate of the Cthrc1P°s subclusters during fibrosis

resolution in Bleo-Tam mice

To investigate the fate of the different Acta2’°® mesenchymal populations during fibrosis
resolution, we also captured tdTomP®s cells by flow cytometry at day 60 following Bleo
administration (Bleo-Tam condition). Isolated cells were subjected to scRNA-seq and
compared to Acta2P® cells from Bleo-Tam lungs collected on day 14. We obtained a total

of 5,059 cells recovered after quality control (Figure 4a and b).

Figure 9a displays the UMAP plot corresponding to the integrated data. It became
apparent that a strong decrease in the abundance of Cthrc1P°® myofibroblasts pool had
occurred. The distribution of the different clusters in Bleo-Tam lungs at day 14 and 60
confirmed that the Cthrc1°°® myofibroblasts are drastically reduced at day 60 with Ct3,
and Ct4 was barely detected at day 60 (Figure 9a, b). Interestingly, the percentile of
alveolar fibroblasts was moderately increased at day 60 compared to day 14 while that of
peribronchial fibroblasts was strongly increased (Figure 9c). The violin plot for Cthrc1
expression indicated that subclusters Ct1 and Ct2 display a strong reduction in Cthrc1

expression at day 60 (Figure 9d).

Next, we focused on the Cthrc1P° subclusters. Figure 9e shows the UMAP plot for the
Cthrc1P°S subclusters from integrated datasets of Bleo-Tam lungs at days 14 and 60. Ct1
and Ct2 are the most abundant, representing 31.1% and 35.4% of the overall Cthrc1°°®
cells. As previously described (Figure 9a, c), Cthrc1P° cells from each subcluster were
massively decreased in the context of fibrosis resolution. A close examination of the
heatmap showing the main differentially expressed genes for each Cthrc1 subcluster
(Figure 9f) revealed that Ct1 reinforced its transcriptomic signature at day 60. Notably,
Ct2 acquired a partial Ct1 signature during fibrosis resolution. Unfortunately, the
resolution for Ct3 and Ct4 could not be carried out as these cells were minimally detected
at day 60.

The fate of alveolar fibroblasts during fibrosis resolution was also analyzed. The UMAP
plot of alveolar fibroblast subclusters from integrated datasets of Bleo-Tam lungs at days
14 and 60 are shown in figure 9h. Al3 is the most abundant one representing 56.5% of
total alveolar fibroblasts. Interestingly, a drop of fibrotic markers Sfrp1, Col3a1, Col1a1,
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and Col5aZ2 was detected in this subcluster during fibrosis resolution. At the same time,
a much stronger LIF-like signature was observed in Al2, likely illustrating a return to a
reinforced LIF phenotype (Figure 9i). Indeed, the expression of the LIF signature showed

enrichment in both Ct1 and Al2 during fibrosis resolution. (Figure 9k).
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Figure 9: Characterization of the fate of the Cthrc1P°° subclusters during fibrosis

resolution.

a) Integrated UMAP of Acta2’®* cells isolated from Bleo-Tam lungs at day 14 and 60
post-bleo injury showing a strong decrease in the Cthrc1°°® myofibroblasts. b) Heatmap
showing genes enriched for each cluster. ¢) Distribution of the different clusters in Bleo-
Tam lungs at day 14 and 60. Note that the Cthrc1P°® myofibroblasts are drastically
reduced at day 60. Ct3 and Ct4 clusters are barely detected at day 60. The percentile
of alveolar fibroblasts is modestly increased while the peribronchial fibroblasts
populations are strongly increased. d) Violin plot for Cthrc1 expression. Clusters Ct1
and Ct2 display a strong reduction in Cthrc1 expression at day 60. e) Integrated UMAP
of the Cthrc1 clusters from Bleo-Tam lungs at day 14 and 60. Ct2 represents 35.4% of
the overall Cthrc1P® cells. Cthrc1P® cells from each subcluster are massively
decreased in the context of fibrosis resolution. f) Heatmap showing the main
differentially expressed genes for each Cthrc1°°® subclusters. Note that Ct1 re-enforces
its transcriptomic signature at day 60. Importantly, Ct2 reacquires the Ct1 signature
during fibrosis resolution. Resolution cannot be analyzed for Ct3 and Ct4 as these cells
are minimally detected at day 60. g) Expression of Cthrc1, Limch1, Penk and Spp1 on
feature plots. h) Integrated UMAP of the alveolar fibroblasts subclusters from Bleo-Tam
lungs at day 14 and 60. Note that the newly formed AI3 represents 56.5% of the total
alveolar fibroblasts cluster. i) Heatmap showing the main differentially expressed genes
for each alveolar fibroblasts subclusters. Note that Al3 drops its fibrotic markers Sfrp1,
Col3a1, Col1al and Colba2. j) Expression of LIF marker Inmt, the differentially
expressed gene Rbp4, the fibrotic gene Sfrp1 and the LIF marker Ces1d on feature
plots. k) Expression of the LIF signature in the different Cthrc 1°°° subclusters indicates
enrichment in Ct1 during fibrosis resolution. This signature is also enriched in Al2 of

the alveolar fibroblasts.
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4.6 Characterization of the fate of the Cthrc1°°s clusters during fibrosis resolution

in Tam-Bleo mice

Next, we investigated the fate of the pre-existing Acta2P°s LIF and Acta2r°s Cthrc1, labeled
in Tam-Bleo, during fibrosis resolution. In particular, whether the LIFs appearing during

resolution also arise from pre-existing LIFs that never became aMYFs.

We captured tdTomP® cells by flow cytometry at day 60 following Bleo administration
(Tam-Bleo condition). Isolated cells were subjected to scRNA-seq and compared to
Acta2r®® cells from Tam-Bleo lungs collected on day 14. We obtained a total of 11316

cells recovered after quality control (Figure 4a and b).

Our results displayed in the integrated UMAP indicate that Cthrc1P°° aMYF arising from
Acta2’®s cells labeled before Bleo injury are mostly cleared during resolution (Figure 10a).
The distribution of the different clusters in Tam-Bleo day 14 and day 60 supports the
decrease in the Cthrc1P°® myofibroblasts at day 60. Interestingly, the alveolar fibroblasts
and adventitial fibroblasts are abundantly increased at day 60 while a reduction of the

peribronchial fibroblast clusters, especially Pb1, is observed (Figure 10c).

The corresponding UMAP of the Cthrc1 clusters indicates that Ct2 represents 50.2% of
the overall Cthrc1P°® cells. The Ct4 is completely cleared at day 60 (Figure 10e).

The heatmap showing the main differentially expressed genes for each Cthrc1
subclusters indicates that Ct1 re-enforces its transcriptomic signature at day 60, while Ct2

reacquires the Ct1 signature during fibrosis resolution at day60 (Figure 10f).

Finally, the UMAP of the alveolar fibroblasts subclusters from Tam-Bleo day 14 and day
60 indicates that Al1 represents 89.4% of the total alveolar fibroblasts (Figure 10h). In
addition, the heatmap showing the main differentially expressed genes for each alveolar
fibroblasts subclusters indicates that these genes are not impacted by resolution (Figure
10i).

Expression of the LIF signature in the different Cthrc1 subclusters indicates enrichment
in Ct1 during fibrosis resolution. This signature is also enriched in Al2 of the alveolar

fibroblasts (Figure 10k). Interestingly, a close-up comparison of the Al2 at day 60 vs. d14
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does not indicate enrichment in the LIF signature during resolution suggesting that

Acta2r®s pre-existing LIFs did not display a fully differentiated LIF phenotype.
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Figure 10: Acta2r°s cells labeled before bleomycin injury are mostly cleared from

Cthrc1°P°s myofibroblast clusters during resolution.

a) Integrated UMAP of Acta2’®s cells isolated from Tam-Bleo lungs at day 14 and day
60 post-bleo injury showing 18 distinct clusters including alveolar fibroblasts,
peribronchial fibroblasts, adventitial fibroblasts and Cthrc1P® myofibroblasts. b)
Heatmap showing genes enriched for each cluster. ¢) Distribution of the different
clusters in Tam-Bleo day 14 and day 60. Note that the decrease in the Cthrc1P°s
myofibroblasts at day 60. The alveolar fibroblasts, adventitial fibroblasts are abundantly
increased at day 60 while a minor decrease in the peribronchial fibroblasts clusters. d)
Violin plot for Cthrc1 expression indicates that the Ct2 cluster displays the highest
expression level. e) Integrated UMAP of the Cthrc1 clusters from Tam-Bleo day 14 and
day 60 lungs. Ct2 represents 50.2% of the overall Cthrc1P° cells. Note that the Ct4
cluster is completely cleared at day 60. f) Heatmap showing the main differentially
expressed genes for each Cthrc1 subclusters. Note that Ct1 re-enforces its
transcriptomic signature at day 60. Interestingly, Ct2 reacquires the Ct1 signature
during fibrosis resolution could be visualized with minimal cells detected at day 60. g)
Expression of Cthrc1, Limch1, Penk and Spp1 on feature plots. h) Integrated UMAP of
the alveolar fibroblasts subclusters from from Tam-Bleo day 14 and day 60. Note that
Al1 represents 56.5% of the total alveolar fibroblasts. i) Heatmap showing the main
differentially expressed genes for each alveolar fibroblasts subclusters. j) Expression
of alveolar fibroblasts marker Inmt, the differentially expressed gene Rbp4, the fibrotic
gene Sfrp1 and the differentially expressed gene Ces1d on feature plots. k) Expression
of the LIF signature in the different Cthrc1 subclusters indicates enrichment in Ct1
during fibrosis resolution. This signature is also enriched in Al2 of the alveolar

fibroblasts.
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4.7 The peribronchial fibroblasts and adventitial fibroblasts are also impacted

during fibrosis formation and resolution.

The peribronchial and adventitial fibroblasts represent 40% of the total Acta2*® cells
labeled in the lung, and as such, they also represent a potential target population that
Bleo could impact. Therefore, we analyzed these two populations in saline, Tam-Bleo,

and Bleo-Tam on days 14 and 60 (Figures 11 and 12).

Subclustering of the peribronchial fibroblasts indicates the presence of 3 subclusters
(Pb1-3) (Figure 11). Upon Bleo injury, irrespective of the labeling before or during injury,
cells in Pb1 and Pb2 upregulate fibrotic genes like Eln, Ltbp2, and Sfrp1 (Figure 11b, f, j,
and n). At day 60 (during resolution), we observed a decrease in the expression of these
fibrotic markers in these subclusters. The expression of the LIF signature in the different
peribronchial subclusters is homogenously low throughout the different subclusters and
is not impacted during fibrosis formation and resolution. These results suggest that the
peribronchial fibroblasts and the LIFs are two distinct lineages. Ct3 expresses Lgr6
(Figure 5f) and Hhip (Figure 10f) during fibrosis formation. These results suggest that Pb1
and Pb2 could contribute to Ct3 cells.

Subclustering of the adventitial fibroblasts indicated the presence of 2 subclusters (Ad1
and 2) (Figure 12). Regardless of the labeling before or during injury, the gene signature
for these two clusters does not appear to be significantly impacted during fibrosis
formation and resolution. Ad2 expresses a higher LIF signature level than Ad1, and the
LIF signature seems to be downregulated by Bleo treatment (Figure 12d). When cells are
labeled before injury (Tam-Bleo), the LIF signature in Ad2 is enhanced during resolution
with an increase for Inmt, Limch1, and Macf1 (Figure 12I). In contrast, when cells are
labeled during injury (Bleo-Tam), cells in Ad2 decrease the expression of Cdh11, Robo2,
and Limch1 (Figure 12p). We, therefore, conclude that adventitial and LIFs likely share
common characteristics and signatures. One exciting possibility is that adventitial
fibroblasts acquiring LIF characteristics could compensate for the loss of LIFs due to their

transition towards the Cthrc1P°® aMYF phenotype.
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Figure 11: Subclustering of peribronchial fibroblasts in saline, Tam-Bleo, and

Bleo-Tam lungs at day 14 and day 60 post-bleo injury.

a) Integrated UMAP of peribronchial fibroblasts isolated from saline and Tam-Bleo
lungs at day 14 post-bleo injury showing 3 distinct clusters. Note that Pb1 represents
69.3% of the total peribronchial F. b) Heatmap showing genes enriched for each
cluster. Note that upon bleo injury, Pb1 and 2 upregulate fibrotic genes like Eln, Ltbp2
and Sfrp1. Note also that Pb1 displays a downregulation of its saline signature in bleo.
This is not observed for Pb2 and 3. ¢) Expression of the general peribronchial fibroblast
marker Wntba. Expression also of genes specific of Pb1 (PappaZ2), Pb2 (/I6), and Pb3
(Cnn1) on feature plots. d) Expression of the LIF signature in the different peribronchial
subclusters showing homogenous lower expression throughout the different clusters.
e) Integrated UMAP of peribronchial fibroblasts isolated from saline and Bleo-Tam
lungs at day 14 post-bleo injury showing 3 distinct clusters. Note that Pb1 represents
67.3% of the total peribronchial F. f) Heatmap showing genes enriched for each
cluster. Similar observations to the ones described in b) were made. g) Expression of
Whntba, PappaZ2, 116 and Cnn1 on feature plots. h) Expression of the LIF signature in
the different peribronchial subclusters. i) Integrated UMAP of peribronchial fibroblasts
isolated from Tam-Bleo lungs at day 60 and day 14 post-bleo injury showing 4 distinct
clusters. Pb1 represents 50.9% of the total Peribronchial F. j) Heatmap showing genes
enriched for each cluster. Note the decrease in the expression of the fibrotic markers
Eln and Sfrp1 in Pb1 and 2 during resolution at day 60. Pb3 and 4 (please note that
Pb4 is seen only in the integrated analysis of Tam-Bleo day14 and Tam-Bleo day d60.
In contrast, when all datasets of this study were integrated and analyzed, Pb4 is absent.
This is due to the sample-to-sample variation corrections made for the integration) are
not impacted by resolution. k) Expression of Wntba, PappaZ2, 116, Col1a1, Cnn1 and
Sfrp1 on feature plots. 1) Expression of the LIF signature in the different peribronchial
subclusters. m) Integrated UMAP of peribronchial fibroblasts isolated from Bleo-Tam
lungs at day 60 and day 14 post-bleo injury showing 3 distinct clusters. Pb1 represents
57.4% of the total peribronchial F. n) Heatmap showing genes enriched for each
cluster. Note the loss of fibrotic markers in Pb1 and 2 during resolution at day 60. Pb3
is not impacted by resolution. o) Expression of Wntba, PappaZ2, 116 and Cnn1 on feature

plots. p) Expression of the LIF signature in the different peribronchial subclusters.
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Figure 12: Subclustering of adventitial fibroblasts in saline, Tam-Bleo, and Bleo-
Tam lungs at day 14 and 60 post-bleo injury. a) Integrated UMAP of adventitial
fibroblasts isolated from saline and Tam-Bleo lungs at day 14 showing 2 distinct
clusters (Ad1 and Ad2). These clusters are almost equally represented within the
adventitial fibroblasts population. b) Heatmap showing genes enriched for each
cluster. Note that the gene signature for each cluster is not significantly impacted by
bleomycin treatment. ¢) Expression of genes specific of Ad1 (Mmp3 and Ccl/11) and
Ad2 (Aqp1 and Adh7) on feature plots. d) Expression of the LIF signature. Note that
Ad2 in saline expresses a higher level of the LIF signature. This signature is reduced
upon bleomycin treatment. e) Integrated UMAP of adventitial fibroblasts isolated from
saline and Bleo-Tam lungs at day 14 showing 2 distinct clusters (Ad1 and Ad2). Ad1
represents 56.1% of the total adventitial fibroblasts population. f) Heatmap showing
genes enriched for each cluster. Note that the gene signature for each cluster is not
significantly impacted by bleomycin treatment. g) Expression of Mmp3, Ccl11, Aqp1
and Adh7 on feature plots. h) Expression of the LIF signature. Note that Ad2 in saline
expresses a higher level of the LIF signature. This signature is not impacted upon
bleomycin treatment. Acta2" cells acquiring Acta2 expression and belonging to this
cluster display part of the LIF signature. i) Integrated UMAP of adventitial fibroblasts
isolated from Tam-Bleo lungs at day 60 and day 14. Ad1 represents 54.8% of the total
adventitial fibroblasts population. j) Heatmap showing genes enriched for each cluster.
Note that the gene signature for each cluster is not significantly impacted during fibrosis
resolution. k) Expression of Mmp3, Ccl11, Aqp1 and Adh7 on feature plots. I)
Expression of the LIF signature. Note that Ad2 Tam-Bleo d60 expresses a slightly
higher level of the LIF signature compared to day 14. Ad1 displays also a
downregulation of Tcf21 during resolution. (Such downregulation in Tcf21 is also seen
in Ad2 in Bleo-Tam day 60 vs day 14). m) Integrated UMAP of adventitial fibroblasts
isolated from Bleo-Tam lungs at day 60 and day 14. The 2 clusters are again almost
equally represented within the adventitial fibroblasts population. n) Heatmap showing
genes enriched for each cluster. Note that the gene signature for each cluster is not
significantly impacted by bleomycin treatment. o) Expression of Mmp3, Ccl11, Aqp1
and Adh7 on feature plots. p) Expression of the LIF signature. Note that Ad2 Bleo-Tam
d14 expresses a higher level of the LIF signature. This signature is partially reduced at
day 60 (for the expression of Cdh11, Robo2, Fgf10 and Limch1).
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4.8 Evaluation of the resident mesenchymal cell niche activity for AT2 stem cells

during fibrosis formation and resolution.

Next, we evaluated the status of the niche activity displayed by rMCs during fibrosis
formation and resolution (Figure 13a). Suggesting that resolution was not complete at day
60; we could still detect using H&E (Figure 13c) and IF (Figure 13b), some fibrotic areas
containing tdTomP®s cells. We focused on the Sca1P°s rMC pool, which has been reported
to be enriched in LIFs and includes the niche activity for AT2 cells (Taghizadeh et al.,
2022; Taghizadeh et al., 2021).

The gating strategy to sort CD31/CD45/EpCAM triple-negative rMCs positive for Sca1
(Sca1P° rMCs) in saline, Tam-Bleo day 14, Tam-Bleo day 30, and Tam-Bleo day 60
lungs, as well as AT2s from C57BL/6 mice lungs (CD31neg CD45neg EpcamPes
LysotrackerP®s), is shown in Figure 13d. Isolated AT2 and Sca1?° rMC cells were then
co-cultured in Matrigel for 14 days (alveolosphere assay), and organoid formation was
visualized using bright field microscopy (Figure 13e). Interestingly, the rMC niche activity
is significantly reduced at the peak of fibrosis (Tam-Bleo day 14) and completely lost
during fibrosis resolution (Tam-Bleo day 30 and Tam-Bleo day 60). The quantification of
colony-forming efficiency (CFE) confirms the decrease in rMC stem cell niche activity

during fibrosis formation and the lack of recovery during fibrosis resolution (Figure 13f).
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Figure 13: Evaluation of resident mesenchymal niche activity for AT2 stem cells

during fibrosis formation and resolution.

a) 8-12 weeks-old female Tg(Acta2-CreERT2)/+;tdTomato™* mice are used to lineage
label Acta2P®s cells in saline at day14 and Bleo-Tam condition at day 14 and 60 post-
bleo injury. b) Corresponding low and high magnification of IF staining against Rfp
(tdTomP®®), Acta2 and DAPI, indicating the presence of tdTomP®® cells in the bronchiolar
region as well as in the alveolar region in saline conditions at day14 and the presence
of abundant tdTomP°s cells in the fibrotic region at day 14. Note the presence of
tdTomP®s cells in the fibrotic region at day 60, which suggest that fibrosis is not
completely resolved. ¢) Corresponding low and high magnification of H&E staining
showing fibrosis formation at day 14 and the existence of fibrotic regions at day 60. d)
Gating strategy to sort CD31/CD45/EpCam triple negative (rMC) positive for Sca1 (rMC
Sca1Pe cells) as well as AT2s (CD31/CD45 negative EpCamP®s LysotrackerP®s). AT2
LysoP® and rMC Sca1P° cells are co-cultured in Matrigel for 14 days (alveolosphere
assay). e) Bright field pictures showing the formation of organoids when rMC Sca1°s
cells are isolated from Saline day 14 lungs and co-cultured with AT2s from non-injured
C57BL/6 mice. Note that such mesenchymal niche activity is significantly reduced at
the peak of fibrosis (Bleo day 14) and completely lost during fibrosis resolution (Bleo
day 30 and day 60). f) Quantification of colony forming efficiency confirming the
decrease in stem cell niche activity during fibrosis formation Bleo day 14 0.77% %
0.09% (n=3) vs saline day 14 2.2% = 0.20% (n=3) and the lack of recovery during
fibrosis resolution Bleo day 30 0% £ 0% (n=3) and day 60 0% + 0% (n=3). Scale bar:
b: Low magnification-75um, High magnification- 10pm; c: Low magnification- 500um,
High magnification- 50um; and e: 200um. Statistical analysis was performed using one-
way ANOVA with Newman—Keuls post hoc test for multiple comparisons. *: p<0.05; **:
p<0.01; ***: p<0.001
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5. Discussion

5.1 Breaking the dogma of Acta2 positive cells in the lung.

Several lineage tracing studies using Tg(Acta2-CreERT2)/+; tdTomato™ mice showed
that Acta2’®® cells during embryonic and postnatal lung development contribute
significantly to alveolar myofibroblasts; these cells are master regulators of secondary
septa formation thereby increases alveolar space for gas exchange. However, ActaZ2
expression is restricted only to ASMCs and VSMCs in the adult lung(El Agha, Moiseenko,
et al., 2017; Moiseenko et al., 2017).

Interestingly, our scRNA-seq results are against the dogma that Acta2”°® cells contribute
only to ASMCs and VSMCs; furthermore, in addition to them, we also identified various
mesenchymal populations in the parenchymal region of the lung, including, alveolar
fibroblasts, adventitial fibroblasts, peribronchial fibroblasts, pericytes, well as minor
contributions to Cthrc1 fibroblasts (Figure 5a).

These surprising results might be due to the differential expression of Acta2 protein in the
lung populations, Acta2 is highly expressed in the ASMCs and VSMCs (Figure 4c) and
often ignores the low-expressing Acta2 cells in the parenchyma. Furthermore, different
levels of tdTomato expressions are also observed in the lineage-labeled Acta2P°s cells.
This shows the heterogeneity of the Acta2P® population, as Rosa26 locus expression
varies between different cell types.

In conclusion, we used scRNA-seq on sorted lineage-labeled Acta2f®® (tdTomP?®) cells,
which contributed to multiple lineages and clustered them based on their anatomical
locations (Figure 14) in homeostasis condition.
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Figure 14: Heterogeneity of Acta2r°s cells in the lung.

Acta2P®s cells contribute to different mesenchymal hierarchies in the lung. Based on the
anatomical location and expression signature they are categorized into alveolar
fibroblasts which are located in the alveolar region, adventitial fibroblasts located
around blood vessels, peribronchial fibroblasts around the bronchiolar region, airway

and vascular smooth muscle cells, and a minor contribution to pericytes, and Cthrc1
fibroblasts.
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5.2 Newly formed Acta2r°s cells during fibrosis massively contribute to the
Cthrc1°P°s aMYF lineage.

The hallmark of IPF is the deposition of excessive ECM and tissue scarring; this process
is mediated and accelerated by aMYFs. It is widely believed that different sources

contribute to aMYFs. Nevertheless, the contribution of lung rMCs to aMYF is still debated.

This study showed that pre-existing Acta2°® minorly contributes to aMYF’s during fibrosis
formation. In contrast, cells acquire Acta2 expression during fibrosis and massively
contribute to aMYFs. Often researchers debate that in IPF, the entire lung mesenchyme
gets activated and deposits excessive ECM (Peyser et al., 2019; Tsukui et al., 2020; Xie
et al.,, 2018). Interestingly, our results show that the entire mesenchyme is
responding/activated during fibrosis formation, but their contribution is negligible
compared to the aMYF pool. However, we propose only three different mesenchymal
populations, namely peribronchial, adventitial and alveolar fibroblasts that have potential

to differentiate into aMYFs pool.

Surprisingly, a new population of alveolar fibroblasts arises, which were initially not
identified in homeostatic conditions. We propose that this newly formed alveolar fibroblast
cluster AI3 is initially Acta2™9 cells, but they acquire Acta2’®® status during fibrosis
formation. The interesting fact with this AI3 cluster is that they express a high level of
Sfrp1, which is proposed to be a Wnt signaling inhibitor. As aforementioned, Wnt is a
potent fibrotic pathway that guides the differentiation of fibroblasts to aMYF (Cao et al.,
2020). In addition, other studies also showed that Sfrp1 inhibited TGF@ in vitro cell
cultures (De Langhe et al., 2014). This might be the reason that all the LIFs are not
differentiating to aMYF’s. The cells that lose Sfrp1 expression might be influenced by Wnt
and TGF signaling, triggering the LIF to aMYF switch.

To sum up, during homeostatic conditions, Acta2P°® cells do not significantly contribute to
aMYFs (Saline and Tam-Bleo conditions). Acta2P°s cells forming during fibrosis formation
mainly arise from a pool of Acta2"9 cells that significantly contribute to aMYFs (Bleo-Tam

condition) (Figure 15).
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Figure15: De novo Acta2r°s cells during fibrosis are massive contributors to

fibrotic regions.

Homeostatic Acta2’® cells of different origins contribute minimally to aMYFs (Saline
and Tam-Bleo conditions). In contrast, de novo Acta2P®® cells evolving during fibrosis
are mostly arising from Acta2™9 cells of alveolar fibroblasts that significantly contribute

to aMYFs (Bleo-Tam condition)
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5.3 Heterogeneity of the Cthrc1P°s aMYF fibroblasts in IPF

It is widely proposed and accepted by the scientific community that aMYFs are a quite
heterogeneous population (El Agha, Kramann, et al., 2017; Habiel & Hogaboam, 2017;
Homps-Legrand, Crestani, & Mailleux, 2023; Hung, 2020). However, identifying and
characterizing them was challenging due to the lack of specific signature markers and

proper transgenic mice models.

Nevertheless, our study showed that the Cthrc1P*s aMYFs amplified in the context of
fibrosis represent a heterogeneous population that was further classified into four different
clusters (Ct1-4). Despite the clustering being based on Cthrc1 expression, these 4
clusters displayed differentially expressed genes. The Ct1 cluster contains more of LIF’s
characteristics. Both Ct3 and Ct4 were observed only in the context of fibrosis formation,
and they were cleared during fibrosis resolution. It is possible that Ct3 and Ct4 cells
differentiated back to their native states, which remains to be defined or underwent
apoptotic clearance.

Interestingly, Ct2 is the most abundant of all the clusters and shows the highest levels of
Cthrc1 expression. Furthermore, pathway analysis shows that cluster Ct2 is enriched with
key fibrotic signaling pathways such as Tgf3 and Whnt, which suggests that LIF to aMYF
differentiation is guided by Tgf and Wnt signaling.

In conclusion, Cthrc1P° aMYFs are heterogeneous and arise from multiple sources. They
respond differently during fibrosis resolution by either transitioning back to their native
state or undergoing apoptotic clearance. Additionally, we found that CTHRC1P° aMYF in
human IPF data sets are heterogeneous (with some clusters enriched with LIF markers),
thereby supporting this study.

5.4 LIF-AT2 stem cell niche is still hindered during fibrosis resolution

IPF is commonly diagnosed in older men and is unfortunately not curable and reversible
(Garcia, 2011; Raghu et al., 2018). However, mice are capable of resolving fibrosis
following bleomycin injury. This enabled scientists to understand key signaling regulators
in fibrosis resolution which could be further translated into human IPF; however, studies
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often use young mice. This is a limitation as IPF is a disease associated with aging.
Therefore, instead of using young mice (2-3 months of age), it would be more appropriate

to use elderly mice (12-18 months of age).

One of the hallmarks of fibrosis is the loss of the LIF-AT2 stem cell niche activity due to
epithelial cell injury, dysregulated repair, alveolar regeneration, and impaired epithelial-
LIF crosstalk. In mice models, the clearance of fibrotic lesions is considered fibrosis
resolution. Nonetheless, regaining the lost AT2 cells and LIF-AT2 stem cell niche activity

for restoring lung architecture and physiology is overlooked.

As aforementioned, the LIF-AT2 stem cell niche activity is lost with an increase of reactive
oxygen species produced by Nox4 due to metabolic dysregulation, a hallmark of aging
(Chanda et al., 2021). Various studies showed that NOX4 is elevated in IPF lungs and
acts as a key regulator in fibroblast to myofibroblast transition. NOX4 increases ACTA2
and COL1a1 expression by activating SMAD2/3 phosphorylation. Interestingly, inhibition
of NOX4 showed decreased ACTA2 and COL1a1 expression (Amara et al., 2010).
Additionally, intraperitoneal administration of metformin attenuates lung fibrosis in mice

by suppressing Nox4 (Sato et al., 2016).

A recent study demonstrated fibrotic CTHRC1P° cells act as a pathological niche for
human AT2 cells. This niche modulates and transdifferentiates AT2 into pathological
basal cells (Kathiriya et al., 2022). These studies show that the loss of the homeostatic
niche and the gain of the pathological niche are the key factors in the initiation and
progression of IPF.

In conclusion, we also demonstrated, for the first time, that the resident mesenchymal cell
activity, mainly carried out by the LIFs, does not recover during fibrosis resolution (Figure
13e and f). It further demonstrates that long-term damage to the vital LIF-ATZ2 interactions
in this mouse model is still present despite the clearance of most of the fibrotic lesions.
Furthermore, comparing the studies using aged mice around 12-18 months with young

mice could be a different angle for advancing fibrosis research.
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5.5 Evidence for a LIF-to-Cthrc1?° aMYF reversible switch during fibrosis

formation and resolution

In this study, we used lineage tracing of Acta2®® cells in combination with FACS and
scRNA-seq to investigate whether an alveolar fibroblast/lipofibroblast-to-
Cthrc1Pos/activated myofibroblast reversible switch takes place during fibrosis formation
and resolution in young mice following bleomycin administration. Figure 16 summarizes

our results.

We propose that during fibrosis formation, the main contributors to Cthrc1?°® aMYF are
Acta2™9 LIFM9" alveolar fibroblasts, which following bleomycin administration, get
activated and express a fibrotic signature and eventually differentiate into Cthrc1-°% LIFhigh
aMYF belonging to Ct1 cells. Ct1s further differentiate into Ct2 Cthrc1"9" aMYF during
fibrosis progression. During fibrosis resolution, the opposite occurs with Ct2 cells
differentiating into Ct1 cells, eventually leading to Cthrc1™9 LIFMsh AI2 alveolar fibroblasts.
We also propose that Ct3 and Ct4 arise from peribronchial and adventitial fibroblast,
respectively. As we could not detect Ct3 and Ct4 at d60 during resolution in our
conditions, we could not determine their fate during resolution. Interestingly, examination
of the CTHRC 1% cells in human IPF lungs also indicated heterogeneity in this cluster,
primarily made of myofibroblasts expressing a high level of the LIF marker LIMCH1

supporting the connection between the MYF and LIF in the context of the human IPF.
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Figure 16: Model of LIF-to-aMYF reversible switch during fibrosis formation and

resolution.

The main contributors during fibrosis formation to Cthrc1P°® aMYF (Ct1 and Ct2) are
Acta2™9 LIFMsh alveolar fibroblasts (Al3) which get activated and express a fibrotic
signature and eventually differentiate into Cthrc1:°" LIFM9" aMYF belonging to the Ct1
cluster. These Ct1 cells further differentiate into Ct2 Cthrc1"9" aMYF. During fibrosis
resolution, the opposite occurs with Ct2 cells differentiating into Ct1 cells, which will
eventually give rise to Cthrc1"9 LIFMdh alveolar fibroblasts (AI3 and Al2). We also
propose that Ct3 and Ct4 arises from peribronchial and adventitial fibroblast
respectively. As in our conditions, we could not detect Ct3 and Ct4 at d60 during

resolution, we could not determine the fate.
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5.6 LIF-to-aMYF reversible switch model for validating new drugs in IPF treatment
For surfactant synthesis, the LIF-AT2 interactions are essential. Parathyroid hormone-
related protein (Pthrp), which is secreted by AT2 cells, interacts with the adjacent LIFs.
Pparg is upregulated by Pthrp signaling, which increases Plin2 synthesis. For the
production of surfactant, the transfer of neutral lipids from the lipofibroblast to AT2
requires Plin2 (V. K. Rehan & Torday, 2014).
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Figure 17: LIF-AT2 crosstalk during homeostasis.

Pthrp signaling is essential for surfactant synthesis and Fgf10-Fgfr2b signaling

maintains AT2 cells survival in homeostatic conditions.

Interestingly, LIF to MYF transition was observed in neonatal rat lungs, with LIFs
transdifferentiating into MYF in response to both hyperoxia and nicotine treatment (V.
Rehan & Torday, 2003; V. K. Rehan et al., 2005). Furthermore, overexpressing Thy-1
and ciglitazone treatment led to an increase in Pparg and Plin2, with increased neutral
lipid accumulation in fetal rat lung fibroblasts (Varisco, Ambalavanan, Whitsett, & Hagood,
2012). In a different study, the deletion of ALKS, a Tgff3 receptor element, in mesoderm

62



Discussion

led to an increase in LIFs in the developing lung (Li et al., 2016). Additionally,
pneumonectomy (PNX) mice with activated Pparg signaling by rosiglitazone displayed
defective re-alveolarization due to an increase in LIF and decrease in myofibroblasts

populations (Chen, Acciani, Le Cras, Lutzko, & Perl, 2012).

The TGFB-mediated differentiation of pulmonary myofibroblasts and the synthesis of
collagen were inhibited by PPARg activation by ciglitazone and rosiglitazone (Burgess et
al., 2005). Additionally, our previous study had shown that metformin-induced activation
of BMP2 signaling in aMYFs resulted in the upregulation of PLIN2 expression through
PPARg activation and increased lipid droplet formation (Kheirollahi et al., 2019).

The reversible LIF to aMYF transition model will be vital for pre-clinical drug screening.
Forinstance, creating new in vitro models with primary IPF lung fibroblast or WI-38 human
embryonic lung fibroblast will be beneficial for testing and validating new drugs
(Lingampally et al., 2020). Additionally, using known lipogenic inducible drugs such as
metformin, rosiglitazone, and ciglitazone as a positive control to test the efficiency of new

drugs will fast-track the development of new medications for IPF treatment.

5.7 Limitation of our scRNA-seq approach to study fibrosis formation and
resolution.

Even though scRNA-seq is a powerful approach to identifying distinct cellular
subpopulations within a given lineage, our approach would benefit in the future from
gathering multiple time points during fibrosis formation and resolution. It is essential to
integrate into future analyses the level of injury triggered by bleomycin. In our approach,
we decided to settle for a mild level of fibrosis, which was nevertheless sufficient to trigger
the formation of distinct clusters of Cthrc1P°® cells. The range of the pathways activated

in these cells may depend on the level of injury.

Another limitation of our study is that we used only the Tg(Acta2-CreERT?2) line to label
the aMYFs. Interestingly, our results are against the dogma that Acta2 is not a good
marker for aMYF (Tsukui et al., 2020). While this may be true at the protein level, our
Tg(Acta2-CreERT?2) driver line successfully labeled the aMYF and, due to the non-leaky
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nature of this line, allowed us to make the distinction between the Acta2r°® cells labeled
before versus during injury. In the future, combining at least two different driver lines will
be essential to enhance the labeling of the LIFs giving rise to the Cthrc1°°° aMYF. Such
approaches may rely on the use of promoters for genes highly expressed in LIFs (such
as Fgf10, Tcf21, Scube?) to drive Cre-ERT2 expression combined with the use of still to

be generated Cthrc1P¢ERT2 mice.

Combining the Cre and Dre recombinases with the appropriate fluorescent reporter line
will allow targeting only the Cthrc1P°s cells originating from the LIFs for single-cell
transcriptomic analysis during fibrosis formation and resolution. Another important aspect
will be to characterize further, using the same approach, the four different Cthrc1P°s
subclusters identified in this study. In particular, it will be important to identify the critical

cluster for the deleterious fibrosis phenotype.
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6. Summary

Despite various studies and research, the initiation and progression of IPF are poorly
understood. IPF is a fatal disease with no cure, and the median survival rate post
diagnosis is 2-3 years. Currently, only two drugs, pirfenidone, and nintedanib have been
used as the first-line therapy for IPF. However, they only slow the progression but do not
cure the disease. Due to this, there is an urgent need to develop new therapeutic avenues
(Y. M. Liu et al., 2017; Richeldi et al., 2014).

The initiation of IPF is believed to be caused by repetitive injury to the alveolar epithelium
and recruitment of aMYFs. However, the cellular origin of aMYFs is still debated and
controversial due to their heterogeneous origin and level of contribution to fibrotic regions
during fibrosis. Furthermore, the fate of aMYFs and the underlying mechanisms that

enhance fibrosis resolution are poorly understood and still unclear.

Considering that the aMYFs express Acta2 and Acta2’®® cells significantly contribute to

fibrotic regions, we used Tg(Acta2-CreERT2); tdTomato™* mice to lineage-label aMYFs.

Firstly, our scRNA-seq results showed Acta2r°® cells contribute to different mesenchymal
populations such as ASMCs, VSMCs, alveolar fibroblasts, adventitial fibroblasts,
peribronchial fibroblasts, pericytes, and Cthrc1 fibroblasts. In the next step, we showed
the pre-existing Acta2f® cells displayed a minimal contribution to aMYFs during fibrosis
formation. In contrast, newly formed Acta2r°® cells, during fibrosis formation, massively
contribute to the aMYF pool. Furthermore, we showed these aMYFs are positive for
Cthrc1.

Using fine clustering, we identified that the Cthrc1?*® aMYFs are a heterogeneous
population, and we categorized them into four different clusters (Ct1-4). Interestingly, a
different level of Cthrc1 expression was observed within these four clusters. Furthermore,
we have identified that the Ct1 cluster expresses high levels of the LIF signature and that
the Ct2 cluster expresses a high level of Cthrc1. Moreover, data mining of human scRNA-
seq from fibrotic lungs supported the presence of a heterogeneous CTHRC1P%®

population.
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Next, we have identified a new alveolar fibroblast population emerging during fibrosis
formation (Bleo-Tam condition). These cells that originate from Acta2™9 alveolar
fibroblasts and express high levels of fibrotic signature (Sfrp1, Eln, Ltbp2, Spp1"9") are

suggested to differentiate into Cthrc1°" LIFMsh Ct1 subcluster.

Finally, we provided evidence supporting a LIF-to-Cthrc1?° aMYF reversible switch. We
propose that the alveolar fibroblasts are activated during fibrosis formation, and Acta2™?
LIFMsh alveolar fibroblasts differentiate to Cthrc1:” LIFM" aMYFs (Ct1 cluster). With
fibrosis progression, these cells further advance into Cthrc1"9" aMYF (Ct2 cluster). During
fibrosis resolution, the opposite occurs, Cthrc1"9" aMYF Ct2 cluster differentiates into
Cthrc1to" LIFhgh aMYFs Ct1 cluster, which eventually will differentiate back to alveolar

fibroblasts.

In conclusion, in this study, we have demonstrated using a scRNA-seq approach that a
LIF-to-aMYF reversible switch occurs during fibrosis formation and resolution. We have
also further refined the heterogeneity of Cthrc1P° aMYF populations, both in humans and
mice, and proposed that they are of different origin. Furthermore, one subpopulation of
Cthrc1Pes aMYFs, the Ct2 cluster, represents a potential translational target for fibrosis

resolution.
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7. Zusammenfassung

Trotz verschiedener Studien und Forschungen ist der Ausbruch und die Progression von
IPF kaum verstanden. IPF ist eine todliche Krankheit ohne Heilung und die mediane
Uberlebensrate nach der Diagnose betragt 2-3 Jahre. Derzeit wurden nur zwei
Medikamente, Pirfenidon und Nintedanib, als Erstlinientherapie von IPF eingesetzt. Sie
verlangsamen jedoch nur das Fortschreiten, heilen aber nicht die Krankheit. Aufgrund
dieser Tatsache besteht ein dringender Bedarf an der Entwicklung neuer therapeutischer
Wege (Y. M. Liu et al., 2017; Richeldi et al., 2014).

Es wird angenommen, dass der Ausbruch von IPF durch wiederholte Verletzungen des
Alveolarepithels und die Rekrutierung von aMYFs verursacht wird. Der zellulare Ursprung
von aMYFs wird aufgrund ihres heterogenen Ursprungs und ihres Beitrags zu fibrotischen
Regionen wahrend der Fibrose immer noch kontrovers diskutiert. Daruber hinaus ist das
Schicksal von aMYFs und die zugrunde liegenden Mechanismen, die die Auflosung der

Fibrose verbessern, schlecht verstanden und noch unklar.

In Anbetracht der Tatsache, dass die aMYFs ActaZ2 exprimieren und dass Acta2r® Zellen
signifikant zu den fibrotischen Regionen beitragen, haben wir Tg(Actaz2-

CreERT2);tdTomato™ Mause zum Herkunftsnachweis von aMYFs verwendet.

Erstens zeigten unsere scRNA-seq Ergebnisse, dass Acta2°® Zellen zu verschiedenen
mesenchymalen Populationen wie ASMCs, VSMCs, alveolaren Fibroblasten,
adventitiellen Fibroblasten, peribronchialen Fibroblasten, Perizyten und Cthrct

Fibroblasten beitragen.

Im nachsten Schritt konnten wir zeigen, dass die bereits vorhandenen Acta2’®s Zellen
wahrend der Fibrosebildung einen minimalen Beitrag zur Bildung von aMYFs zeigten. Im
Gegensatz dazu tragen neu gebildete Acta2P®® Zellen wahrend der Fibrosebildung massiv
zum aMYF Pool bei. Darlber hinaus haben wir gezeigt, dass diese aMYFs positiv fur
Cthre1 sind.

Durch fine clustering konnten wir feststellen, dass die Cthrc1*** aMYFs eine heterogene

Population sind, und wir haben sie in vier verschiedene Cluster (Ct1-4) kategorisiert.
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Interessanterweise wurde innerhalb dieser vier Cluster ein unterschiedliches Niveau der
Cthrc1 Expression beobachtet. Wir haben festgestellt, dass der Ct1 Cluster ein hohes
Niveau der LIF Signatur und der Ct2 Cluster einen hohen Grad an Cthrc1 exprimiert.
Daruber hinaus unterstutzte Data Mining von humaner scRNA-seq aus fibrotischen

Lungen das Vorhandensein einer heterogenen CTHRC1°°S Population.

Als nachstes haben wir eine neue alveolare Fibroblastenpopulation identifiziert, die
wahrend der Fibrosebildung entsteht (Bleo-Tam-Kondition). Wir nehmen an, dass diese
Zellen, die aus Acta2™ alveolaren Fibroblasten stammen und hohe fibrotische
Signaturen (Sfrp1, Eln, Ltbp2, Spp1™9") aufweisen, in Cthrc1°” LIFheh Ct1 Subcluster

differenzieren.

SchlieBlich lieferten wir Beweise fur einen reversiblen LIF-zu-Cthrc1?°® aMYF-Schalter.
Wir schlielen daraus, dass wahrend der Fibrosebildung die alveolaren Fibroblasten
aktiviert werden und Acta2"? LIF"e" alveolére Fibroblasten zu Cthrc1:°" LIFhis" aMYFs
(Ct1-Cluster) differenzieren. Im Verlauf der Fibrose entwickeln sich diese Zellen weiter zu
Cthrc1"9" aMYF (Ct2-Cluster). Wahrend der Auflésung der Fibrose tritt das Gegenteil auf,
ein Cthrc1"9" aMYF Cluster differenziert sich in einen Cthrc1:°” LIFheh aMYFs Ct1-

Cluster, der sich schlief3lich wieder zu alveolaren Fibroblasten zurtick differenziert.

Zusammenfassend haben wir in dieser Studie mit einem scRNA-seq -Ansatz gezeigt,
dass ein reversibler LIF-zu-aMYF -Wechsel wahrend der Fibrosebildung und -auflésung
stattfindet. Wir haben auch die Heterogenitat von Cthrc1P°s aMYF-Populationen sowohl
bei Menschen als auch bei Mausen weiter definiert und schlagen vor, dass sie
unterschiedlichen Ursprungs sind. Daruber hinaus stellt eine Subpopulation von Cthrc1pP°s
aMYFs, das Ct2-Cluster, ein potenzielles Translationsziel fur die Aufldsung von Fibrosen

dar.
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