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Résumeé

L'épithélium des voies respiratoires est un écosysteme complexe composé de cellules basales, de
cellules a gobelet et de cellules multiciliées (MCC), ainsi que d'autres types cellulaires plus rares. Les
cils motiles des MCC permettent d’éliminer le mucus piégeur d’agents pathogénes produit par les
cellules a gobelet. Dans I'asthme, I'épithélium subit une inflammation chronique et un remodelage,
menant a une diminution du nombre de MCC et a une hyperplasie des cellules a gobelet, ce qui altére
la clairance mucociliaire et aggrave les symptomes. L'interleukine 13 (IL-13), produite par les
lymphocytes T helper de type 2 (Th2), les mastocytes, les basophiles et les cellules innées lymphoides
de type 2, est un médiateur clé de I'asthme de type 2. L'IL-13 cause I'hyperplasie des cellules a gobelet,
tandis que les rhinovirus, principales causes d'exacerbation de I'asthme, augmentent la production de
mucus et réduisent la fonction ciliaire. Outre l'implication déja caractérisée du systtme immunitaire
dans I'asthme, la contribution des mécanismes propres a I'épithélium restait a élucider.

Pour étudier les événements moléculaires contrélant I'équilibre des cellules épithéliales et leur
déreglement dans I'asthme, des biopsies bronchiques de donneurs sains et d'asthmatiques séveres ont
été reconstruites in vitro grace a un modele d'interface air-liquide (ALl), traitées avec I'lL-13 ou le
rhinovirus A16 (RVA16), et analysées par séquencage d'ARN sur cellule unique (scRNA-seq). Plus de
260 000 cellules de 9 donneurs sains et 11 asthmatiques séveres ont été étudiées. Les épithéliums
asthmatiques ont présenté une hyperplasie des cellules basales et une signature inflammatoire méme
en condition contréle. L'IL-13 a provoqué un remodelage épithélial aprés 8 jours et a induit le facteur
de transcription des cellules a gobelet SPDEF dans une sous-population de MCC que nous avons
nommées "cellules mucociliées". L'infection par RVA16 a déclenché une réponse interféron et
chimiokine 4,7 fois plus importante dans les épithéliums sains que dans les asthmatiques, selon le
nombre de génes différentiellement exprimés. Deux semaines apres retrait de I'lL-13 ou du RVA1S6, les
épithéliums ont retrouvé leur expression génique et/ou composition cellulaire initiales, indiquant des
capacités de récupération similaires entre donneurs sains et asthmatiques séveres. Des genes
potentiellement régulateurs de I'asthme et du remodelage épithélial ont été identifiés. Leur réle est
exploré parinvalidation via CRISPR-Cas9 et analyse scRNA-seq.

Le modele ALl joue un réle central dans toutes les études in vitro et repose sur différents milieux
commerciaux ou « maison » dont I'impact sur la différenciation épithéliale au niveau de la cellule
unique n’a jamais été étudié. J'ai utilisé le scRNA-seq pour comparer 4 milieux différents et découvert
des variations dans la composition cellulaire, dans I'expression des génes avec notamment une
expression différentielle du facteur d'entrée du SARS-CoV-2 ACE2, ainsi que dans les transcrits du
sécrétome. La prolifération en PneumacCult-Ex Plus a favorisé un profil sécrétoire, soulignant l'influence
clé des milieux de prolifération sur les caractéristiques de différenciation épithéliale. Mes données
fournissent un répertoire détaillé pour évaluer les effets des conditions de culture sur la différenciation
épithéliale des voies respiratoires.

Enfin, j'ai participé a la caractérisation de la différenciation des cellules multiciliées en étudiant le locus
génomique MIR34B/C, hote des génes BTG4, LAYN et HOATZ. Les microARN miR-34b/c sont
étroitement liés a la famille miR-449 connus comme régulateurs de la multiciliogenése. En utilisant le
scRNA-seq et la microscopie a super-résolution, nous avons démontré que le locus MIR34B/C, comme
son homologue MIR449, est un locus multiciliaire englobant des génes qui sont des régulateurs
potentiels de la multiciliogenése.

Mots clés : Single-cell RNA seq, Asthme, Voies respiratoires, Humain, Epithélial, Régénération



Summary

The airway surface epithelium is a complex cellular ecosystem that includes basal, goblet, multiciliated
cells, as well as other rarer cell types. Motile cilia on multiciliated cells clear the pathogen-trapping
mucus secreted by goblet cells. In asthma, the epithelium undergoes chronic inflammation and
remodeling, which results in a decreased number of multiciliated cells and a goblet cell hyperplasia
that impairs mucociliary clearance and worsen symptoms. Interleukin 13 (IL-13), produced by type-2
lymphocyte T helper (Th2) cells, mast cells, basophils, and type-2 innate lymphoid cells, is a major
mediator of type 2 high asthma, the most common asthma endotype. IL-13 directly causes goblet cell
hyperplasia, while rhinovirus infections, the leading causes of asthma exacerbation, increase mucus
production and reduce ciliary function. Apart from the already well-characterized implication of the
immune system in asthma, the underlying contribution of epithelium-specific mechanisms remained
so far unresolved.

To investigate the molecular events controlling airway epithelial cells balance and their dysregulation
in asthma, bronchial biopsies from healthy and severe asthma donors were reconstructed in vitro using
an Air-Liquid Interface (ALI) model. They were treated with IL-13 or rhinovirus A16 (RVA16) and
analyzed by single-cell RNA sequencing (scRNA-seq). Over 260,000 cells from 9 healthy and 11 severe
asthma donors were analyzed. Severe asthma epithelia showed basal cell hyperplasia and an
inflammatory signature, even under control conditions. IL-13 treatment caused significant epithelial
remodeling after 8 days in both healthy and severe asthma epithelia and induced expression of the
goblet-specific transcription factor SPDEF in a multiciliated cell subpopulation that we labeled
“mucous-ciliated cells.” RVA16 infection triggered an interferon and chemokine response 4.7 times
greater in healthy epithelia than in asthmatic ones, assessed by the number of differentially expressed
genes. Two weeks after IL-13 or RVA16 removal, epithelia recovered their initial cell composition and/or
gene expression, indicating similar recovery capacities between severe asthmatic and healthy donors.
A set of genes was identified as potential regulators of the asthmatic phenotype and airway epithelial
remodeling. Their putative role in remodeling is currently investigated by CRISPR-Cas9 invalidation and
scRNA-seq analysis.

The ALI model plays a central role in all in vitro studies and its careful characterization is essential. It
relies on different commercial and home-made media, but their impact on epithelial cell differentiation
at the single-cell level had never been evaluated. | used scRNA-seq to quantify cell type distribution
and gene expression variations across 4 distinct media. | found variations in cell composition, gene
expression, and secretome transcripts that | illustrated more precisely with the differential expression
of the SARS-CoV-2 entry factor ACE2. Proliferation in PneumaCult-Ex Plus favored secretory cell fate,
highlighting the key influence of proliferation media on epithelial differentiation. My data provide a
comprehensive repertoire for evaluating culture condition influence on airway epithelial
differentiation.

Lastly, | participated in the characterization of multiciliated cell differentiation by investigating the
MIR34B/C genomic locus, host to the genes BTG4, LAYN, and HOATZ. The miR-34b/c microRNAs are
closely related to the miR-449 family known as multiciliogenesis regulators. Using scRNA-seq and
super-resolution microscopy, we demonstrated that the MIR34B/C locus, like its homolog MIR449, is a
multiciliary locus encompassing genes that are potential regulators of multiciliogenesis.

Keywords: Single-cell RNA seq, Asthma, Airway, Human, Epithelial, Regeneration
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Chapter I. Introduction

A. Airway epithelium

The respiratory system has the crucial task of carrying and delivering oxygen-rich air to the blood. It

comprises three main regions, the upper and lower airways and the alveoli:

1) The upper, or extra-thoracic, airways are made of the nose, nasal cavity, mouth, larynx and

pharynx. With the exception of the mouth that serves as an alternative airway opening that

cannot filter particles, the role of the upper airways is to filter, humidify and warm up inhaled

air (Ximena et al., 2006). The nasal cavity lays on top of the hard palate and is split in half by

the nasal septum. The lateral walls are made of three turbinates on each side (Fig.1) (Cardesa

et al., 2017).
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Figure 1: Frontal section of nasal and paranasal cavities.

1, Nasal septum; 2, crista galli; 3, orbit: 4, lamina papyracea: 5, middle turbinate; 6, inferior
turbinate; 7, middle meatus; 8, inferior meatus; 9, maxillary sinus; 10, ethmoid sinus.

From Watelet & Van Cauwenberge, 1999.

2) Thelower, orintra-thoracic, airways are composed of a succession of ducts that split into ducts

of decreasing diameters (akin to a tree): the trachea, bronchi and bronchioles which make up

the conducting airways (Fig.2). There are approximately 23 new branchings (called

“generations”) in humans, compared to 13 in mice (Fig.3).

a.

The trachea (generation 0) is the largest duct, with a diameter of approximately 2.5 cm
and a length of ~10 cm. It is surrounded by ~18 C-shaped cartilage rings. Murine
tracheas have a lumen of 1.5 mm in diameter.

The distal part of the trachea splits into two bronchi, the left and right main bronchi,

that successively split to constitute the first three generations.




c. Once the diameter of the bronchi is inferior to 1 mm, they are considered as
“bronchioles”. This section of the lung is often referred to as “small airways”. In human,
the cartilage rings extend until the small airways, whereas in mice cartilage coverage
stop at the main bronchus.

3) The respiratory bronchioles and alveoli which make up the acinar airway. The bronchioles
transition progressively into alveoli to form the distal lung parenchyma, where oxygen from
inhaled air is transferred to the blood stream in exchange for CO, which is then exhaled. The
alveoli are the smallest functional units of the respiratory system. In human, alveoli have a
diameter of 210 um while in mice, they are about 80 um across (Basil & Morrisey, 2020; P. R.
Tata & Rajagopal, 2017; Weibel & Gomez, 1962).
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Figure 2: Organization of the human lung.
Airway branching and their corresponding generations (z, left) and casting of an adult human lung (right).
From Weibel, 2013 and Weibel, 1962.

Mammalian airways (upper and lower), are lined by a mucociliary epithelium constituting an effective
first line of airway defense against a wide range of living or inert inhaled substances (Deprez et al.,
2020; Hill et al., 2022; P. R. Tata & Rajagopal, 2017). In humans, this epithelium is pseudostratified from
the nose to the terminal bronchioles, while in mice it transitions to a simple columnar epithelium in

the distal part of the trachea (Rock et al., 2010).
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Figure 3: Anatomical comparison between mouse and human airways.
From Rock et al., 2010.

This epithelium forms a complex ecosystem, with:

e basal cells playing a role in epithelial adhesion and stability (P. R. Tata & Rajagopal, 2017; L. E.
Zaragosi et al., 2020),

e secretory cells such as club cells, producing antimicrobial and anti-inflammatory peptides
(Wang et al., 2003) and goblet cells secreting protective mucins to the luminal surface (Chen
et al., 2009),

e multiciliated cells (MCC), evacuating mucus through the coordinated beating of their cilia
(mucociliary clearance) (Gras et al., 2013), which differentiate from a small population of
deuterosomal cells (Deprez et al., 2020; Revinski et al., 2018; Ruiz Garcia et al., 2019),

e as well as rarer cell types (ionocytes, pulmonary neuroendocrine cells, tuft cells) (Fig. 4).

The tracheal (mice) or the tracheal up to the bronchial (human) epithelium is punctuated by

invaginations called submucosal glands (SMG) (Fig.4), playing an important role in mucus and fluid

secretion and innate immunity (Widdicombe & Wine, 2015). The cellular composition of the epithelium




varies according to macro-anatomical location, with the greatest differences observed between nasal
and tracheobronchial epithelia. In the tracheobronchial airways, cell distribution is relatively stable,

with changes occurring in the most distal bronchioles (Deprez et al., 2020; Schiller et al., 2019).
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Figure 4: Overview of the different lung cell types featured in CellCards.
This thesis is mainly focused on the airway epithelial cells (blue box).
Adapted from Sun et al., 2022.

1. Composition
Cell types

The airway epithelium is a complex ecosystem comprised of various cell types, each with specialized
functions (Fig.4&5). When possible, | have provided here the proportions of different cell populations
in the human or murine epithelium. However, achieving consensus across studies is often challenging
due to conflicting conclusions. Some inconsistencies stem from direct extrapolations in humans of
works done on rodents. Additionally, there is a confusion between epithelium composition and
epithelium coverage. The former includes all epithelial cells from the basal lamina to the lumen, while
the latter only considers lumen-facing cells (secretory and multiciliated). There are few studies
quantifying human epithelial cell composition through histology. In recent years, several studies have
attempted to map the human lung using single-cell RNA sequencing, which introduced its own biases;
for example, the sampling method can skew estimations towards more apical cells (brushings) or basal

cells (biopsies). Figure 13 catalogues the markers and Cre lines of the main epithelial cell types.
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Figure 5: Cell composition of the surface airway epithelium.
From Deprez et al., 2020.

Basal cells
Basal cells are small, poorly differentiated cells that make up around 30% of the airway epithelium

(Fig.6A) (Rock et al., 2009; P. R. Tata & Rajagopal, 2017). In humans, they are distributed all along the
airway tract, although their number decreases distally, and is half as large in small airways (i.e. with a
diameter of less than 0.5 mm) (Boers et al., 1999; Zaragosi et al., 2020). In mice, although abundant in
the trachea (~30% of epithelial cells), basal cells are absent from the terminal airways (Rock et al., 2009,
2010). They line the basal lamina on which they are anchored via junctions called hemidesmosomes to
ensure epithelium integrity (Fig.6A) (M. J. Evans et al., 1989; P. R. Tata & Rajagopal, 2017; L. E. Zaragosi
et al., 2020). They specifically express the transcription factor TP63 and keratin 5 (KRT5) (X. Sun et al.,
2022; P. R. Tata & Rajagopal, 2017).

Basal cells are the main stem cells of the airway epithelium: they can self-renew and give birth to the
other resident epithelial cell populations. Indeed, a lineage tracing study by Rock and his team, used a
Cre recombinase under the control of the KRT5 promoter to demonstrate that the rate of labeled basal
cells was similar in mice at 6 and 15 weeks, indicating that labeled cells renew themselves and are not
diluted by the descendants of unlabeled cells. On the contrary, they found that the rate of labeled club
and multiciliated cells increased over time, proving that basal cells generate secretory and ciliated cells
with homeostasis (Rock et al., 2009). Similar results were obtained after administration of sulfur dioxide
(S0,), a gas whose inhalation destroys the most apical part of the epithelium (Pardo-Saganta, Law, et
al., 2015; Rock et al., 2009). Basal cells, considered to be relatively quiescent, are able to respond

rapidly to aggression and proliferate to renew the epithelium, which is characteristic of stem cells




(Kotton & Morrisey, 2014; Rock et al., 2009). The cycling basal cells are identifiable by the expression
of the marker of proliferation MKI67 and other cell cycle related genes (Deprez et al., 2020). In in vitro
culture, these properties allow to reconstitute a mature, differentiated epithelium comprising the main
cell types from a suspension of basal cells (Redman et al.,, 2024; Rock et al., 2009). Interestingly,
however, it is not the proliferating basal cells that have the ability to differentiate. Ghosh et al. identify
a unipotent population of proliferating basal cells (KRT5+/KRT14+/MKi67+), unable to generate a
differentiated epithelium under conventional culture conditions (Air-Liquid Interface), unless in the

presence of other tracheal cells (Ghosh et al., 2011).

Under homeostatic conditions, the airway epithelium is a relatively quiescent tissue with little turnover
(Kotton & Morrisey, 2014). The rate of basal cell proliferation is controlled by the FGFR1-SPRY2 axis
(Fig.6B), which inhibits the ERK and AKT pathways (Balasooriya et al., 2016), known to promote
proliferation (Lavoie et al., 2020; McCubrey et al., 2007).
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Figure 6: Basal cells.

A: Electron microscopy of a hamster tracheal epithelia with a basal cell outline in dotted lines, below a multiciliated cell
(Magnification: x10,500). Adapted from Evans et al., 1989. B: Schematic representation of the FGFR1-SPRY2 axis limiting
basal cell proliferation. Adapted from Balasooriya et al., 2016.

Finally, basal cells form a stem cell niche, which they maintain by preventing club cells (another
progenitor population) from de-differentiating into basal cells. Indeed, Rao Tata has demonstrated in
vitro that the presence of a single basal cell is sufficient to maintain club cell differentiation in

organoids, and that basal cells therefore play a tissue-organizing role (Fig.7) (Rao Tata et al., 2013). This




niche regulates the fate of other cells and maintains the secretory/ciliary balance of the epithelium by

sending certain signals (Pardo-Saganta, Tata, et al., 2015).
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Suprabasal cells
As they differentiate, basal cells migrate towards the apical part of the epithelium. Before reaching the

lumen, they pass through the "suprabasal" layer and lose TP63 expression, changing into the
population of suprabasal cells, also called parabasal cells in some studies. This population, although
important, is poorly characterized as it is morphologically identical to basal cells and differentiable from
them only by its suprabasal location (above the basal cell layer) and by a negative marker: the low
expression or absence of TP63 (Boers et al., 1998; Mori et al., 2015). Suprabasal cells are more often
than not forgotten from reviews, even recent ones summarizing different populations of the airway
epithelial ecosystem (Basil et al., 2020; Basil & Morrisey, 2020; Konkimalla et al., 2022; P. R. Tata &
Rajagopal, 2017).




However, several studies have demonstrated the existence of this cell population. In a mouse model of
basal cell lineage tracing where, after induction in adulthood, basal cells (Krt5+) become GFP positive,
Watson et al. observed that luminal cells (secretory cells, multiciliated cells) known to be derived from
basal cell differentiation, only became labeled once a basal cell generated a second Krt5+GFP+ cell (J.
K. Watson et al., 2015). Given that tracing is triggered in the adult mouse, if basal cells differentiated
directly into luminal cells at homeostasis, new GFP+ luminal cells should have been able to appear
without the first basal cell generating a second basal cell (KRT5+ GFP+). The authors concluded that
basal cells were capable of asymmetric division, but that it was the second basal cell population that
gave rise to luminal cells. They identified this population as "luminal precursor" basal cells on the basis
of its expression of Krt8 (luminal marker) and compared it with the "parabasal" cell population
described by Mori et al. the same year, also Krt8+. Indeed, Mori et al. described the existence, in in
vitro cultures, of a population of cells located above basal cells, resulting from Notch3 activation in
basal cells and showing a decrease in Tp63 (Mori et al., 2015). In 2024 we know that Mori's population
most likely corresponds to suprabasal cells (Ruiz Garcia et al., 2019; L. E. Zaragosi et al., 2020). Watson's
luminal precursor basal cells are therefore most likely suprabasal cells too, despite no decrease in Tp63
and a slight increase in Notch3 expressions in this population. It is important to note that expression
analysis of these genes was performed by an early form of single-cell RNA sequencing (scRNA-seq), on
an extremely small population of 67 cells due to the recent arrival of this technology in 2015 (J. K.
Watson et al., 2015). This small proportion of cells may therefore not be representative of the entire

study population.

With advances in scRNA-seq, sequencing a much larger number of cells allowed to characterize with
greater granularity the different cell populations making up the airway epithelium. For example, in
2020, Deprez et al. sequenced 77,969 cells from samples taken along the entire airway tract of 10
volunteers. Among these cells, 17.6% were positive for KRT5 and NOTCH3 and had low TP63 expression,

and were thus labeled as suprabasal (Deprez et al., 2020).

Club cells

Club cells, previously named Clara cells, are secretory cells present at the luminal part of the epithelium
(Hogan et al., 2014). In humans, club cells are predominantly enriched in the distal part of the lungs,
representing 11% of terminal bronchioles and 22% of respiratory bronchioles (Boers et al., 1999). In
contrast, in mice, they are widely distributed from the trachea to the bronchioles (Hong et al., 2001;
Rock & Hogan, 2011). They have a cuboid shape with a characteristic dome, sometimes called
uterodome (Rock & Hogan, 2011). They possess electron-dense secretory granules on their
membranes, containing antimicrobial and anti-inflammatory peptides (Boers et al., 1999; P. R. Tata &

Rajagopal, 2017), which confer a protective function by enriching mucus to mediate the inflammatory




response. The most characteristic peptide secreted by club cells is SCGB1A1 (Rawlins, Okubo, et al.,
2009), which contributes to xenobiotic metabolism (Jones et al., 1983). Additionally, club cells
contribute to ion flow and express important ion transport molecules such as ENaC and CFTR (Hill et

al., 2022).

In addition to their function as terminally differentiated cells, lineage tracing studies using transgenic
mice possessing a Cre recombinase under the control of the Scgblal marker promoter have shown
that club cells also function as airway epithelial progenitors. They can give rise to multiciliated cells
(Rawlins, Okubo, et al., 2009) or to goblet cells (Chen et al., 2009), depending on whether the Notch
pathway is repressed or activated, respectively (Lafkas et al., 2015). Moreover, they are capable of
proliferation and self-renewal, which, by definition, make them stem cells (Boers et al., 1999; Hogan et
al., 2014). In the event of severe aggression damaging basal cells, they can regenerate the epithelium
by dedifferentiating into basal cells (Rao Tata et al., 2013). Indeed, Rao Tata et al. have developed a
mouse model enabling the elimination of airway basal cells in the adult mouse while tracing club cells,
with the conditional expression of the diphtheria toxin into Krt5+ cells combined with lineage tracing
using the YFP protein under the Scgblal promoter. After depletion of 80% of basal cells, the study
showed a doubling in the number of proliferating Scgblal+ cells, as well as ~¥8% YFP+ basal cells,

meaning that they originated from club cells that had dedifferentiated (Rao Tata et al., 2013).

In mice, a subset of Upk3a positive club cells termed variant-club has been identified after naphthalene
injury, a chemical treatment used in mice to deplete the club cell population due to their conversion of
naphthalene to a toxic product through the cytochrome P450 enzyme Cyp2F2. This rare subtype is
located around neuroepithelial bodies and is able to survive naphthalene injury, probably because of a
low expression of Cyp2f2. They can differentiate to repopulate the airway epithelium (Basil & Morrisey,

2020; Guha et al., 2017).

Goblet cells
Goblet cells take their name from their characteristic vase-like shape (Rogers, 1994). They account for

12% of bronchial epithelial cells (or 23% of luminal cells) in humans (J. H. L. Watson & Brinkman, 1964),
but are only slightly present in laboratory mice at homeostasis, probably due in part to the fact that
they are raised in virtually pathogen-free environments, and that the development of these cells is at
least partly linked to the presence of inhaled irritants (Basil & Morrisey, 2020; Hogan et al., 2014; Rock
& Hogan, 2011; Rogers, 1994). Goblet cells arise from the differentiation of club cells under the effect
of the expression of the transcription factor SPDEF (SAM pointed domain containing ETS transcription

factor) (Chen et al., 2009).




Although often grouped together under the umbrella term "secretory" or mucus cells, goblet and club
cells are cells with a distinct identity and function. Indeed, goblet cells possess large electron-lucent
granules (~10um) (Hill et al., 2022) at the apical side of their cytoplasm, containing mucus constituent
molecules such as MUC5B and MUCSAC, two high-molecular-weight mucins, lipids and small
glycoproteins (Rogers, 1994). Mucins are first synthesized as monomers that are dimerized then
polymerized in the Golgi apparatus. The large mucin polymers are stored in secretory granules under a
dehydrated form hundreds of times more compact than their hydrated form (Fig.8A). They are
neutralized with positive Ca?* to avoid self-repulsion due to their negative charges (Fahy & Dickey, 2010;
McShane et al., 2021). Low mucus secretion is continuous at baseline to ensure proper airway
hydration and protection. However, vesicles can discharge in an explosive manner (within tenths of a
millisecond) in response to various stimuli or irritants such as cigarette smoke, certain gases (SO, ,
ammonia vapor), prostaglandins or nervous signals (Jaramillo et al., 2018; Rogers, 1994). Vesicle
transport from the cytoplasm to the apical membrane is partly mediated by the interaction of
myristoylated alanine-rich C kinase substrate (MARCKS) with the cytoskeleton. Rab proteins on the
vesicles interact with the tethering protein MUNC13-2 to dock the granules to the plasma membrane.
Club cells of mice lacking Munc13-2 accumulate Muc5b-filled secretory granules in their cytoplasm
(zhu et al., 2008). Once exocytosis is triggered, the SNARE complex and other molecules open the
secretory pore. The instantaneous hydration of the mucins upon contact with the extracellular matrix

leads to their ejection into the lumen (Fig.8B) (Jaramillo et al., 2018; Y. Li et al., 2001).

Goblet cells play an active role in protecting the airway tract against pathogens and other inhaled
irritants. However, excessive or prolonged mucus secretion, or an imbalance in the ratio of goblet cells
to multiciliated cells, can be pathological. Goblet cell hyperplasia, for example, is at telltale sign of
chronic respiratory diseases such as asthma, chronic obstructive pulmonary disease (COPD) or cystic

fibrosis (Chen et al., 2009; Gras et al., 2013; Tyner et al., 2006).
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Figure 8: Mucus secretion.
A: Schematic representation of mucus secretion by goblet cells. B: Regulation of mucus exocytosis.

From McShane et al., 2021.

Mulfticiliated cells
Multiciliated cells (MCCs) are pyramid-shaped luminal cells with hundreds (~300) of motile cilia on

their surface. Cilia are hair-like structures projecting towards the lumen, with a highly organized
internal structure composed of microtubules (axoneme), arranged in a 9+2 pattern (Fig.9). Their height
varies from 7 um to 3-4 um in the bronchi, and they have a diameter of 0.3 um. Microvilli of about half
the height of their height are interspersed between the cilia (Greenwood & Holland, 1975; Legendre
et al., 2021). The distance between two neighboring cilia is around 200 nm (Widdicombe & Wine,
2015). Basal bodies anchoring the cilia are present beneath the luminal surface, accompanied by a high

concentration of mitochondria, necessary to power the movement cilia (Ximena et al., 2006).

11



Multiciliated cells make up about 40 to 55% of murine tracheal epithelial cells (Rock et al., 2010; Roth
et al., 2024). Several studies reveal contradicting estimations of the MCC repartition in humans:
according to Mercer they make up 30% of human bronchial epithelial cells, which represent 60% of the
apical coverage (Mercer et al., 1994). A study by Roth et al. published this year increased this estimates
to almost 90% of total luminal surface area (Roth et al., 2024). These discrepancies might stem from
the very different methods used in these studies, or for inter-individual variabilities, which are difficult

to evaluate due to insufficient descriptions of tissue donors.

» Outer DA /’ Nexin-dynein Outer DA Outer dynein arms (DA)
regulatory complex docking DNAH5 DNAN
complex DNAHS DNAI2
P Inner DA Radial spoke ODAD1 DNAH11 DNAL1
ODAD2
ODAD3
ODAD4 A-tubule inner face

(axoneme ruler)

,,,,,, CCDC39
R ——— e —— .0'.'6". €CDC40
Basal 3 L
sal axoneme \ oo
\ Radial spoke stalk
RPGR® \ ! A
\ . DNAJB13
Distal appendage ‘\\ g'.'.': «(’ %“ﬁ?’ 3 NMES5¢
assembly \ .."..._0 o K RSPH3
Multiciliogenesis OFD12 ’..,.-' %; : Radial spoke head
CCNO  MCIDAS Basal body/foot, rootlet ? o \pii 1 RSPH1
FOXJ1 NEK10 ~\ \ RSPH4A
GAS2L2 SN
:... RSPHY
e e . Cytoplasmic DA assembly 3“"'-
< et CFAP298  DNAAF5 Qo 4 Hexi-aynem
CFAP300 DNAAF6 omn e regulatory complex
DNAAF1  LRRC6 ‘.. CCOC65

8o
= '-0" . P DRC1
DNAAF2  SPAG1 o0
DNAAF3  TTC12 GAS8
DNAAF4  ZMYND10
Central pair Inner DA subset

CCDC103 (DA assembly/attachment)® p bly/targeting
CFAP221¢ CFAPS7¢

Exact function/location to be determined HYDIN

LRRC56 (outer DA assembly/targeting)® SPEF2

NMES (outer DA)b.¢. ¢
STK36 (central pair/radial spoke)® ¢

Figure 9: Multiciliated cells structure and components.
From Legendre et al., 2021.

Multiciliated cells are post-mitotic, terminally differentiated cells with a half-life of 6 (trachea) to 17
months (bronchioles) in mice (Pardo-Saganta, Tata, et al., 2015; Rawlins & Hogan, 2008; X. Sun et al.,
2022). They arise from the differentiation of club cells, when the Notch pathway is repressed, and the
expression of their transcription factor FOXJ1 is activated. More specifically, the generation of hundreds
of cilia requires a complex process known as multiciliogenesis, which will be described in greater detail

in the section on multiciliogenesis. Among many specific genes, the Cell card study selected FOXJ1 and

RSPH1 as marker genes in humans (X. Sun et al., 2022). MCCs play a crucial role in maintaining and
protecting the airway tract, through the coordinated beating of their cilia, which evacuates the

pathogen-trapping mucus.
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Deuterosomal cells
A key step in the process of multiciliogenesis corresponds to the rapid and extensive amplification of

centrioles within a limited time frame, which occurs mainly around an acentriolar structure called the
deuterosome (Barbry et al., 2020; Sorokin, 1968). Thus, deuterosomal cells form a necessary
intermediate between club progenitor cells and multiciliated cells. This specific population also
expresses FOXJ1 but differs from mature MCCs in having a unique expression profile and at the same
time sharing a signature with cycling basal cells, which is necessary to the biosynthesis of hundreds of
centrioles. Among the markers specific to deuterosomal cells are DEUP1, which encodes a key
component of deuterosomes, but also CDC208B, the host gene of miR-449abc, which has been shown

to be a key regulator of centriole amplification (Revinski et al., 2018).

Rare cells
In addition to the previous cell types, there are four cell types described as rare because of their low

frequency in the epithelium (Deprez et al., 2020), that nonetheless possess important functions:

ionocytes, pulmonary neuroendocrine cells (PNECs) and tuft/brush cells (L. E. Zaragosi et al., 2020).

lonocytes
lonocytes are found on the luminal side of the epithelium. They represent between 0.5 and 1.5% of

total human airway epithelial cells. In the mouse, Konkimalla et al. estimate that ionocytes represent
only 0.42% of epithelial cells but are responsible for 54% of Cftr (Konkimalla et al., 2022). Murine
ionocytes have been identified as the main source of Cftr (cystic fibrosis transmembrane conductance
regulator), a critical chloride channel, many mutations of which are responsible for cystic fibrosis
(Montoro et al., 2018). lonocytes express genes encoding subunits of the proton pump V-ATPase, which
plays an important role in the regulation of ion transport and pH, as well as the transcription factor
FOXI1, a crucial determinant of their lineage (Hewitt & Lloyd, 2021). FOX/1 and ASCL3 are the two main

markers of human ionocytes (X. Sun et al., 2022).

Pulmonary neuroendocrine cells
Pulmonary neuroendocrine cells (PNECs) present microvilli at their apical pole, which protrude into the

lumen. In the mouse, they are often grouped into innervated clusters called neuroepithelial bodies
(NEBs) and located at branches of the airways (P. R. Tata & Rajagopal, 2017). PNECs also possess
secretory granules containing various peptides such as bombesin or GRP (gastrin-releasing peptide),
calcitonin gene-related peptide (CGRP) and even serotonin (5-HT). Specific markers of human PNECs
are GRP and the Achaete-scute homolog 1 ASCL1 (X. Sun et al., 2022). PNECs play a role in immune cell
recruitment and can detect hypoxia or chemical and mechanical variations (P. R. Tata & Rajagopal,

2017).
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Inaclub cell lineage tracing study (Scgblal), no labeling was detected in neuroendocrine cells (Rawlins,
Okubo, et al., 2009), suggesting that they originate directly from basal cell differentiation. Indeed, in a
basal cell lineage tracing model (Krt5), Watson et al. detected neuroendocrine cells labeled with the
reporter (J. K. Watson et al., 2015). Furthermore, a study coupling a mouse model of PNEC lineage
tracing (Cgrp) to naphthalene injury destroying club progenitor cells, showed that in a wounding
context, neuroendocrine cells are able to proliferate and give rise to new club and multiciliated cells to
restore the epithelium (Song et al., 2012). Thus, PNECs may also have a progenitor function in the event
of injury.
Tuft/brush cells

Although scarce (0.002 % of epithelial cells in humans), tuft cells (or brush cells), were identified as
early as the 1950s on electron microscopy images due to their bottle shape and characteristic microvilli
tuft (Billipp et al., 2021; Waghray et al., 2023). However, their function remained unknown until the
2010s, when they were identified as chemosensory cells that regulate immunity. They are located close
to nerve fibers and mediate communication between the epithelium and the nervous system. They
share similarities with taste cells, notably through the expression of GNG13. Tuft cell lineage is defined
by the expression of the transcription factor POU2F3 and ASCL2 (Billipp et al., 2021; Hewitt & Lloyd,
2021; X. Sun et al., 2022). Recently, a deep lung single cell atlas identified a common progenitor
between tuft cells and ionocytes, able to differentiate into tuft cells (at the expense of ionocytes), when

treated with Type 2 or Type 17 cytokines (Waghray et al., 2023).

Mucous-ciliated cells
Mucous-ciliated cells (or goblet-ciliated cells) are hybrid cells positive for MUC5AC and FOXJ1,

possessing both secretory vesicles and cilia (Fig.10). They have been reported in humans under
physiological (Deprez et al., 2020) and pathological (Vieira Braga et al., 2019) conditions both also in in
vitro models of goblet hyperplasia (Gomperts et al., 2007; Turner et al., 2011; Tyner et al., 2006). That
evasive cell type challenges the canonical cellular trajectories of the airway epithelium, and it is not
clear whether they originate from the transdifferentiation of goblet cells, multiciliated cells or neither.
No lineage-tracing study showed definitive proof of their origin. In a mouse model of ovalbumin
challenge (that triggers goblet cell hyperplasia) coupled to a multiciliated cell lineage tracing (Foxj1+),
no goblet cells were positive for YFP 48h after of OVA administration. Out of 16 YFP+ Foxj1- cells, 11
were positive for Scgblal, indicating that, in this model, multiciliated cells do not transdifferentiate to

goblet cells but might dedifferentiate into club cells (Pardo-Saganta et al., 2013).
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Figure 10: Mucous-ciliated cells.

Immunofluorescence image of a mucous-ciliated cell isolated by cytospin.

From Deprez et al., AJRCCM 2020.

Ruiz-Garcia et al. identified mucous-ciliated cells expressing both MUC5AC and FOXJ1 in healthy human

bronchial biopsies, healthy human nasal epithelial cell (HNEC) cultures and newborn pig tracheas,

confirming that these cells exist at homeostasis and without IL-13 treatment. Moreover, by sequencing

single cells from HNEC cultures at different differentiation points and performing lineage inference,

they placed goblet cells as putative precursors of multiciliated cells (Fig.11) (Ruiz Garcia et al., 2019).
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Structures

Submucosal glands
Submucosal glands (SMG) are secretory structures found in the tracheal (mice) or the tracheal up to

the bronchial (human) surface epithelium. They play an important role in fluid and mucus secretion

and innate immunity. They form invaginations composed of a duct that branches into acini:

1) The duct is composed of the side walls connecting the surface epithelium to the distal part of the
SMG and, as the surface epithelium, is composed of basal, club and multiciliated cells. Study of a
single human SMG showed that the duct can start as a multiciliated duct that dilates into a
collecting tube branching into a dozen of acini (Meyrick et al., 1969).

2) Acini are the distal part of the SMG. They host the majority of MUC5B+ goblet cells and some
unique cell types described in figure 12 (Anderson et al., 2017; Meyrick et al., 1969; X. Sun et al.,

2022). MUC5B+ cells located in SMGs are most often termed “mucous cells”.

Alrway lumen
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Figure 12: Schematic representation of a submucosal gland.
From Widdicombe et al., 2015.
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Myoepithelial cells

Sun et al., 2022).

Serous cells
Serous cells are secretory cells with small electron-dense granules. They participate in host defense by

source of CFTR (Engelhardt et al., 1994; Widdicombe & Wine, 2015).

Myoepithelial cells are flat and elongated cells found in the distal part of SMGs, that provide structural
support to the acini. They can dedifferentiate into basal cells to replenish the surface epithelium (Lynch
et al., 2018; A. Tata et al., 2018). They possess markers of both epithelial and muscle cells such as

KRT14, a-smooth muscle actin (aSMA) and myosin heavy chain 11 (MYH11) (Anderson et al., 2017; X.

secreting antimicrobial lactoferrin and lysozyme and regulate fluid secretion as they are an important

Table 1. Markers and cre lines

Surface protein

Cell lineage Cell type Marker genes” genes” Antibodies Cre lines*
Epithelium Basal cell TP63, KRT5 NGFR", TRPC6" TRP63, KRT5 Trp63°5F™2(Lee et al., 2014)
Krt5°®ERT2(van Keymeulen et al., 2011)
Epithelium Secretory cell SCGB1A1, SCGB3A2 SLC4A7", SCUBE2"  SCGB1A1 chb7a1°"’ERT2(Raw.rlins et al., 2009b)
Epithelium Ciliated cell FOXJ1, RSPH1 CDHR3, CDHR4 FOXJ1, Acetylated-Tubulin ~ Foxj1°*5#™2(Rawlins and Hogan, 2008)
Epithelium Goblet cell MUCSAC, SPDEF PCDH7",SLC4A11"  MUCSAC, AGR2
Epithelium Pulmonary neuroendocrine  ASCL1, GRP", Calca NRXN1", CDH18" GRP"/Bombesin, CGRP" Ascl1°®ERT2(Kim et al., 2011)
cell
Calca®™""3(Song et al., 2012)
Epithelium Tuft cell POU2F3, ASCL2, Dclk1™ TRPMS5" POU2F3, DCLKM Dclk1°®ER(Westphalen et al., 2014)
Pou2f3°ER2(McGinty et al., 2020)
Epithelium lonocyte FOXI1, ASCL3, Cftr CFTR™ Ascl3EEFP-Cryllard et al., 2008)
Epithelium Bronchoalveolar stem Co-express low level Dual recombinases or split cre effector (Liu et al., 2019;
cell SFTPC and SCGB1A1 Salwig et al., 2019)
Epithelium Alveolar type 1 cell AGER", RTKN2, Hopx™ AGER, SEMA3B AGER, HOPX Hopx°"EAT2(Jain et al., 2015)
HTI-56" (MAB)
AgerrERT2(Chung and Hogan, 2018)
Aqgp5°(Flodby et al., 2010)
Epithelium Alveolar type 2 cell SFTPC, LAMP3 KCNJ15 SFTPC, ABCA3 Sftpc®™®ERT2(Chapman et al., 2011; Rock et al., 2011)
HTII-280" (MAB)
Epithelium Ductal basal cell VIM, SOX9 TRP63, KRT5 Trp63°"*EF™2(ee et al., 2014)
Krt5°®ERT2(an Keymeulen et al., 2011)
Epithelium Myoepithelial cell KRT14, MYH11 ACTA2/SMA Acta2°®ER72 (Anderson et al., 2017; Lynch et al., 2018;
Tata et al., 2018)
Myh11-creERT2 (Anderson et al., 2017). (both are also
active in smooth muscles and myofibroblasts)
Epithelium Mucous cell MUC5B, SPDEF MUC5B
Epithelium Serous cell LYZ, LTF

Figure 13: Markers and cre lines of the main epithelial cell types.
From Sun et al., 2022.

Hillocks

Hillocks, although sometimes referred to as a cell type, are newly discovered stratifications of
squamous-like (Krt13+) cells (Fig.14). They were first identified in murine epithelium by Montoro et al.
in 2018 and are still poorly characterized in humans. Montoro et al. characterized hillocks as layers of

Krt13+ Scgblal+ club cells stacked on top of Trp63+ Krt13+ basal cells, with concentrated EdU labeling
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(Fig.14A). Authors speculated that the high proliferation observed in hillocks was indicative of an injury-
responsive capacity (Montoro et al., 2018). Indeed, in 2024, they presented evidence that hillocks can
withstand 80 mM HCI treatment and cryoinjury in mice. Moreover, they showed that hillock basal cells
were able to repopulate the epithelium after naphthalene-induced epithelial denudation in mouse.
Therefore, hillocks are a unique injury-resistant reservoir of epithelial stem cells (Lin et al., 2024).
Hillocks might be implicated in asthma pathogenesis as hillock-like differentiation trajectory signature

was identified in pre-asthmatic children (Koppelman et al., 2024).
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Figure 14: Hillocks.

A: Immunofluorescence image of Krt13+ hillock cells in mice. B: Schematic representation of a hillock structure.
C: Lineage hierarchy of hillock cells.

Adapted from Montoro et al., 2018.

Cellular junctions

The airway epithelium is the first physical barrier against inhaled aggression. To ensure adequate
protection, cells must form a cohesive unit that is impermeable to pathogens, through strong

intercellular junctions (Fig.15).

Tight junctions (zonula occludens)
Tight junctions are found in the most apical region of the lateral surface of epithelial cells (Fig.15). As

their name suggests, these are the tightest junctions found in the epithelium, bringing two neighboring
cells into close proximity. They form a distinct physiological barrier between the apical (outside the
organism) and basolateral parts of the cells, but allow the polarized passage of certain molecules
including ions, water and macromolecules, into the paracellular space (Gumbiner, 1993; Kageyama et

al., 2024). Tight junctions are composed of transmembrane proteins such as claudins, occludin,
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tricellulin and JAMs (junctional adhesion molecules), associated with cytoplasmic proteins such as zona

occludens (Z0) -1, -2 and -3, themselves linked to the actin of the cytoskeleton (Kageyama et al., 2024).

Intermediate junctions (zonula adhaerens)
Intermediate junctions provide resistance to mechanical forces between cells and regulate their

morphology and movements (Perez-Moreno et al., 2003). They are located between the lateral
surfaces of two neighboring cells (Fig.15) and form intercellular spaces about 200 A wide (Farquhar &
Palade, 1963). They belt the cells below the tight junctions and are composed of E-cadherin and a- or
B-catenin bridges, connected to the actin cytoskeleton (Perez-Moreno et al., 2003; Rezaee & Georas,

2014).

Desmosomes (macula adhaerens)
Desmosomes are found along the basolateral half of cells, below the intermediate junctions (Fig.15).

Unlike the latter, desmosomes do not form a belt but rather dense, punctually distributed plaques,
where transmembrane proteins (desmogleins and desmocollins) are linked to the cytokeratin
intermediate filaments of the neighboring cell via intracellular proteins such as desmoplaquin.

Desmosomes provide robust stability between cells (Kageyama et al., 2024).

Hemidesmosomes
Hemidesmosomes are similar to desmosomes, but instead of connecting two cells to each other, they

are located beneath the basal pole of cells and connect a cell to the extracellular matrix (basal lamina)
(Fig. 15). For that reason, in the airway epithelium, they are only found on basal cells (M. J. Evans et

al., 1989).

Gap junctions
Gap junctions are intercellular, channel-like pores which, unlike other junctions, do not play a structural

role, but enable direct and rapid communication between two cells, in the form of passive diffusion of
ions, secondary messengers and small molecules (< 1 kDa). These pores are composed of two protein

complexes called connexins (Goodenough et al., 1996).
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Figure 15: Schematic representation of the different epithelial junctions.
From Nature Education, 2010.

2. Functions of the airway epithelium

As seen in part IA1. Composition, the airway epithelium forms a rich ecosystem populated by cells

specialized in protecting the lungs and the organism.

Physical barrier

The section Cellular junctions detailed the structures of the airway epithelium allowing the formation

of a tight physical barrier protecting the body from inhaled pathogens.

Mucociliary clearance

Mucociliary clearance plays a major role in this defense, particularly against the 10°to 10° bacteria and
other particles inhaled every day. Mucociliary clearance results from the coupling between mucus
production by goblet cells from the surface epithelium and mucous cells from the SMGs, and the
coordinated beating of motile cilia present on the apical surface of multiciliated cells. The mucus, rich
in "sticky" glycosylated mucins (MUC5AC and MUCSB), traps viruses, bacteria, dust, pollen and other
inhaled pathogens. The mucus is continuously displaced anteriorly by a current generated by the

beating cilia of the multiciliated cells, at a speed of 5 mm/min, until it reaches the larynx, where it is
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swallowed and digested or spat out (Hill et al., 2022; Legendre et al., 2021; Widdicombe & Wine, 2015).
At the interface between the epithelium and the inhaled air is a liquid film of variable thickness (from
10 um in the trachea down to 0.1 um in the alveoli) and composed of two phases: the periciliary fluid
(between the cilia of multiciliated cells) and the mucus, which is in contact with ciliary tips

(Widdicombe & Wine, 2015).

Mucus composition
At homeostasis, mucus is a hydrated gel composed of 97.5% water, 1.1% proteins, 0.9% salts and 0.5%

high-molecular-weight mucin polymers (Hill et al., 2022). First synthesized as monomers, mucins are
dimerized by disulfide bridging via their -COOH end chains, then polymerized in the Golgi apparatus by
disulfide bridging via their -NH, terminal chains (Fig.16). The polymers formed are extremely large and
rich in glycans (~75% of their total weight) (Fig.17). The extensive glycosylations (~4000 possible sites

per dimer) provide:

1) hydroxyl sites for mucus hydration,
2) a negative charge to repel negative periciliary fluid,
3) an extensive catalog of modifications to hypothetically bind to and evacuate any inhaled

foreign body (Hill et al., 2022; McShane et al., 2021).
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Figure 16: Characteristic of mucins.
A: Mass of different mucins. B: Structure of a mucin monomer. C: Dimerization of mucin monomers.
From Hill et al., 2022.
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MUC5B and MUCS5AC are the two main mucins in airway mucus. Their respective genes are coded in
the same mucin genomic cluster along with the other secreted mucins MUC2 and MUCS6, on the short
arm of chromosome 11 (11p15) (Bansil & Turner, 2006; Whitsett & Alenghat, 2015). In the event of
inflammation, the ratios between the two mucins can be altered, with notably MUC5AC expression

increasing 50-fold (McShane et al., 2021).

The majority of authors agree that in vivo, MUC5B is predominantly expressed in submucosal glands,
and MUC5AC is the dominant mucin in proximal and distal surface epithelial mucus (Hill et al., 2022;
McShane et al., 2021). During human development, MUC5B appears early in the airways at 13 weeks
of gestation, followed by MUCS5AC expression at 17 weeks. As the airways mature and the submucosal
glands develop, MUC5B expression migrates to the glands (Reid et al., 1997). However, a 2019 study
by Okuda et al. contradicts this consensus by providing a regional characterization of the distribution
of MUC5B and MUCS5AC in normal human airways. The study shows that MUC5B is the predominant
mucin secreted not only in submucosal glands but also in superficial airway epithelia (Fig.18). It also
indicates that the principal region for MUC5AC production is the surface epithelium of proximal
cartilaginous airways (Okuda et al., 2019). Moreover, location of mucus production could influence

their glycosylation and sulfation content, leading to location-specific properties (Hill et al., 2022).
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Figure 17: Representative glycans found in a mucin monomer.
From Wang et al., 2021.
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Interestingly, neither MUC5B nor MUC5AC was detected in terminal bronchioles (Fig.18), suggesting
that proper gas exchange in alveoli requires an absence of mucins (Okuda et al., 2019). In 2011, Seibold
and colleagues identified a gain-of-function rs35705950 SNP variant in the putative promoter of
MUC5B, associated with pulmonary idiopathic fibrosis (IPF). They found an accumulation of MUC5B
plugs in the cysts of patients and in the cytoplasm of the secretory columnar cells of their bronchi. One
of their working theories is that this variant promoter could induce ectopic production of MUC5B in
patients’ alveoli, interfering with surfactants and/or perturbing alveolar repair (Seibold et al., 2011).
David Schwartz’s group has extensively studied the effect of rs35705950 on IPF initiation. Their latest
works suggest that in small airways, alveolar cells get locked in a muco-secretory phenotype that results
in progenitor depletion (Kurche et al., 2024). In agreement with that, an overexpression mouse model
of Muc5b under an alveoli-specific reporter (surfactant protein C, Sftpc), coupled to bleomycin injury,
demonstrated a correlation between overexpression of Muc5b in the distal lung and increased fibrotic
response. In contrast Muc5b” mice presented less collagen deposits than control littermates (Hancock

et al., 2018).
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Figure 18: MUC5B and MUCSAC expression across the lungs.
From Okuda et al., 2019.

24



Periciliary layer
The periciliary layer is an aqueous layer necessary for proper ciliary beat. Its volume, composition and

hydration levels must be strictly controlled to ensure efficient mucociliary clearance (Boucher, 2007).
To regulate the hydration of the periciliary layer, the epithelium continuously secretes and absorbs ions
through two main ion transporters: the epithelial Nal chain (ENaC) and CFTR, expressed by ionocytes
and club cells (Hill et al., 2022). The major importance of this ion balance is illustrated by cystic fibrosis,
a disease caused by mutations in the CFTR gene, which lead to mucus hyperconcentration
(dehydration) in many organs. In particular if affects the lungs, where mucociliary clearance is impaired,

leading to mucosal obstructions and repeated bacterial infections that can be fatal (Hill et al., 2022).

There are two models describing the interaction between mucus and the periciliary layer (Fig.19). The
first, known as the "classical" model, dates back to the 1930s and equates the periciliary layer to a
liquid in which the cilia beat freely, with the mucus layer above. Although intuitive, this model does not
explain why mucus does not diffuse into this layer, nor why mucus does not detach from the interface
in the event of high airway hydration (Dickey, 2012; Hill et al., 2022). A second model proposed by
Button, known as "gel on brush", describes the periciliary layer not as a liquid but as a gel composed
of membrane-bound mucins projecting toward the lumen, forming a brush along the cilia of MCCs
(Fig.19). In human bronchial epithelial cell cultures, Button et al. identified MUC1 and MUC4 as the
mucins forming a meshwork around cilia (Button et al., 2012). This gel on brush model has several
advantages: 1) it helps explain why the mobile mucus layer does not diffuse into the periciliary layer:
the compact membrane-bound mucins in the gel prevent the mobile mucins from intercalating into the
cilia. 2) The mucins attached along the cilia create a spatial hindrance that allows neighboring cilia to
repel and coordinate with each other. 3) The increasing density of anchored mucins from top to bottom
helps expel particles from the periciliary layer and prevents particles larger than 25 nm from
approaching the epithelium. 4) The negative charges of mucins make them excellent lubricants in
aqueous environments, reducing friction between cilia and the mobile mucus layer. The negative
charges of the periciliary layer also allow it to repel mucus (also negatively charged), and to be repelled
by mucus, creating an osmotic force holding the periciliary layer in place (Dickey, 2012; Widdicombe &

Wine, 2015).
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Figure 19: The two models of the periciliary layer.
From Hill et al., 2022.

Ciliary beating

Mucus evacuation is only possible owing to the cilia of multiciliated cells beating at a frequency

between 10 and 20 Hz and according to a very specific pattern made up of two phases:

1. An effector phase in which the cilium is perpendicular to the epithelium, with its tip anchored
in the mucus layer. It moves in one plane, in the direction of mucus evacuation.
2. Arecovery phase in which the cilium curves like an arc to return to its initial position (Legendre

et al., 2021).

The beating at the surface of the MCCs, although coordinated, is not synchronous. Their movement is
slightly offset in time, creating a wave on the surface of the epithelium. According to a model by Elgeti,
this asynchronous beating enables mucus to be propelled 10 times more efficiently and 3 times faster

than a synchronous beating of the cilia would (Fig.20) (Elgeti & Gompper, 2013).

top view side view

Figure 20: Representation of a cilium beat (left) and modelisation of asynchronus beat (right).
From Elgeti & Gompper., 2013.
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Immune defense

Epithelial cells are in constant contact with external particles and pathogens carried by the inhaled air.

In addition to forming a physical barrier to protect the lungs from injury, the airway epithelium is

intimately linked to the plethora of immune cells hosted by the lungs (Fig.21):

Neutrophils/granulocytes are small cells that patrol the lungs in search of pathogens to kill and
remove.

Macrophages are phagocytic scavengers that can be found in the alveolar or interstitial space.
Alveolar macrophages are large and crucial for surfactant turnover, while interstitial
macrophages are smaller and present antigens to trigger adaptative immunity.

Dendritic cells are antigen presenting cells.

Mast cells degranulate when they encounter IgE, releasing histamine.

T cells can help the response of other immune cells (helper T cells) or kill virus-infected cells
(cytotoxic T cells). When activated by an allergen, T cells become Th2 cells and trigger airway

hyperresponsiveness by producing cytokines such as IL13 (X. Sun et al., 2022).

The role of the epithelial cells is to recognize pathogens, alert and recruit immune cells (Fig.21):

1.

2.

They express pattern recognition receptors (PRRs) such as Toll-like receptors -3, -4 (TLR3, -4)
and NLRs, which enable them to detect foreign molecules (PAMPs and DAMPs) via the Janus
kinase/signal transducer and activator of transcription 6 (JAK/STAT6), NF-kB and IRFs
pathways.

Activation of TLRs and NLRs leads to the production of antimicrobial peptides (HBD-2, HBD-4),
CXC chemokines (CXCL1-8, CXCL12) and CC chemokines (CCL2, CCL17, CCL18, CCL20), and
cytokines (IL-33, TSLP, IL-25...) by epithelial cells, which will attract immune cells such as
leukocytes, neutrophils, pulmonary dendritic cells, innate lymphoid cells type 2 (ILC2) or
lymphocytes type 2 to the site (Hartl et al., 2018; Ordovas-Montanes et al., 2020; Whitsett &
Alenghat, 2015).

Recently, a study presented an immunomodulatory role for epithelial SMG cells. Duct and serous cells

can recruitimmune cells (IgA plasma cells, B cells and CD4 T cells) and modulate their response through

the secretion of cytokines and the expression of major histocompatibility complex class Il (MHC-II) and

CD40 (Madissoon et al., 2023).
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Figure 21: Signaling in epithelial immunity.
Adapted from Whitsett et al., 2015.

3. Development of the lung and the respiratory airways

Embryonic origin of the upper airway epithelium

The development of the nasal cavity starts at embryonic day (E) 9.5 in mice or at the end of the 4™
gestational week in humans, when the nasal/olfactory placodes emerge from the ectoderm. Between
the 4™ and 8™ weeks, the nasal placodes thicken and invaginate to form the nasal epithelium and all
midface structures (nostrils, nasal bones, nasal cartilage, sinuses) (Cardesa et al., 2017; Grindley et al.,
1995). At week 5, the nasal sacs form, and the primitive nasal and oral cavities separate. By the 8"
week, the lateral nasal walls are well-developed. As the nasal pits deepen and expand, the nasal
epithelium will differentiate into two distinct regions: the airway/respiratory and the olfactory
epithelia. Although this divergence is not clearly reported, it can be assumed that it occurs around
E10.5 to E12.5 in mice and between the 5" and 7" weeks of gestation in humans, during the formation
of the primitive nose and the formation of the olfactory epithelium in the upper nasal cavities (Som &

Naidich, 2013).

The development of the nasal airway epithelium has not been clearly described and the primitive nasal

epithelium is often referred to as the olfactory epithelium, regardless of the developmental stage,
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therefore in this paragraph | will assume that the primitive nasal epithelium is a progenitor of both
tissues. Nasal epithelium development is under the tight control of several morphogens (Fig.22). Null
homozygousy of the anteriorizing factor Otx2 is lethal in mice as they fail to form midbrain and
forebrain by E9.5 and heterozygous Otx2*" mice do not develop nasal placodes (Acampora et al., 1995;
Beby & Lamonerie, 2013). Similarly, Pax6 expression in mice is detected in the head surface ectoderm
at E8.0, around the time nasal placodes appear and Pax6”" mice fail to form nasal placodes (Collinson

et al., 2003).

Olfactory

Adenohypohyseal

Neural Crest

l l
]

Trigeminal

]
v ] | ' '
Adenohypohyseal || Olfactory l-l‘ 7nl|m Epibranchial
( otx2 ) Gbx2/Irx
( Pax6 [ Pax3 | Pax2/8 )

Figure 22: Divisions of neural plate border and locations of the cranial placodes in a chick embryo.
From Koontz et al., 2023.

Embryonic origin of the lower airway epithelium

The development of the lower airways (trachea, bronchi, parenchyma) begins in the endodermal layer
of the embryo with the ventral expression of Nkx2-1 in the primitive foregut endoderm, while Sox2 is
expressed dorsally in the future esophagus (Fig.23A&B). At E9.5 in mice or E28 in humans (4™ week),
two lung buds appear due to the expression of Fgfl0 in the adjacent mesoderm and Fgfr2 in the
endoderm. The localized expression of Fgf10 relies on retinoic acid signaling and Tgf inhibition. Around
the same period, the trachea and esophagus start separating. The lung buds then elongate and undergo
branching morphogenesis (pseudoglandular stage), narrow (canalicular stage) and form small sacs
(saccules) that will develop into alveoli (saccular stage) (Fig.23C) (Cardoso, 2001; Morrisey & Hogan,

2010).
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Figure 23: Embryonic lung patterning and development.
Forgut (A) and dorsal (B) patterning, adapted from Morrisey et al., 2018. C: Main stages of lung development in human and mouse. From
Nikoli¢ et al., 2018.

4. Homeostasis and regeneration
Multiciliogenesis

Multiciliogenesis is the process by which progenitor cells differentiate into multiciliated cells. It requires
a centriole amplification step during which the cells generate ~300 of centrioles which mature into
basal bodies from which will elongate motile cilia. Lineage tracing studies have shown that, at
homeostasis, multiciliated cell originate from the differentiation of club cells (Rawlins, Okubo, et al.,
2009). In a mouse model of apical sloughing, it has been shown that, in the absence of club cells, basal
cells can differentiate directly into multiciliated cells (Pardo-Saganta et al., 2013). In both instances,
during centriole amplification the progenitor transits through an intermediate cell type called the

deuterosomal cell.

Centrosomes are core structures functioning as microtubule organizing centers (MTOC), made of a pair
of half-micron centrioles arranged perpendicularly and surrounded by a cloud of proteins called the
pericentriolar mass (PCM). Centrosomes are necessary for cell proliferation (Azimzadeh, 2014) (For
review, Bettencourt-Dias Trends in genetics 2011). Chemical ablation of centrosomes by the PLK4

inhibitor centrinone lead to P53-mediated cell cycle arrest in the G1 phase (Wong et al., 2015). During




multiciliogenesis, centrioles are massively amplified before becoming the basal bodies that anchor cilia

to the plasma membrane.

Multiciliogenesis can be recapitulated into several steps: cell cycle arrest, centriole amplification, apical

network reorganization, centriole migration to the apical pole and cilia elongation.

1)

2)

Cell cycle arrest: To amplify their centrioles, progenitors must first exit the cell cycle as the

centrosome is repurposed for centriole amplification. With a few exceptions, cilia are negative

regulators of cell proliferation (Keeling et al., 2016).

Centriole amplification: There are two distinct but concomitant ways to increase centriole numbers

from two to hundreds of centrioles:

a)

b)

Centriolar pathway: This is the pathway used by most cells to duplicate centrosomes in
preparation for cell division. In multiciliated cell progenitors, one to multiple daughter
procentrioles form around their mother centrioles in either an orthogonal, rosette or ectopic
orthogonal fashion. The centriolar pathway is regulated by polo-like kinase 4 (PLK4). PLK4 is
recruited to the mother centriole by centrosomal protein 152 (CEP152), then interacts with
CEP63 to form a ring (Zhao et al., 2013).

i) Centriole duplication: Each of the two existing mother centrioles serves as a template for

the formation of a new procentriole.
ii) Maturation: The new procentrioles elongate and mature by incorporating proteins from
the PCM.

iii) Centrosomes separation (Werner et al., 2017).

Deuterosomal/acentriolar/de novo pathway: Deuterosomes are MCC-specific and membrane-
less organelles that form de novo, independently from the centrosome, during
multiciliogenesis. Cells undergoing massive centriole amplification through the deuterosomal
pathway are called deuterosomal cells. Each deuterosome can nucleate tens of procentrioles,
accounting for 90% of centrioles generated (Fig.24). Knocking out the gene coding for the
deuterosome-specific protein Deupl in mice and xenopus stops deuterosome formation but
does not block centriole formation nor reduce the number of centrioles formed. It leads,
however, to crowding of procentrioles in the centrosome region, indicating that deuterosome
self-assembly could help sequester procentrioles into more compact flower arrangements to
relieve parent centrioles from spatial hindrance. In addition, MCCs lacking both parent
centrioles and deuterosomes still produce an appropriate number of centrioles inside a cloud
of pericentriolar and fibrogranular material showing that centriole amplification can organize

in an autonomous fashion without any specific organelle (Mercey, Levine, et al., 2019).
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Al Jord et al. described three distinct stages during mouse ependymal cell differentiation (Fig.24).

i) Halo stage or amplification A-phase: procentrioles form on deuterosome platforms;

ii) Flower stage or growth G-phase: procentrioles elongate and mature;

iii) Basal body stage or disengagement D-phase: mature centrioles disengage from the
deuterosomes to then anchor at the apical pole of the plasma membrane and transform
into basal bodies (Al Jord et al., 2014; Mercey, Al Jord, et al., 2019).

3) Apical network reorganization: To anchor and orientate basal bodies correctly, the actin
cytoskeleton must be reorganized into a dense apical mesh network, through the repression of the
small GTPase R-Ras by the miR-34/449 superfamily of microRNAs (Chevalier et al., 2015).

4) Cilia elongation: The 9 outer doublet microtubules and 2 singlets axoneme structure of motile cilia
(cilium proper, or core) are built and maintained through a process called intraflagellar transport
(IFT). Tubulin is transported along the axoneme to the growing plus ends of the microtubules by
motor proteins. Cilia are continuously being assembled and disassembled by IFT trains, maintaining

a state of dynamic stability (Avasthi & Marshall, 2012).
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Figure 24: Centriole amplification in multiciliated cells.
From Jord et al., 2014.

Multiciliogenesis is first triggered by the inhibition of Notch by miR-34/449 (Marcet, Chevalier, Luxardi,
et al., 2011), which leads to the transcriptional induction of two major transcriptional regulators:
Multicilin (MCIDAS) and Geminin (GMNC) (Fig.25). GMNC stimulates the expression of MCIDAS and
interacts with E2F4/5-TFDP1 and MCIDAS to form a quaternary complex that regulates

multiciliogenesis at an early-stage by inducing the expression of genes such as MYB, FOXJ1, FOXN4, or
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RFX3 (Arbi et al., 2016; Kyrousi et al., 2015; Stubbs et al., 2012; Terré et al., 2016; F. Zhou et al., 2015).
Another regulator of multiciliogenesis is TP73, which is expressed in a fraction of basal cells but mainly
in multiciliated cells. TP73-deficient mice remain capable of centriole amplification, but these
centrioles fail to anchor to the apical membrane, are not polarized, and do not develop axonemes
(Nemajerova et al., 2016) The expression of TP73 is also controlled by MCIDAS and TP73 induces FOXJ1,
RFX2/3 (Marshall et al., 2016). These transcription factors are both major inducers of late
multiciliogenesis. FOXJ1 has been shown be required for maturation, migration and/or apical anchoring
of the centrioles, and for axoneme elongation and motility (Brody et al., 2000; J. Thomas et al., 2010;
You et al., 2004; X. Yu et al., 2008). RFX factors promote the expression of numerous proteins that are
integral to cilia structure, such as dyneins, and especially proteins involved in the intraflagellar
transport of ciliary cargos (M. I. Chung et al., 2012; J. Thomas et al., 2010). In a possible co-regulatory
mechanism involving the formation of a transcriptional complex, FOXJ1 can induce the expression of
RFX2 and RFX3 (Didon et al., 2013). Conversely, RFX3 can bind to the FOXJ1 promoter and stimulate its

expression (El Zein et al., 2009).
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Figure 25: Multiciliogenesis pathway.
From Wallmeier et al., 2020.

Regeneration and remodeling

The adult lung is most often quiescent, with a low cellular turnover, but is still able to perform airway
repair and maintenance at homeostasis, in response to minor injuries or normal wear and tear. Unlike
pathological airway remodeling, which leads to structural changes that impair airway function and is
associated with chronic diseases like asthma, IPF or COPD, regeneration is the ideal form of healing
post injury as it maintains the normal structure and function of the airways (Kotton & Morrisey, 2014).
Homeostatic epithelial regeneration is a dynamic process that ensures the maintenance and repair of
the epithelium, preserving normal function and preventing disease progression. Upon injury, epithelial
progenitors can be activated to replenish the defective cell populations. As seen in section |Al:
Composition, the epithelium is highly plastic and depending on the insult dedicated or facultative
progenitors can differentiate or de-differentiate into one or several cell types to overcome the injury

(Leach & Morrisey, 2018).
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Regeneration can be limited or impaired by chronic inflammation or frequent damage and pathological
remodeling can occur as a result. Remodeling is often associated with scarring or fibrosis, progressive
loss of MCCs and increased goblet cell content (Kotton & Morrisey, 2014). Section Remodeling in

asthma describes pathological remodeling in more details.

Signaling pathways and molecular mechanisms controlling
development and regeneration

Due to the limited access to human embryonic tissues, there is little information available on the
molecular pathways involved in human embryonic lung development and the establishment of the
airway epithelium (Nikoli¢ et al., 2018). Therefore, this section will heavily rely on data from mice, with

human data included wherever possible.

One stark difference between human and mice lung development is found at the pseudoglandular
stage (5-17 pcw / E12-E15), a key step for airway epithelial differentiation emerging from lung
endoderm progenitors (Nkx2.1+/Gata6+/Foxal+/Foxa2+) (Fig.26A) (Herriges & Morrisey, 2014). During
this stage, the airway tree structure is being laid down by branching of the distal part of the bud tips
into the surrounding mesoderm. The lung buds are composed of a proximal Sox2+ zone and a distal
Sox9+ Id2+ zone (the bud tip). In humans, the bud tip is SOX2+/S0OX9+, but the role for SOX2 there is
not known. At the canalicular stage (16-26 pcw / E15-E17), a transition zone Sox2-/Sox9-, called the
stalk, appears in both species. As lungs mature, bud tip progenitor cells exit the tip for the stalk, switch
from expressing Sox9 to Sox2 and differentiate into bronchiolar progenitor, while the bud tip extends
distally. In humans, the bud tip progenitors turn off SOX9 but retain SOX2 (Fig.26B). Progenitors
remaining in the bud tip are maintained in an immature state until later external cues signal for alveolar

epithelial differentiation (He et al., 2022; Nikoli¢ et al., 2018).
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Figure 26: Mouse and human lung development.

A: Transcriptional differences between mouse and human bud tips. B: Human and mouse have different Sox2 expression
patterns.

From Nikoli¢ et al., 2018.
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Notch signaling
Notch signaling is a highly conserved pathway that operates through cell-cell contact. Notch is an

essential player in embryonic epithelial development and is crucial for lung proximal-distal patterning
and the specification of different lineages. The canonical pathway comprises four receptors (Notchl,
Notch2, Notch3 and Notch4) and five membrane-bound ligands (Jagged1 and Jagged2, Delta-like ligand
DIl1, DII3 and DII4). Upon binding of a ligand on the surface of one cell (activator cell) to a receptor on
the surface of another cell (activated cell), the Notch Intracellular Domain (NICD) of the receptor is
cleaved by the y-secretase enzyme. NICD is then translocated to the nucleus, where it acts as a
transcription factor to activate the expression of Notch target genes such as the Hes Family BHLH
Transcription Factor 1 (Hes1) and Heyl and Hey2. The activation of target genes is mediated by RBP)
(Gajjala & Madala, 2021).

Notch signaling in embryonic development
Notch signaling mediates club and multiciliated cell specification. Disruption of canonical Notch

signaling in embryonic mice results in the ablation of club cell and secretory lineages, and in a
multiciliated cell hyperplasia (Morimoto et al., 2010; Tsao et al., 2009). Conversely, constitutive
overexpression of NICD in embryonic mouse lungs induces goblet cell hyperplasia at the expense of
multiciliated cells and prevents distal alveolarization. However, overexpression of Notch does not alter

club cell frequency (Guseh et al., 2009).

Notchl-activated progenitors become club and multiciliated cells, but not PNECs. Lineage tracing of
Notchl activation marks club cells almost exclusively, suggesting that Notch1 is the Notch receptor at
play in secretory lineage specification. Certain multiciliated cells are also labelled, probably because

they arise from club cells (Morimoto et al., 2010).

Notch2 signaling inhibits basal cell fate in favor of luminal specification. An early p63+ progenitor can
generate both airway and alveolar epithelia before E10.5 (Yang et al., 2018). The progenitor commits
to the airway lineage with the expression of Sox2 (Herriges & Morrisey, 2014). Of importance, this
progenitor directly generates PNECs at E13.5. Next, Notch mediates a second lineage-restriction around
E13.5/E14.5. Notch2 positive cells become airway luminal Scgb3a2+ progenitors, and Notch2 negative
cells become airway basal Krtl7+ progenitors. Notch2 specification of secretory and multiciliated
lineage was also observed by Morimoto et al. (2012). Moreover, this differentiation pattern is similar
to the one described by Morimoto and colleagues in 2010, therefore this progenitor might express

Notchl and Notch2 although the relationship between the two receptors is unclear.

Airway basal progenitors are committed to the basal cell fate before the apparition of Krt5, which

happens around E16.5, time after which they can differentiate into luminal cells. Distal Scgh3a2
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progenitors give rise to multiciliated and club cells (Kiyokawa et al., 2021). As Notch2 inhibits
multiciliated cell specification when activated (Morimoto et al., 2012), it can be assumed that the Notch
pathway is no longer active after basal/luminal specification. Moreover, Notch2 overexpression does
not promote club cell specification (Morimoto et al., 2012), which suggests that more complex
mechanisms are at work. A similar pSMAD+/TP63+/ KRT5- immature airway progenitor was identified
in a single-cell atlas of human fetal lungs, suggesting that, at least in part, a related process occurs in

humans.

Notch signaling at homeostasis
Notch repression is needed to maintain basal cell stemness. Inhibition of Notchl in mice after

determination of ciliated fate does not influence the frequency of club and multiciliated cells, nor the
viability of mice (Morimoto et al., 2010). Thus, Notch1 signaling does not seem to be involved in the
maintenance of luminal cell identity at homeostasis, once differentiation has been established.
Accordingly, Notchl mRNA enrichment was found in basal cells of mouse mature epithelial cultures.
However, no differences in the expression of Notch2, Notch3 and Notch4 were found (Rock et al., 2011).
Notch inhibition is however required to maintain basal cell stemness. Activation of the Notch pathway
through constitutive expression of the target gene HES1 in human primary basal cells in vitro triggered
their differentiation in luminal cells (Rock et al., 2011). Constitutive expression of the Notchl

intracellular domain in adult mice led to loss of basal cells and goblet cell hyperplasia (Rock et al., 2011).

Notch3 specifies suprabasal cell fate. Overexpression of Notch3 under the alveolar promoter SFTPC
results in accumulation of “undifferentiated” cells (Scgblal-) (Dang et al., 2003). Although not
characterized in this study, these cells are probably suprabasal cells. Indeed, Mori et al. described in
vitro a population of cells present above the basal cell layer, presenting Notch3 activation and a
decrease in Tp63 (Mori et al., 2015). Interestingly, disruption of Tp63 decreased the expression of Jag2
leading to incapacity for the cells to activate Notch3 (Yang et al., 2018), suggesting that Tp63-mediated

activation of Notch3 is necessary for basal cell differentiation into suprabasal cells.

Notch signaling in regeneration
Notch is activated in response to injury. Notch1l is reactivated following club cell ablation in a murine

naphthalene injury model. However, no new club cells arising from Notchl+ cells were observed,
suggesting that Notch1 does not directly participate into club cell regeneration (Morimoto et al., 2010).
Notch regulates basal cell commitment after injury. Following SO, injury (luminal sloughing), some
basal cells display direct Notch activation (N2icd+) and differentiate directly into club cell, while some
others present active Notch inhibition (cMyb+) and differentiate into multiciliated cells (Pardo-Saganta,
Law, et al., 2015). An in vitro atlas of human airway epithelial cells, taken at different air-liquid interface

(ALI) times, established a molecular repertoire of signaling pathways during regeneration (Fig.27). Basal
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cells express NOTCH1 but no target genes, suggesting an inactive pathway (Ruiz Garcia et al., 2019).
NOTCH3 is expressed and activated exclusively in suprabasal cells, consistent with previous work linking
NOTCH3 to suprabasal cell specification (Dang et al., 2003; Yang et al., 2018). NOTCHZ2 is expressed and
activated in club cells, also in agreement with research identifying this receptor as crucial for secretory
lineage establishment (Morimoto et al., 2012; Yang et al., 2018). Deuterosomal and multiciliated cells
express NOTCH4 and some ligands, but show clear signs of Notch inhibition with the expression of the

NICD inhibitor DYRK1A (Ruiz Garcia et al., 2019).
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Figure 27: Molecular repertoire of major signaling pathways in in vitro epithelial cells.
From Ruiz Garcia et al., 2019.

TGFB signaling
TGFB signaling in embryonic development
One of the earliest epithelial progenitors in development are the Nkx2.1+ cells that are generated at

E9.0 in mice, appearing at the ventral part of the foregut endoderm through the gradient expression
of Wnt/Bmp ligands along the dorso-ventral axis (Kiyokawa et al., 2021). At E11.5, self-renewing
Sox9+/1d2+ distal bud tip were detected and shown as progenitors for both bronchial and alveolar
epithelial cells (Rawlins, Clark, et al., 2009). Then, before the canalicular stage (~¥E14.5), the progenitor
diverges into an alveolar lineage (Id2+) (inhibitor of differentiation 2) and an airway lineage (Id2-)
(Kiyokawa et al., 2021; Rawlins, Clark, et al., 2009). This bifurcation is mediated by the repression of
Id2 through activation of Tgfbr2 in the airway progenitor lineage (Kiyokawa et al., 2021). In 12-week
human fetal lungs, TGFp is strongly activated in airway epithelial cells (pSMAD+), but not in bud tip
progenitors (A. J. Miller et al., 2020).
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TGFp signaling at homeostasis
Id2 is a mediator of cell proliferation and is a marker of self-renewing embryonic progenitors (Kiyokawa

etal., 2021; Rawlins, Clark, et al., 2009). In adults, Id2 is repressed by TGFp activation to maintain tissue
quiescence, at the exception of basal cells, where its expression is tightly maintained at low levels to
ensure proliferative capacity of basal cells without triggering hyperplasia (Kiyokawa et al., 2021).
TGFp signaling in regeneration

In case of injury, TGFB is downregulated to promote regeneration via cell proliferation. SO; treatment
in adult mice decreased Smad2/3 phosphorylation and increased Id2 expression (Kiyokawa et al.,
2021). In human cultures, TGFB repressors (FST and FKBP1A) were only detected in the basal cell
population (Ruiz Garcia et al., 2019). TGFB/BMP signaling inhibition, though SMAD inhibitors allowed

long-term expansion of airway basal cells from several species (Mou et al., 2016).

Whnt signaling

Wnt/B-catenin signaling is a highly conserved pathway involved in numerous biological processes,
including cell proliferation, lung development and regeneration (Aros et al., 2021; Liu et al., 2022). The
canonical wingless related-integration site (Wnt)/B-catenin signaling pathway signals through the co-
receptors Frizzled (FZD) and leucine-rich repeat-containing G-protein coupled receptor (LGR). In its
inactivated state, B-catenin is phosphorylated and ubiquitinated by the destruction complex to be
degraded by the proteasome (Fig.28). The Wnt pathway is activated upon binding of one of the 19
mammalian Wnt ligands to the receptor complex. The destruction complex then phosphorylates the
receptor complex instead of B-catenin, which stabilizes B-catenin and allows its accumulation into the
cytosol. B-catenin can then translate into the nucleus, where it acts as a transcription factor to activate

the transcription of Wnt target genes (Aros et al., 2021).

Due to its complexity, our current understanding of the specific roles of the Wnt pathway in the airway
epithelium maintenance and regeneration remains limited (Aros et al., 2021). However, Wnt/planar
cell polarity (Wnt/PCP) program, involving the noncanonical Wnt pathway which is independent from
B-catenin, has been well described and regulates directional cell behaviors like polarized morphology,
division, and migration via the cytoskeleton (Vladar et al., 2009). Here | will briefly review the

implications of Wnt signaling in epithelial cell differentiation.
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Figure 28: Wnt/B-catenin signaling pathway.
From Walentek, 2022.

Whnt signaling in embryonic development
The Wnt pathway is involved in the earliest stage of lung endoderm specification as Wnt2/2b is

necessary for Nkx2.1 endoderm expression. Murine embryos null for Wnt2/2b do not express Nkx2.1
and fail to develop lungs (Goss et al., 2009). Wnt also controls Sox9 expression in tip bud progenitors

in a positive-feedback loop to maintain progenitors self-renewal (D. Sun et al., 2022).

Whnt signaling at homeostasis
In Xenopus, human and murine basal cells, a high level of Wnt signaling is required to promote

stemness and inhibit differentiation, through the transcription of Tp63 (Haas et al., 2019; Malleske et
al., 2018). Moreover, excessive Wnt signaling in basal cells can drive basal hyperplasia (Aros et al.,
2021). In other compartments, Wnt/B-catenin signaling is primarily inactive at homeostasis, with new
B-catenin is either incorporated into adherens junctions or targeted for degradation by the destruction
complex (Hogan et al., 2014). Activation of the pathway through expression of an activated form of
B-catenin under the club cell promoter Scgblal in rats led to goblet cell hyperplasia and mucus
hypersecretion (Mucenski et al., 2005). However, deletion of B-catenin in rats did not alter epithelial
development (Zemke et al., 2009). Stabilization of B-catenin in murine club cells (Reynolds et al., 2008)
or under the lung-specific promoter Nkx2.1 (C. Li et al., 2009) disrupted epithelial cell differentiation
and led to an accumulation of undifferentiated cells. Upon injury in mouse trachea, Wnt pathway
activation has been shown to be required for basal cell proliferation. The source of secreted Wnt ligands
has been identified as Pdgfra+ fibroblasts from the intra-cartilaginous zone. On the other hand,
secreted Wnt ligands from basal cells contribute to multiciliogenesis (Aros et al., 2020).
Whnt signaling in multiciliogenesis

Tight regulation of Wnt signaling is necessary to ensure proper multiciliogenesis. Wnt activation is
needed for multiciliogenesis, as it was found in Xenopus that the multiciliated cell transcription factor

Foxj1 is positively regulated by Wnt (Walentek et al., 2012). Moreover, a core framework mediated by

39



Whnt regulates the docking and maintenance of basal bodies to the apical pole of multiciliated cells in
Xenopus (T. J. Park et al., 2008). However, overactivation of Wnt inhibits multiciliogenesis in favor of
goblet cell differentiation, through the interaction of B-catenin with the co-factors cAMP response
element binding (CREB)-binding protein (CBP) and P300 (Malleske et al., 2018). Recently, Cooney and
colleagues demonstrated that a switch from canonical to non-canonical Wnt signaling, orchestrated by
basal cells, is necessary for multiciliogenesis in primary human epithelial airway cells. Basal cells first
inhibit canonical WNT/B-catenin signaling by secreting WNT4, which binds to the FZD6 non-canonical
WNT/PCP receptor on progenitor cells. Subsequently, basal cells activate non-canonical WNT/PCP
signaling by secreting the ligand DKK3, which binds to KREMEN1 (Fig.29) (Cooney et al., 2023).
However, the study does not specify in which cell type the switch is executed. According to Ruiz et al.,
FZD6 is expressed by deuterosomal cells (Ruiz Garcia et al., 2019), which are already committed to the
multiciliated cell fate. Therefore, while this switch from canonical to non-canonical Wnt signaling is

necessary for multiciliogenesis, it might not initiate the process.
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Figure 29: Wnt signaling and multiciliogenesis.

Hedgehog signaling
Hedgehog signaling (HH) is crucial for respiratory system development. Sonic Hedgehog (SHH) is the

best-studied ligand of the HH pathway in vertebrates. SHH binds to its receptor Patched 1 (PTCH1)
present on its target cell. In the absence of SHH, PTCH1 inhibits the G protein-coupled receptor
Smoothened (SMO), located downstream in the pathway, and the associated signaling cascade.
Canonical HH signaling begins with SHH binding to PTCH1, which induces PTCH1 inactivation. As a

result, SMO repression is lifted, triggering the signaling cascade and enabling SMO to localize and
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accumulate in the primary cilium. This cascade leads to the activation of Glioma Oncogene (GLI1-2-3)
transcription factors, which can migrate from the cilium to the nucleus to control the expression of the

HH pathway target genes (Fig.30) (Gorojankina, 2016).

During embryogenesis, early development, and in vitro proliferation, each airway epithelial cell
possesses a unique primary cilium (Jain et al., 2010). The primary cilium functions akin a cellular
antenna capable of picking up various extracellular physical or chemical signals to amplify and
modulate them. Huangfu and colleagues were the first to establish a functional link between the
primary cilium and the Hedgehog signaling pathway, during embryonic development in the mouse
(Huangfu et al., 2003). Since then, the HH signaling pathway has been extensively described in the

primary cilium and the primary cilium has been found to be specifically enriched in receptors of the HH

pathway.
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Figure 30: Canonical Hedgehog signaling.
From Gorojankina, 2016.

localized distally, at the tip of growing lung buds (Fig.31) (Kugler et al., 2015). Shh regulates esophagus
and trachea separation during development as well as branching morphogenesis (L-A. D. Miller et al.,
2004; Pepicelli et al., 1998). Shh-null mice embryos present single-lobe hypoplastic lungs with
disorganized cartilage rings and overall decreased mesenchyme (L.-A. D. Miller et al., 2004; Pepicelli et

al., 1998). Moreover, although normal epithelial proximo-distal differentiation occurred, location of cell
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types was perturbed, indicating that Shh is not needed for epithelial differentiation (Pepicelli et al.,
1998).

E13

P1

Trachea and
Bronchi

Respiratory
E12 epithelium

Alveolar \¢
Shh expression epithelium SHH expression
low high absent present
= | — =

Figure 31: Epithelial Shh expression in the embryonic lung.
From Kugler et al., 2015.

Hedgehog signaling at homeostasis
Contrary to the extensive characterization that has been done for HH signaling in the primary cilium,

the role of the HH pathway in motile cilia had not been described until recently. Mao et al. reported
the expression of SHH, SMO, SUFU, GLI2 and GLI3 in fully differentiated bronchial airway epithelia
cultured at ALI (Mao et al., 2018). GL/1 was also detected, although at a very low level. At the protein
level, SHH was detected in the apical pole of multiciliated cells, and in the apical and basolateral
compartments. PTCH1, SUFU, SMO, GLI2 and GLI3 were localized in the cilia of multiciliated cells
exclusively. Pharmacological activation and repression of HH did not result in an alteration in the
activity of the GLI transcription factors, which led the authors to hypothesize that a non-canonical HH

signaling was involved in motile cilia (Mao et al., 2018).

In nasal cultures derived from healthy subjects, PTCH1 and SMO were labeled in the cilia of multiciliated
cells, and GLI2 in the cilia but also the nucleus of MCCs. GLI1 and GLI3 were localized in the nucleus
and apical region of MCCs. In COPD, SMO was not detected, GLI3 detection was weaker and GLI2

expression in the nucleus and cilia was lost, indicating an altered HH pathway in COPD (Belgacemi et

42



al., 2020). Indeed, the signaling pathway, normally quiescent in adults tissues, is reactivated in COPD
(Cai et al., 2023). Cai and colleagues demonstrated the involvement of SHH signaling basal cell to
ionocyte differentiation. Interestingly, the inhibition of SHH in fully differentiated healthy epithelia
resulted in a significant decrease in the number of ionocytes and multiciliated cells, and in goblet cell
hyperplasia (Cai et al., 2023), demonstrating a role for HH in the maintenance of mature epithelial cell
types and the regulation of mucociliary clearance by controlling the balance between MCCs and goblet

cells.

Involvement of Hedgehog in multiciliogenesis
Previous work in the laboratory has shown that Notch and BMP signaling play a key role during

multiciliogenesis (Cibois et al., 2015; Marcet, Chevalier, Coraux, et al., 2011; Marcet, Chevalier, Luxardi,
et al., 2011). These two pathways can interact with the Hedgehog pathway to control a wide variety of
processes during development or tumorigenesis (Gorojankina, 2016). In vertebrates, HH signaling is
well described as contributing to primary cilium formation (Ruat et al., 2012), while its role in centriolar
amplification and multiciliogenesis remains unexplored. Belgacemi et al. reported, in differentiating
nasal airway epithelium cultured at ALI, the expression of SMO, PTCH1, GLI2 and GLI3, which increased
as differentiation progressed. In particular, protein expression of GLI2 increased during differentiation,
and preceded FOXJ1, indicating early involvement of the HH pathway in multiciliogenesis. Indeed,

multiciliogenesis was affected by SHH inhibition, with an overall reduction in FOXJ1 expression.

Cellular trajectories

As seen in the chapter I1A1 Composition, the airway epithelium hosts both stem cell and terminally

differentiated cells. In particular, basal cells can give rise to all surface airway epithelial cells. Figure 32

recapitulates the main cell trajectories.
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Figure 32: Epithelial cell trajectories.
Adapted from Deprez et al., 2020.
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5. Models for studying the airway epithelium
regeneration

Animal models

Mouse injury repair models
The airway epithelium is quiescent at homeostasis. Injury triggers a rapid repair response that can be

used to study regeneration mechanisms (Konkimalla et al., 2022).

Naphthalene injury: Naphthalene is used to selectively ablates club cells, that convert naphthalene
into a toxic product due to their expression of the Cyp2f2 enzyme. This model allows for the study of
regenerative processes, including the proliferation and differentiation of remaining epithelial cells and

led to the discovery of naphthalene-resistant variant club cells (Herriges & Morrisey, 2014).

Sulfur Dioxide (SO;) inhalation: SO, causes epithelial sloughing, exposing the remaining basal layer and
is used to study the regeneration and repair mechanisms of the basal stem cells (Fig.33) (Pardo-

Saganta, Law, et al., 2015).
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Figure 33: SO, injury model.
From Pardo Saganta et al., 2015.

Xenopus
The large size, transparency and mucociliary epidermis of the Xenopus embryo makes it a good model

organism to study multiciliogenesis and mucociliary development. Although multiciliogenesis
processes are highly conserved across species, some differences, such as multiciliated cell intercalation,

exist between species (Fig.34) (Walentek, 2018).
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Figure 34: Xenopus mucociliary epithelium maturation.
From Walentek, 2018.

In vitro cultures

Air-liquid interface culture
The mechanisms regulating epithelial regeneration from basal cells have been extensively documented

in vivo in mice, and in vitro in humans using the 3D Air-Liquid Interface (ALI) culture model, which
allows the reconstruction of a 3D epithelium that mimics in vivo cell composition (Gras et al., 2013). In
the ALl model, basal cells are seeded on permeable inserts immersed in a proliferation medium. At
confluence, the basal compartment medium is replaced by a differentiation medium, and the apical
compartment is left without medium, in contact with air. This protocol allows basal cells to differentiate
into a polarized, pseudostratified epithelium composed of the main airway epithelial cell types (Fig.35)
(Redman et al., 2024). For human cultures, primary basal cells obtained from nose, trachea or bronchi
sampled by brushing, biopsy or dissection can be used although for a limited number of passages. For
convenience, a few immortalized cell lines were developed, such as the BCi NS-1.1 cell line (BCi), which
was obtained from bronchial epithelial basal cells of a healthy non-smoking donor and transduced by

a retrovirus expressing human telomerase (hTERT) (Walters et al., 2013).
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From Goldfarbmuren et al., 2020.
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Organoids

Organoids are spherical structures grown from stem or progenitor cells in a three-dimensional matrix,

often in a Matrigel. They are especially useful for high-throughput drug screening, toxicity testing and

stem cell lineage and developmental analyses but their variability in shape and size make them less

appropriate for quantitative analyses (Lee et al., 2024; Lim et al., 2023).

Bronchi on chip

Culture of airway cells on microfluidic chips is a novel culture system that allows the reproduction of a

more physiological environment, with breathing-like stimuli such as airflow, mechanical stretch and

perfusion, which seems to improve mucociliary clearance (Fig.36) (Nawroth et al., 2023) and trigger

glycocalyx formation (S. Park et al., 2023). Gao and colleagues designed a tubular model that mimics

the bronchiolar and alveolar duct environment (Gao et al., 2023).
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Figure 36: Bronchi on a chip model.
From Nawroth et al., 2023.
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B. Asthma

1. Definition and clinical features

Asthma is a chronic respiratory and inflammatory disease affecting millions of people worldwide, with
prevalence rates reaching up to 29 % of the population in some region. Asthma is strongly associated
with genetics. It is estimated that genetics account for 60-70% of asthma susceptibility (Sayers et al.,
2024). Genome-wide association studies (GWAS) have identified strongly regulated susceptibility genes
such as /L1RL1, /L33, TSLP, CDHR3 and HLA- (Stikker et al., 2023). People suffering from asthma
experience wheezing, shortness of breath, limited expiratory airflow and chess tightness. The main
feature of asthma is a narrowing of the lumen of the airways, due to mucus hypersecretion and
thickening of the smooth muscle wall surrounding the bronchi (GINA, 2024; Woodruff et al., 2004). This
narrowing is the result of strong airway remodeling, that might be the result of a defective regeneration
due to chronic inflammation (Gras et al., 2011). Airway remodeling will be described in more detail

below, in section Remodeling in asthma.

Another key feature of asthma is airway hyperresponsiveness, an excessive sensibility of the airways
to various stimuli, including allergens (such as pollen, dander, house dust mite...), infections (caused by
virus, bacteria, fungi...), irritants (such as pollution, cigarette smoke, chemicals...) or other non-specific
factors such as cold air or exercise. Triggering of the airways leads to exacerbations, also called asthma
attacks. Exacerbations are acute episodes of sudden worsening of asthma symptoms, accompanied by
bronchospasms (uncontrolled tightening of the smooth muscle surrounding the airways) and increased
mucus production. This leads to moderate to severe airflow obstruction that can, in most cases, be
spontaneously reversed or managed with bronchodilators (B-agonists) or inhaled corticosteroids. In
severe cases, these attacks can be fatal. Symptoms can vary in intensity over time, either spontaneously
or with treatment. Patients can go months without symptomes, or, on the contrary, they can suffer from

periods of increased exacerbation rate (GINA, 2024; Papi et al., 2018).

2. Classification

The heterogeneity of asthma can make diagnosis difficult as no gold standard exists, and not all patients
will present the same symptoms or the same form of asthma. Multiple subtypes of asthma have been
proposed, based on the immune profile of the patient or the age of appearance of the symptoms (GINA,

2024; Hammad & Lambrecht, 2021; Papi et al., 2018).

Historically, asthma was split into two categories, allergic and non-allergic asthma. Allergic asthma is

caused by allergen sensitization, or atopy, which predisposes a patient to develop asthma symptoms
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when in contact with the allergen. The atopic status can be assessed by serum levels of
immunoglobulin E (IgE). Allergic asthma is associated with eosinophil infiltration. The onset of this type
is usually early, in childhood, but symptoms can also appear later in life with the encounter of a new
allergen (Hammad & Lambrecht, 2021; Robinson et al., 2017). Non-allergic, or extrinsic, asthma, is
usually late onset, is more preponderant in females and obese patients. Despite the lack of specific IgE,
this type shares a lot of clinical features with allergic asthma, including an increase in T helper type 2
(Th2) cells. This categorization is now considered to be an oversimplification of asthma (Barnes, 2009;

Hammad & Lambrecht, 2021; Robinson et al., 2017).

Since then, classification has evolved to divide asthma into endotypes, defined by pathophysiological
mechanisms that are easier to correlate to treatment response. They are mainly based on the cytokine
profile of the patient (type Th2-high and Th2-low) (Fig.37), and can be further divided into different
phenotypes depending on the onset of the disease, the immune profile and other criteria (Hammad &

Lambrecht, 2021).
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Figure 37: Type 2 asthma classification.
From Fahy, 2015.

Type 2-high

Type 2-high asthma is the most prevalent type. It is characterized by the presence of Th2-associated
cytokines such as IL-4, IL-5 and IL-13, and cells such as eosinophils. It includes allergic forms of asthma
that can appear before (early onset) or after (late onset) 12 years of age, the late onset being associated
with more severe forms of asthma (Hammad & Lambrecht, 2021). In a transcriptomic study of sputum
from asthmatic patients, an ultra-high type 2 with strong expression of all Th2 network genes was found

in a subgroup of older patients with increased airflow obstruction (Peters et al., 2019).

Type 2-low

Type 2-low asthma is more complex to define as it has no specific biomarkers. Thus, it groups all types

of asthma that are not Type 2 high and non-eosinophilic. This type is less common and includes
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endotypes that are late onset, linked to obesity or smoking and that are refractory to corticoid

treatment (Hammad & Lambrecht, 2021).

Severe asthma

Asthma severity is defined by how well a patient's asthma responds to conventional therapies. In severe
asthma, symptoms remain uncontrolled despite optimized treatment (GINA, 2024). An estimated 5 to
10% of adults with asthma have severe asthma and suffer from debilitating and persistent symptoms

(K. F. Chung et al., 2014; B. Thomas et al., 2010).

3. Pathophysiology

Inflammation

Chronic inflammation is the main driver of asthma and leads to strong remodeling of the immune,
smooth muscle and epithelial compartments, causing the narrowing of the airways. As type-2 high is
the most prevalent form of asthma and that my work is centered around it, it will focus on this type for
the rest of the manuscript. In asthma, the Th2 inflammatory cascade starts when an insult (dust, pollen,
dander, virus, bacteria or mites such as Dermatophagoides pteronyssinus or Dermatophagoides
farinae) reaches the airways and enters in contact with the epithelium (Fig.38). Epithelial cells are the
main conductor of asthma pathogenesis by triggering the inflammatory response. They recognize
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs)
through pattern-recognition receptors (PRRs) such as toll-like receptors (TLRs) or protease-activated
receptors. In response, epithelial cells produce alarmins such as TSLP, CXCLS, IL-1B, IL-6, IL-25 and IL-33
to alert and activate the immune system, in particular dendritic cells, group 2 innate lymphoid cells
(ILC2), mast cells and basophils (Hammad & Lambrecht, 2021; Robinson et al., 2017). TSLP binds to its
receptor TSLPR on dendritic cells, which migrate to the draining lymph node to activate naive CD4+ T
cells through OX40. These naive CD4+ T cells then become T helper 2 (Th2) cells once in the blood
circulation (Fahy, 2015). Th2 cells play a major part in asthma pathogenesis by secreting the pro-
inflammatory cytokine interleukin-13 (IL-13), which triggers goblet cells hyperplasia and mucus
hypersecretion (Guseh et al., 2009; Hammad & Lambrecht, 2021; Ledn, 2023). Maturing Th cells also
activate B cells to become antigen specific IgE-producing plasma cells. IgEs coat mast cells and basophils
and act as receptors for antigens. The mast cells and basophils are activated upon binding of a
pathogenic molecule to two adjacent IgEs. This activation triggers the release of allergic mediators
through degranulation such as histamine, a contractile agonist that causes smooth muscle cells (SMCs)

to contract (Fahy, 2015; Gour & Wills-Karp, 2015; Hammad & Lambrecht, 2021). Mast cells, basophils
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and ILC2s also produce IL-13, increasing the pro-inflammatory response (Barlow & McKenzie, 2014;

Hammad & Lambrecht, 2021). The role of IL13 will be described in more detail in section Interleukin-13.
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In addition to immune cell recruitment described above, remodeling in asthma affects the airway walls

(Fig.39). Hyperplasia of the smooth muscle cell layer reduces lumen diameter and airflow. The volume

of the muscle layer is 83% greater in asthma patients than in healthy subjects (Woodruff et al., 2004).

Asthma is accompanied by sub-epithelial fibrosis. The extracellular matrix is thickened due to an

increased deposition of extracellular matrix (ECM) proteins such as collagen type I, lll, V and

fibronectin, contributing to the narrowing of the lumen (Gras et al., 2011).
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epithelial remodeling in asthma, therefore this section will focus on the epithelial compartment.

Epithelial remodeling in asthma is characterized by goblet cells hyperplasia accompanied by mucus
hypersecretion (Fig.39B & Fig.40) and by a decrease in multiciliated cell number, leading to a
mucociliary clearance defect that can severely affect patients’ health. Indeed, marked goblet cell
hyperplasia was found in the lungs of patients who died from severe asthma attack. Their airways
presented a 30-fold increase in goblet cells compared to patients who did not die from acute asthma
attack (Aikawa et al., 1992). Moreover, the volume of submucosal glands was also increased in fatal
asthma lungs (Carroll et al., 1996). Autopsy of asthma patients who did not die from an asthma attack

revealed the presence of mucus plugs in the bronchioles, obstructing partially the lumen (Saetta et al.,

1991).
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Using bronchial brushes from healthy donors and donors with mild and severe asthma, Thomas and
colleagues demonstrated that patients with asthma had a reduced number of multiciliated cells. These
cells exhibited a lower beat frequency and increased ciliary disorientation compared to cells from
healthy samples. Furthermore, these defects were more pronounced with increasing disease severity
(B. Thomas et al., 2010). Similarly, in a cellular atlas of healthy and asthma lungs, the proportion of

multiciliated cells was lower in the asthma condition than in the heathy one (Vieira Braga et al., 2019).

Epithelial remodeling was also reported in in vitro cultures of bronchial cells from pediatric asthma
patients. The cultures presented an increased number of goblet cells and lower number of multiciliated

cells, indicating that this remodeling is not age-dependent (J. Parker et al., 2010).

Additionally, loss of epithelial integrity is another important feature of asthma. Mis-localization or loss
of tight junction proteins occludin and ZO-1 and intermediate junction protein E-cadherin have been
observed in bronchial biopsies and cell cultures from asthma patients, and in murine models of asthma
(T. L. Hackett et al., 2013; Tan et al., 2019; B. Thomas et al., 2010; Xiao et al., 2011). Asthma patient-
derived cells cultures presenting defective epithelial junctions has elevated levels of TSLP and IL-33 (T.
L. Hackett et al., 2013). In mice, conditional loss of E-cadherin in lung epithelial cells at birth resulted in
progressive epithelial damage that mimicked asthma phenotype such as decrease in ZO-1 expression,

loss of multiciliated cells, goblet cell hyperplasia and inflammation (Post et al., 2018).

B-catenin and remodeling
Most importantly, loss of cell junctions does not only increase the risk of infection and inflammation

by reducing epithelial barrier integrity, there is also evidence that it influences cell fate. Decrease in E-
cadherin levels has been associated with activation of Wnt/B-catenin signaling (T. L. Hackett et al.,
2013). Destabilization of intermediate cell-cell junctions may free B-catenin proteins into the

cytoplasm, allowing them to activate the Wnt/B-catenin signaling.
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4. Interleukin-13

As seen in part Inflammation, the cytokine interleukin-13 is a major mediator of type-2 high asthma.
IL-13 is produced by Th2 cells, mast cells, basophils and ILC2s in response to an insult to the airways
and results in goblet cell hyperplasia. Administration of IL-13 in vivo (Griinig et al., 1998; Kuperman et
al., 2002; Wills-Karp et al., 1998), or in vitro (Atherton et al., 2003; Jackson et al., 2020) is sufficient to

reproduce asthma-like remodeling.

IL-13 shares a receptor with IL-4, another type 2 inflammatory cytokine. They are both encoded in the
same genomic locus called the sTh2 cytokine locus, located on chromosome 5 in humans and in
chromosome 11 in mice (Gour & Wills-Karp, 2015; Junttila, 2018). IL-13 and IL-4 have many overlapping
roles in promoting Th2 immune responses and allergic inflammation, or inducing goblet cell hyperplasia
in vivo (Dabbagh et al., 1999) and in vitro (Atherton et al., 2003). However, only IL-4 is essential in the
initiation of an allergen sensitization, due to its ability to promote Th2 development and IgE production
(Kopf et al.,, 1993). On the other hand, IL-13 is responsible for allergen-induced airway
hyperresponsiveness, as blocking IL-4 during an antigen challenge does not fully resolve the allergic

response but blocking IL-13 does (Gavett et al., 1997; Wills-Karp et al., 1998).

Signaling pathway

IL-13 can bind to the type Il IL-4 receptor IL-13Ral, shared with IL-4 (Fig.41). This receptor is mainly
expressed by non-hematopoietic cells such as epithelial cells. Once IL-13 has bound to IL-13Ral, the
newly formed complex recruits IL-4a to form the complete receptor complex. The binding of the two
subunits of the complex triggers the activation of Janus kinase 1 (JAK1; constitutively associated with
IL-4Ra) and tyrosine kinase 2 (TYK2; constitutively associated with IL-13Ral). JAK1 and TYK2 then
phosphorylate IL-4Ra, which in turns activates STAT6. Activated STAT6 homodimerize and translocate
to the nucleus to activate the expression of IL-13-target genes (Junttila, 2018; Shankar et al., 2022).
IL-13 can bind to IL-13Ra2, another receptor, with higher affinity (Fig.41). The role of IL-13Ra2 is
unclear and it is considered as a putative decoy receptor with potential signaling activity (Junttila,

2018).
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Figure 41: IL-4 and IL-13 signaling pathways.
From Shankar et al., 2022.

[L-13 in vitro

Chronic expression of IL-13 in murine lungs leads to inflammation, airway hyperresponsiveness and
excessive mucus production (Kuperman et al., 2002). IL-13 treatment on healthy epithelial cell cultures
is used to mimic in vitro the inflammatory remodeling seen in asthma and is a useful tool to investigate
the epithelial response and the signaling pathways behind the disease. IL-13 treatment induces a strong
transcriptional response in epithelial cells with pro-inflammatory expression programs including genes
such as ALOX15 and CCL26, MUC5AC, HLA genes, and others such as POSTN, FETUB, STATH (Giovannini-
Chami et al., 2012; Jackson et al., 2020; Koh et al., 2023; McCauley et al., 2024; Zhen et al., 2007).

Effect of IL-13 on goblet cells

Increase in SPDEF and MUCSAC expressions illustrates the induction of goblet cell hyperplasia and
mucus hypersecretion following IL-13 treatment (Jackson et al., 2020; Laoukili et al., 2001; J. C. Parker
etal., 2013; Zhen et al., 2007). Single-cell RNA sequencing provides a more precise appreciation of the
remodeling of secretory or goblet cells (Jackson et al., 2020). In a recent study on primary human

epithelial cell ALI cultures, the goblet cell population increased 36-fold after two weeks of treatment,
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at the expense of club cells (McCauley et al., 2024). The goblet-specific transcription factors SPDEF and
FOXA3 are induced by IL-13 (Chen et al., 2009; Jackson et al., 2020; Zhen et al., 2007). Koh and
colleagues identified an IL-13-responsive SPDEF promoter in humans and proposed a model where
STAT6 activation by IL-13 triggers the recruitment of KLF5, which then mediates H3K27 acetylation to
activate the SPDEF promoter (Koh et al., 2023). SPDEF positively regulates FOXA3 and MUC5AC, while
negatively regulating MUC5B and the club cell transcription factor FOXA2 (Chen et al., 2009; Jackson et
al., 2020; Koh et al., 2023). FOXA2 promotes the expression of the club marker SCGB1A1 (Bingle &
Gitlin, 1993). In agreement with this, expression of SCGB1A1 is decreased in IL-13 treated epithelia
(Jackson et al., 2020). This regulatory switch from FOXA2 to FOXA3 could explain the transition from

club to goblet cell upon IL-13 treatment.

Effect of IL-13 on multiciliated cells

Human airway epithelial cells cultivated with IL-13 exhibit reduced number of multiciliated cells
(Gerovac & Fregien, 2016; Gomperts et al., 2007; J. Parker et al., 2010). IL-13treated multiciliated cells
show a decrease in the number of cilia per cell, mislocalization of their basal bodies and altered ciliary
beating (Gomperts et al., 2007; Jackson et al., 2020; Laoukili et al., 2001). IL-13 inhibits the
differentiation of multiciliated cells through the repression of the transcription factor FOXJ1, directly
by the putative interaction of STAT6 with a STAT-binding element located in the promoter of FOXJ1
(Gomperts et al., 2007), and indirectly by repressing MCIDAS, which is a positive regulator of FOX/1
(Gerovac & Fregien, 2016; Stubbs et al., 2012). At the transcriptomic level, IL-13 treated multiciliated
cells exhibit downregulation of cilium-assembly and microtubule motor activity signatures (Jackson et

al., 2020).

5. Rhinovirus

Viral infections are known triggers of wheezing and asthma exacerbations (GINA, 2024). In particular,
rhinovirus infections, responsible for the common cold (Rollinger & Schmidtke, 2011), are the first
cause of exacerbation among children (Coleman et al., 2015) and adults (Gern, 2015) suffering from
asthma. Different strains of rhinovirus infect cells through specific cell types. The majority of rhinovirus
type A (RVA) and B (RVB) use ICAM1, which is mostly expressed by endothelial cells and macrophages.
Other RVA types bind to low-density lipoprotein receptor family members (LDLR), most widespread in

epithelial cells. RVC types bind to CDHR3, present on multiciliated cells (Basnet et al., 2019).
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Figure 42: Rhinovirus signaling in the airway epithelium.
Rhinoviruses use ICAM1 as entry factors, as depicted here by the purple symbol on multiciliated cells.
From Spector et al., 2023.
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In vitro studies of rhinovirus infection on primary epithelial cells have been extensively done as the
respiratory epithelium is the primary target of rhinovirus infection (Spector et al., 2023). Rhinovirus
infection triggers PRR activation, which leads to the type 2 immune response with production of
interferons and alarmins such as chemoattractant C-X-C motif genes, C-C chemokine motif genes and
TSLP by epithelial cells (Fig.42) (Bochkov et al., 2010; Jakiela et al., 2021; Spector et al., 2023). Upon
infection, rhinoviruses can damage the epithelium due to their replication mechanism causing cell lysis
(Gern, 2015). However, Warner and colleagues report no obvious damage in differentiated ALl culture,
6 days post infection (Warner et al., 2019). Rhinovirus infection of differentiated epithelial cells is
associated with increased expression of the goblet cell genes MUC5AC, MUC5B and SPDEF and
decrease in multiciliated-associated genes such as FOXJ1 and DNAI1, although less pronounced than
for IL-13 stimulation (Jakiela et al., 2014, 2021). Multiciliated cells are the target of rhinovirus infection
(Jakiela et al., 2014; Warner et al., 2019), and the decrease in multiciliated cell markers after infection
might be due in part to the death and extrusion of multiciliated cells. Rhinovirus also triggers ECM
deposition in submerged epithelial cultures (Kuo et al., 2011) and disrupts the integrity of differentiated
epithelial cells by reducing the expression of tight junction proteins claudin-1, occluding and Z0O-1

(Gavala et al., 2011; Looi et al., 2018).

6. Treatments of asthma

As no definitive cure for asthma has been found yet, asthma treatments are focused on symptoms
management. The Global Initiative for Asthma recommends the use, as-needed, of low-dose inhaled
corticosteroids combined with a rapid-acting bronchodilator (ICS-formoterol) as a first line treatment.
Alternatively, low dose of ICS with a short-acting beta2 agonist (SABA) can be used, even though the

use of SABA has been associated with exacerbation in certain conditions (GINA, 2024). Oral
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corticosteroids should only be used as a last-resort due to their side effects, but they are needed by

~30% of adults suffering from severe asthma (K. F. Chung et al., 2014).

Biologics

In severe asthma, the addition of biologics targeting either IgE, IL-4 or IL-13 or IL-4R can help improve

patients’ quality of life (Fig.43).

Omalizumab is a monoclonal antibody that inhibits the binding of IgE to its receptor on mast
cells, basophils and dendritic cells. Treatment can reduce extracellular matrix remodeling and
lower airway inflammation (Jesenak et al., 2023).

Dupilumab is a monoclonal antibody raised against the a chain present on type | and Il IL-4
receptor complexes, effectively blocking IL-4 and IL-13 signaling. It has been shown to reduce
the rate of asthma exacerbations (Varricchi et al., 2022).

Anti-IL-13 monoclonal antibodies such as Anrukinzumab/IMA-638 (Gauvreau et al., 2012),
Lebrikizumab (Austin et al.,, 2020), Tralokinumab (Russell et al., 2018), have had
underwhelming effect on eosinophil count, airway hyperresponsiveness or asthma
exacerbation.
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Figure 43: Monoclonal antibody treatments for asthma.
From Varricchi et al., 2022.
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7. Murine models of asthma

Mice models of asthma have been widely used to study the inflammation and airway
hyperresponsiveness of asthma. The most common murine models of asthma are allergen-induced
models. Mice must first be sensitized (introduced a first time) to an allergen to induce the production
of allergen specific IgEs, then they can be challenged with the same allergen to trigger a reaction.
Mouse strain and age, allergen type and dose, frequency, mean and duration of administration can be
adapted based on the needs of the experiment. In particular, the duration of the challenge, can be
adapted to mimic a more acute or chronic affection (Aun et al., 2018). Acute models of allergic airway
inflammation (< 3 weeks) can present airway hyperresponsiveness and inflammation but typically do
not manifest remodeling (Woo et al., 2018). Classically, ovalbumin (OVA) is used to induce a type 2
inflammation characterized by airway, eosinophilia and remodeling with increase collagen deposition,
smooth muscle cell hyperplasia and mucus hypersecretion. This model however does not fully replicate
the chronicity of asthma as airway hyperresponsiveness does not persist after arrest of chronic
challenge (McMillan & Lloyd, 2004). Another commonly used allergen is house dust mite (HDM), which
is a more clinically relevant allergen than OVA as OVA does not incudes airway inflammation in humans

(Aun et al., 2018).

C. Cellular memory

Cells isolated from asthma patients and cultured in vitro in ALl retain specific disease characteristics,
such as increased mucin and IL-8/CXCL8 secretion, asynchronous mitosis, impaired barrier function and
elevated remodeling factors, even though basal cells isolated from tissue resections or nasal or
bronchial brushings undergo several proliferation rounds before differentiation under standardized,
non-inflammatory conditions (Freishtat et al.,, 2011; Gras et al.,, 2012; Lopez-Guisa et al.,
2012).0Ordovas-Montanes et al. have demonstrated that basal cells derived from nasal polyps of
patients suffering from chronic rhinitis also retain a memory of inflammation (Ordovas-Montanes et
al., 2018). These observations suggest that the information about epithelial defects and pathological

remodeling associated with inflammatory diseases are preserved by basal cells and transmitted to their

progeny.

1. Trained immunity

These inflammatory memory mechanisms have been described in the immune cells involved in innate
immunity (monocytes/macrophages, NK cells, innate lymphoid cells). In contrast to adaptive immunity,
which confers a specific response to each antigen, and a memory response enabling more efficient

elimination of the same antigen on re-presentation, innate immunity can be triggered in a non-
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pathogen-specific manner, and has been termed "trained immunity" (innate immune memory) or
"tolerance" depending on whether the response to the second assault is respectively superior or
inferior to that of the first (Netea et al., 2020). In non-immune cells, identifying this "memory" is still in
its early stages. Stem cells in the intestinal epithelium, pancreas, or epidermis can develop a memory
of inflammatory experiences, maintaining accessible chromatin at inflammation-activated loci long
after the inflammation has resolved, and basal transcriptional levels have returned. These loci are
reactivated during subsequent inflammatory episodes (Naik & Fuchs, 2022). Therefore, this cellular
memory can have long-term beneficial or detrimental effects on the tissue by influencing epithelial

stem cell responses (Gonzales et al., 2021).

Tolerance is an important mechanism preventing mucous membranes from systematically developing
a large-scale immune response to each exposure to non-toxic foreign proteins (Fig.44). In non-immune
cell types, identification of this memory is still in its infancy. Stem cells from intestinal epithelium,
pancreatic epithelium and epidermis are able to develop a memory of their inflammatory experiences,
maintaining accessible chromatin at inflammation-activated loci long after the inflammation has been
resolved and returned to baseline transcriptional levels (Falvo et al., 2023). These loci are reactivated
during a secondary assault (Naik et al., 2017; Naik & Fuchs, 2022). Thus, by influencing the responses
of epithelial responses of epithelial stem cells, may have long-term beneficial or detrimental
consequences for the tissue (Falvo et al., 2023; Gonzales et al., 2021). So far, trained immunity has been

associated with epigenetics mechanisms.
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Figure 44: Trained immunity and tolerance.
From Netea et al., 2020.
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2. Epigenetics

Epigenetics is to nurture what genetics is to nature. Epigenetic marks are reversible and inheritable
chemical modifications to chromatin that modulate gene expression (and thus the phenotype) without
altering the genotype (Fig.45) (Allis & Jenuwein, 2016). Specifically, epigenetic marks explain how two
cells from a same organism, such as a brain cell and a lung cell, can share the same genome while
performing widely different functions. Changes in chromatin structure affect DNA transcription by
altering the accessibility of DNA to the transcriptional machinery. Loosely packed euchromatin is
generally associated with active transcription due to the presence of transcriptionally accessible
regions of the genome, while condensed heterochromatin is associated with gene repression due to
its inaccessibility (Allis & Jenuwein, 2016; Netea et al., 2020). Epigenetic marks include DNA
methylation, histone modifications, chromatin remodeling, non-coding RNAs, and histone variants
(Fig.45). The regulation and deposition of these marks are heavily influenced by the environment and

allow cells to adapt to variable conditions (Allis & Jenuwein, 2016; Netea et al., 2020).
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From Allis and Jenuwein, 2016.
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Trained immunity has been associated with key histone marks (Fig.46):

1) histone 3 lysine 27 trimethylation (H3K27me3), catalyzed by the polycomb group (PcG), is an
abundant repressive mark associated with gene silencing (Piunti & Shilatifard, 2021),

2) histone 3 lysine 4 methylation (H3K4me1l), deposited by the trithorax group (TrxG) at distal
enhancers, associated with enhanced expression, and

3) histone 3 lysine 4 trimethylation (H3K4me3), also deposited by TrxG at the promoter of

stimulated genes (Netea et al., 2020).

In the airway epithelium, the mechanisms behind this memory are yet to be identified. It is not

understood how basal cells encode inflammation memory or how it is transmitted during cell divisions.
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Chapter Il. Results

A. Single-cell Analysis of Human Airway
Regeneration and Remodeling in Asthma

Introduction

The study presented here was a continuation of the previous work of my team. My team is a leading
team in pulmonary transcriptomic research and is the only French team to be part of the Human Cell
Atlas (HCA), an international collaborating scientific initiative aimed at creating comprehensive
reference maps of all human cells from all organs, through single cell RNA sequencing (Schiller et al.,
2019). In the framework of this consortium, the team has already established a precise airway
epithelium cell atlas referencing bronchial, tracheal and nasal cells sampled from 10 healthy living
volunteers (Deprez et al., 2020). They also have created a comprehensive single-cell atlas of human
nasal airway differentiation in vitro at several time points during differentiation and performed in-silico
reconstruction of epithelial cell lineages (Ruiz Garcia et al., 2019). To go deeper in the understanding
of the mechanisms controlling the equilibrium of the airway epithelium, we studied pathological

remodeling of the epithelium in the context of asthma.

The airway epithelium is a complex ecosystem that must be finely tuned to maintain the equilibrium
between its various cell types to assure proper mucociliary clearance. In asthma, chronic inflammation
dysregulates the molecular events controlling this equilibrium and causes remodeling, which reduces
mucociliary clearance. The type 2 cytokine IL-13 and rhinovirus A16 (RVA) are two asthma-related
triggers playing a role in epithelial remodeling in asthma. IL-13 treatment of ALl cultures has been
widely used to monitor epithelial remodeling including goblet cell hyperplasia (Everman et al., 2018),
however delineating the exact molecular mechanisms that contribute to mucus secreting cell
hyper/metaplasia in asthma is still an open question. Moreover, the molecular events following
recovery after inflammation have never been studied. No study has yet described at the single cell level
the cellular and molecular alterations in severe asthmatics airways. The objectives of this project were
to document the precise mechanisms that contribute to the severity and persistence of asthma, with
an emphasis on the specific roles played by different subtypes of airway epithelial cells in the natural
history of the disease. To this aim, | treated ALI cultures obtained from cells of either healthy or severe

asthmatics donors with, IL-13 or RVA and performed single-cell RNA sequencing analysis.
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Figure 47: Experimental design of the project.

ALl culture obtained from bronchial biopsies of either healthy or severe asthmatics donors were treated with, IL-13 or RVA
and analyzed by single-cell RNA sequencing.

To investigate the molecular events controlling airway epithelial cell balance and their dysregulation in
severe asthma, bronchial biopsies from healthy and severe asthma donors were reconstructed in vitro
using an Air-Liquid Interface (ALl) model. Severe asthma donors were selected on the basis of the
persistence of the symptoms despite optimized treatment, as defined by the GINA guidelines (GINA,
2024). The fully differentiated ALI cultures were chronically treated with IL-13 (10 ng/mL) (n=6 healthy
donors and 8 severe asthma donors) (Fig.47) or infected once with rhinovirus A16 (RVA) (n=3 healthy
donors and 4 severe asthma donors) (Fig.47A) (Table 1). To monitor cellular and molecular events at
the peak of treatment effects, single-cell RNA-seq was performed 8 days after IL-13 treatment
(timepoint 1, IL-13 1) or 3 days post RVA infection (dpi 3). Then, to monitor cellular and molecular
events taking place during epithelial recovery (resolution), part of the cultures was washed out of IL-
13 and single-cell RNAseq was performed 14 days later (timepoint 2, ILRV), or remained treated with
IL-13, for a total of 22 days (timepoint 2, IL-13 2). For RVA16 infection, ALI cultures were allowed to
recover with no additional treatment nor infection. Single-cell RNAseq was performed 7 and 14 days
later (dpi7 and dpi 14) (Fig.47B). In total over 260,000 cells from 9 healthy and 11 severe asthma donors

were obtained, from two distinct datasets:

e 129,306 cells in the IL-13 treated dataset and

e 61,913 cells in the RVA treated dataset (Table 1).
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Table 1: Cohort of the study.

IL-13 experiments Rhinovirus A16 experiments
Age (year) Donor (number) Cell (number) Age (year) Donor (number) Cell (number)
Healthy 56.5+12.3 6 54685 61.6+4.9 3 25631
Asthma 53.5+13 8 74621 66.2+6.7 4 36282
Total 53.4+125 14 129306 64.28 £ 6.2 7 61913

Two main hypotheses were tested:

1)

2)

Epithelia reconstructed from cells of severe asthma patients have a different cellular and molecular
response from healthy epithelia during asthma-related remodeling (IL-13 or RVA) and resolution
after treatment withdrawal.

During remodeling and resolution, there are transdifferentiation events between already

differentiated cell types (goblet and multiciliated).

The following comparisons were performed to test the hypothesis:

Asthma CTRL vs Healthy CTRL: to identify the differences in cell composition and gene expression
between healthy and asthma epithelia at baseline.

Healthy IL-13 vs Healthy CTRL: to identify the events triggered by IL-13 treatment in healthy
epithelia.

Healthy IL-RV vs Healthy CTRL: how do healthy epithelia recover after IL-13 induced remodeling?
Asthma IL-13 vs Asthma CTRL: to identify the events triggered by IL-13 treatment in severe asthma
epithelia.

Asthma IL-RV vs Asthma CTRL: how do severe asthma epithelia recover after IL-13 treatment?
Asthma IL-13 vs Healthy IL-13: do the severe asthma epithelia respond differently to IL-13 than
the healthy ones?

Healthy RVA dpi 3 vs Healthy CTRL: how do healthy epithelia respond to RVA infection?

Asthma RVA dpi 3 vs Asthma CTRL: how do severe asthma epithelia respond to RVA infection?
Asthma RVA dpi 3 vs Healthy RVA dpi 3: do the severe asthma epithelia respond differently to
RVA infection than the healthy ones?

Healthy RVA dpi 14 vs Healthy CTRL: how do healthy epithelia recover from RVA infection?

Asthma RVA dpi 14 vs Asthma CTRL: how do severe asthma epithelia recover from RVA infection?

The first part of this section will focus on the IL-13 dataset.
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Building of an asthma-centric perturbation atlas

IL-13 induces remodeling in healthy and severe asthma epithelia.

Epithelia from healthy or severe asthma donors were treated with IL-13 for 8 (IL-13 1) or 22 (IL-13 2)
days. Epithelial remodeling was first monitored at each timepoint by immunofluorescence staining of

MUC5AC (goblet cells), acetylated alpha-tubulin (actub, cilia) and phalloidin (actin) (Fig. 48).

Control IL-13 1 IL-13 2 Resolution

Figure 48: Characterization of IL-13 induced remodeling of healthy and severe asthma epithelia.
Confocal immunofluorescence images stained for goblet (MUC5AC, green) and multiciliated cells (actub, red). Actin-F is marked
with phalloidin, white. Scale bars = 25um.

IL-13 treatment of healthy epithelia triggered remodeling after 8 days with goblet cell hyperplasia,
identified by an increase in MUC5AC+ cells and a decrease in multiciliated cell (MCC) number, identified
by a decrease in acetylated alpha-tubulin staining. Fourteen days after IL-13 washout (resolution),
healthy epithelia seemed to have recovered their initial cell composition. Contrary to what has been
reported in other studies of severe asthma ALI cultures, untreated severe asthma epithelia did not
display overt goblet cell hyperplasia (Fig.48) (Gras et al., 2012). Severe asthma basal cells seemed to
have differentiation defects, in addition to lower proliferation abilities (not shown). Overall, severe
asthma epithelia displayed a phenotype distinct from that of healthy cultures at baseline, but also
showed goblet cell hyperplasia and loss of MCC upon IL-13 treatment. Severe asthma epithelia also
seemed to recover their initial phenotype after resolution (Fig.48), demonstrating a certain cell

plasticity.
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Single-cell RNA-sequencing dataset

To understand the cellular and molecular events at play during IL-13 induced remodeling and
resolution, | performed single-cell RNA sequencing at timepoints 1 and 2 (Fig.49). | obtained 129,306
cells from healthy and severe asthma bronchial ALI cultures (Fig.49A:C). | also treated and sequenced
nasal ALl cultures from 3 healthy and 3 severe asthma donors from the cohort for future comparison

between bronchial and nasal remodeling events (Fig.49B).
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Figure 49: UMAP representation of the IL-13 perturbation dataset.
UMAPs colored by cell types (A), organ (B), health status (C), treatment condition (D) and timepoint (E).
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| identified 13 main epithelial cell types such as basal (KRT5+/TP63+), suprabasal (KRT5+/TP63-), club
(SCGB1A1+), deuterosomal (DEUP1+), multiciliated (FOXJ1+) and goblet cells (SPDEF+/MUC5AC+)
(Fig.49A & Fig.50). Of note, MUC5AC was poorly detected in the scRNA-seq datasets, which was
surprising given immunostainings intensities, but which is consistent to what we and other found
previously (Jackson et al., 2020). Surprisingly, in 2 cultures from severe asthmatic donors, | also
identified fibroblasts (PDGFR+) and cycling fibroblasts with a strong collagen signature, that might be
carryover from the 2 corresponding biopsies that persisted in culture. Fibroblasts were removed from
the dataset for subsequent analysis, in order to remain focused on epithelial signatures. Moreover,
there was also a “hillock-like” population of SCGB1A1+/KRT13+ cells enriched in nasal samples

(Fig.49A).
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Lastly, assessment of correlation between cell types divided by health status, treatment and timepoint
shows that cellular typing takes precedence over the other conditions. Groups cluster first by similar
cell type before treatment or healthy status, at the exception of some small subgroups such as
deuterosomal and cycling basal cells that may be more heterogeneous due to their small size. Overall,

this validates cell type robustness (Fig.51).
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Figure 51: Cell clusters correlations.
Heatmap of correlations between cell types sub-divided by health status, treatment and timepoint.
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Differences of composition and transcriptomic profiles
between in vitro severe asthma and healthy cells

Asthma epithelium maintains a phenotype of disease in vitro

To identify specific events occurring in cultures obtained from severe asthmatics compared to healthy
ones, | first compared cultures at baseline without treatment. | used 2 distinct analyses to assess
remodeling: the milo package (Fig.52A) that uses partially overlapping neighborhoods of cells for cell
type abundance enrichment analysis and the speckle package (Fig.52B), which uses the discrete cell
clusters that | annotated (Fig.49) and pairwise comparisons as statistical tests for cell proportion
analysis. The milo plot showed a significant (p-val < 0.05) enrichment in basal, club and suprabasal
populations in asthma (red dots) and a significant enrichment of a suprabasal secretory cell population
(blue dots). Goblet and multiciliated cells both had mixed profiles with one side enriched in healthy
samples and one side enriched in asthma ones, suggesting discrete subclusters specific to each
condition. Cell proportion analysis by speckle found that the healthy epithelium had a greater
population of goblet and deuterosomal cells (p-val = 4.2e-04 and 0.02, respectively), and confirmed
that the asthma epithelium was significantly enriched in more immature cell types such as basal (p-
val = 0.001), suprabasal (p-val = 2.1e-04) and club cells (p-val = 8.4e-06) (Fig.52B). Overall, both

approaches confirmed the observations done on immunofluorescence image.
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Figure 52: Asthma remodeling is conserved in ALl cultures.
A: Beeswarm plot of differential abundance between healthy and asthma cell populations with Milo. Gray cell
type indicates mixed cell neighborhoods. B: Proportion plot of cell types. p-values obtained by t-test.
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Then, | performed differential gene expression for each cell cluster, between healthy and asthma
cultures | used a pseudobulk approach which compared gene expression between 2 conditions by
aggregating cells by sample and by cell cluster and not at the single cell level. This allows to take into
consideration the inter-donor variability by considering each sample as an individual sample, as

opposed to approaches using single cells as individual samples.
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Figure 53: Differential expression of genes between healthy and severe asthma cell types.

A: Bar plot of gene up- and downregulated in severe asthma cells populations performed on merged data from timepoint 1 and 2 (p-val
< 0.05). B: Upset plot of genes differentially upregulated between healthy and severe asthma cell populations performed on merged data
from timepoint 1 and 2 (p-val < 0.05, logFC > 0). C: Upset plot of genes differentially downregulated between healthy and severe asthma
cell populations performed on merged data from timepoint 1 and 2 (p-val < 0.05, logFC < 0).

71



Differential gene expression showed that the basal and goblet cell populations had the most distinct
transcriptome compared to healthy populations, with 514 and 947 genes upregulated, respectively

(Fig.53A). Goblet cells also had the most downregulated genes with 1221, including 672 only

downregulated in this population (Fig.53A&C).
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Figure 54: Differential gene expression between healthy and severe asthma basal cells.
A: Heatmap of the top 30 most differentially expressed genes in basal cells, timepoints merged (p-val < 0.05, pct.1 > 0.3). B: Violin plot of Th2 genes
significantly upregulated in asthma basal cells. C: Violin plot of NOTCH2 expression in asthma basal cells.
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Among the genes most upregulated in the basal asthma population were Th2-associted genes such as
the host response to virus gene IFI27, major histocompatibility complex class Il (MHC-Il) genes HLA-B
and HLA-G, the asthma marker POSTN (logFC 2.2) (Fig.54A&B) and matrix-related genes such as
collagens (COL1A1, COL4A1, COL4A2) and metalloproteinases (ADAM9, ADAM19) (not shown).
Interestingly, the gene encoding the receptor NOTCH2 was also strongly upregulated in asthma basal
cells (Fig.54C). This receptor is usually found on club cells and its activation triggers the differentiation

of club cells into goblet cells (Ruiz Garcia et al., 2019).

Tumor Microenvironment Pathway
Pulmonary Fibrosis Idiopathic Signaling Pathway

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by IGFBPs

Extracellular matrix organization .
Pathogen Induced Cytokine Storm Signaling Pathway

Assembly of collagen fibrils and other multimeric structures

Integrin cell surface interactions

Post-translational protein phosphorylation

Role of Osteoclasts in Rheumatoid Arthritis Signaling Pathway .
Wound Healing Signaling Pathway

Degradation of the extracellular matrix

S100 Family Signaling Pathway .

Neutrophil degranulation .

FXR/RXR Activation . . .

Neuroinflammation Signaling Pathway

* Basal Club_SCGB1A1
Activation z-score » Cycling_Basal » Deuterosomal
Suprabasal * Multiciliated
- l Suprabasal Secretory * Goblet

-3.464 4.795 * Secretory

Figure 55: Analysis comparison of regulated pathways across cell types.

Analysis comparison of regulated pathways across cell types revealed common pathways activated
between club, deuterosomal and multiciliated cells, with the strongest activation z-score in the latest.
In particular, the pulmonary fibrosis idiopathic signaling pathway was strongly activated in the three
cell types, suggesting common interactors between respiratory diseases (Fig.55). The pathogen
induced cytokine storm signaling pathway was also strongly activated in MCCs, in agreement with the
expression of IF27 significantly upregulated in the population (Fig.56A). The dynein light chain DYNLT4
and mitochondria-associated genes SDHD, HIGD2A and CIAO2A (Morgenstern et al., 2021; Spinelli &
Haigis, 2018) were downregulated, which could suggest a decrease in cilia mobility, as motile cilia are
powered by mitochondria (Ximena et al., 2006). Interestingly asthma MCC transcriptome was also

enriched in SNF and LAMC2 that have been associated with squamous metaplasia (Goldfarbmuren et
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al., 2020), and numerous basal cell markers such as laminins (LAMB3, LAMC2), integrins (ITGB1, ITGA3,
ITGB6), filamin (FLNB), actinin (ACTN1) and HSPG2 (Fig.56A). Moreover, the basal-associated keratins
KRT5 and KRT6A, and suprabasal-associated KRT16 were also upregulated (Fig.56B). To go further, |
plotted the expression score of the top expressed asthma MCC genes across all cell types (first
dendogram row of Fig.56A) and noticed that this “MCC asthma” signature was consistently highest in
asthma samples. It scored the highest in basal and suprabasal cells. (Fig.56C). Put together, these

results suggest that asthma MCCs are more immature than healthy ones.
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Figure 56 : Differential gene expression between healthy and severe asthma multiciliated cells.

A: Heatmap of the top 30 most differentially expressed genes in MCCs, timepoints merged (p-val < 0.05, pct.1 > 0.3). B: Dot plot of keratin genes in
MCCs. p-values obtained by LRT test. C: Violin plot of the asthma MCC signature composed of the top genes from heatmap A.
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Asthma goblet cells were enriched in genes related to immunity such as transporter associated with
antigen processing 1 (TAP1), which plays a role in antigen presentation by transporting peptides to MHC
class I molecules (Kaer et al., 1992), and type | or type lll interferon signaling with upregulation of STAT2
and IFI27 (Au-Yeung et al., 2013) (Fig.57A). Similarly to MCCs, asthma goblet cells were also strongly
enriched in basal cell markers and ECM-related genes such as the laminins LAMC2 and LAMB3, filamin
B (FLNB), HSPG2, ITGB6, ACTN1 and fibronectin (FN1) (N. R. Hackett et al., 2011), and KRT5, KRT6A and

KRT16 (Fig.57B). The asthma goblet cell signature also scored high in basal and suprabasal cells

(Fig.57C).
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Figure 57 : Differential gene expression between healthy and severe asthma goblet cells.
A: Heatmap of the top 30 most differentially expressed genes in goblet cells, timepoints merged (p-val < 0.05, pct.1 > 0.3). B: Dot plot of keratin genes
in goblet cells. p-values obtained by LRT-test. C: Violin plot of the asthma goblet cell sighature composed of the top genes from heatmap A.

For all cell types, plotting of the topmost differentially expressed genes on a heatmap with an
expression matrix of cells of the same cell type but from all conditions (healthy, asthma, treatments
and timepoints combined) (Fig.54A, Fig.56A and Fig.57A) showed an unsupervised clustering of

sample per health status. The samples clustering by cell type and not by treatment demonstrated that
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the asthma signature is stronger than the IL-13 signature and that IL-13 treated healthy cells do not

cluster with the asthma samples.

To have a more comprehensive view of the biological processes differing between healthy and asthma
epithelia, we performed a secretome analysis on apical washes from the surface epithelia that we
collected before dissociating ALl cultures for scRNA-seq. Secretions of the basal compartments of the
culture inserts were also collected and analyzed but as no significant changes were detected, only
results of the apical secretions are presented in the manuscript. No difference in MUC5AC expression
was detected with ELISA analysis of mucus secretion between healthy and asthma samples (Fig.58A:C).
Mucus of asthma epithelia was significantly enriched in MUC5B, but its RNA expression was
significantly decreased in goblet cells. This discrepancy could be due to differential secretion
mechanisms between healthy and asthma epithelia or to experimental issues such as antibody cross
reaction. Cytokine secretions were assessed by LEGENDplex™ assay. Among the most differentially
regulated cytokines, the growth factors CSF1 and PDGFB were upregulated both in secretions
(Fig.58D&E) and RNA expression from the scRNA-seq data (Fig.58F) of asthma samples. CSF1 is a
lineage-specific growth factor for macrophages that is expressed by fibroblasts and PDGFB is a
fibroblast growth factor expressed by macrophages. Macrophages and fibroblasts hence regulate each
other’s population through paracrine signals, in vitro and in vivo (Bonnardel et al., 2019; X. Zhou et al.,
2018, 2022). Given the expression and different levels in asthma samples, it is tempting to speculate

that asthma epithelial cells can similarly signal to the mesenchymal and immune niches of the lungs.
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Figure 58: Differences in secretions ELISA detection of MUC5AC.
(A) and MUC5B (B) in apical washes of healthy and asthma cultures at baseline C: mRNA levels of MUC5AC and MUC5B in goblet cells.
Legendplex detection of CSF1 (D) and PDGFB (E) in apical washes at baseline. F: mRNA levels of CSF1 and PDGFB in the whole dataset.



Characterization of cell types and states induced during
remodeling and regeneration events

Characterization of cell types and states induced by IL-13
healthy epithelium

Our working hypothesis was that during remodeling and resolution, there are transdifferentiation

events between already differentiated cell types such as goblet cells and multiciliated cells.

IL-13 induces goblet cell hyperplasia in healthy epithelium
To identify specific remodeling events such as putative transdifferentiation between multiciliated and

goblet cells, | treated healthy airway epithelial ALl cultures with IL13 (10 ng/mL). Milo enrichment
analysis shows goblet cell hyperplasia after 8 days of IL-13 treatment in healthy epithelia as expected,
as well as basal cell hyperplasia and a decrease in multiciliated cell population in healthy epithelium.

This remodeling persisted through timepoint2 (Fig.59A&B).

Timepointl B Timepoint 1 Timepoint 2 Timepoint 1 Timepoint 2
I

CTRL IL-13 CTRL IL-13 ILRV

1.00- -- —il-—*

L . éo.so-
&
- f atsw o
. wplpt e 0.25-
0.00-
Figure 59: IL-13 induces remodeling in healthy airway epithelial ALI cultures.
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Goblet cells are the main responder of IL-13 in healthy epithelium
IL-13 induced a strong response in goblet cells at the transcriptome level, with 683 genes upregulated

at timepoint1 (Fig.60A), including typical IL-13 epithelial response with genes such as ALOX15, FETUB
or CDH26. This was reflected with Ingenuity Pathway Analysis predicting strong activation of the IL-13
pathway in goblet cells and associated genes such as SPDEF, ALOX15, CCL26 or ANO1 (Fig.60B).
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Figure 60: IL-13 induces a strong inflammatory response in healthy goblet cells.
A: Upset plot of genes significantly upregulated (P val <0.05, logFC >0) by IL-13 in healthy cells at timepoint 1. B: Ingenuity Pathway
Analysis (IPA) prediction of IL-13 pathway activation in IL-13 treated healthy goblet cells at timepoint 1.

Among the upregulated genes found in the differential expression analysis in goblet cells at
timepoint 1, 480 were uniquely found in this population, including cystatin C (CST3) (Fig.60A and
Fig.61A&B), an antiprotease involved in epithelial fluid balance and mucociliary clearance (T. I. A. Evans
et al., 2016). Significant increase in CST3 protein expression was detected in apical washes of IL-13

treated healthy ALI cultures at timepoint 2 (Fig.61B). Other genes involved in fluid balance like ANO1,
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involved in chloride ion transport (Widdicombe & Wine, 2015) and SLC12A2, a basolateral Na*/K*/2CI
cotransporter were also upregulated (Hill et al., 2022). Interestingly, by plotting the top 50 most
upregulated genes in healthy goblet cells after IL-13 treatment on a heatmap representing all samples,
I noticed that the top genes of this response were also upregulated in IL-13 treated asthma goblet cells
but at a lower intensity (Fig.61C). This difference in response will be explored in more details in part

Comparison of the differences in response to IL-13 between asthmatic and healthy epithelia.
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Figure 61: Upregulated genes in IL-13 treated healthy goblet cells.
A: Violin plot of CST3 mRNA levels across healthy cell types at timepoint 2. B: Protein level of CST3 in apical washes of

healthy epithelia at timepoint 2. C: Heatmap of the top 50 most upregulated genes (P val < 0.05, logFC >0) by IL-13 in
healthy goblet cells at timepoint 1.

IL-13 triggers deciliation in healthy epithelia
To understand the events causing the decrease in the MCC population observed both in

immunofluorescence microscopy and in single cell RNA sequencing, | then focused the analysis on the
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MCC population. IL-13 treatment induced the expression of ion transporter genes such as TRPM6 and
ATP12A (Schlingmann et al., 2007; Shah et al., 2016) and serine peptidase inhibitors (SERPINs) like
SERPINB2 and SERPINB10 that have been linked to asthma (Mo et al., 2019) (Fig.62). Interestingly,
when plotting the top 50 most differentially expressed genes in response to IL-13 in healthy MCCs at
timepoint 1, on an expression matrix of all conditions and timepoints merged, | noticed that these
genes were not expressed by severe asthma MCCs at baseline and were less upregulated in severe

asthma MCCs after IL-13 treatment (Fig.62), similarly to what was observed in the goblet cells (Fig.62C).
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Figure 62: Differential gene expression between untreated and IL-13 treated healthy multiciliated cells.
Heatmap of the top 50 most differentially expressed genes (P val < 0.05) in response to IL-13 in healthy MCCs at timepoint 1,

projected on an expression matrix of all conditions and timepoints merged.
The MCC population was also affected by IL-13 treatments, with a decreased expression of cilia
components such as dynein light chain roadblock-type 2 (DYNRLB2) or SNTN as well as a decrease in
the expression of the tubulin polymerization promoting protein family member 3 (TPPP3) (Fig.63B).
Deuterosomal and MCC populations exhibited decreased SYSCILIA Gold Standard signatures of ciliary
components (Fig.63C) (Suly Saray Villa Vasquez, John van Dam, 2021). To understand if this decrease in
the expression of cilia genes was only the reflection of decreased MCC numbers, or could also reflect

lower numbers of cilia per cell, | further characterized the loss of cilia that | observed by
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immunofluorescence on Figure 48. | performed a time course study and imaged IL-13 treated healthy
ALl cultures at several timepoints. | observed a disorganization of the apical mesh and a decrease in
cilia density for each MCC after 3 days of treatment which became more important after 7 days. At this
point the IL-13 was washed out and a rescue of the phenotype was visible as soon as 3 days after
resolution. | continued the treatment on the remaining epithelia until day 17 when some MCCs only

harbored a couple of cilia (Fig.63A), confirming loss of cilia in MCCs.

Interestingly, almost half of the genes induced by IL-13 in MCCs were shared with goblet cells, including
the goblet cell transcription factor SPDEF (Fig.63D). Therefore, | decided to increase the resolution of

the analysis of the MCC population by performing a subclustering step.
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A hybrid mucous-ciliated population is induced by IL-13
Subclustering of MCCs by scANVI revealed two distinct subclusters (Fig.64A), both FOXJ1+. One

subcluster expressed typical MCC markers (FOXJ1+, RFX2+) and was labeled as the main MCC

population, however the second one expressed on top of these MCC markers, goblet-specific markers

such as SPDEF and MUC5B. Thus, this cell population was labeled “mucous-ciliated” (Fig.64C-E).

Additionally, the mucous-ciliated population shared the calcium-dependent cysteine protease CAPN13

with goblet cells. This calpain

is poorly characterized (Spinozzi et al., 2021) but could play a role in

mucosal immunity by modulating the activity of certain proteins. Interestingly, mucous-ciliated cells

also expressed KRT5, indicating a level of immaturity (Fig.64F). Cell proportion analysis showed that

the mucous-ciliated cell population was enriched both in IL-13 treated healthy and asthma epithelia,

although not significantly, probably due to its small size (Fig.64G).
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Overall, IL-13 treatment of healthy ALl-cultured epithelium triggered a clear remodeling with a goblet
cell hyperplasia and a decrease in deuterosomal and multiciliated cells, that was reversible after two
weeks without IL-13 (timepoint 2). The transcriptomic response was carried in majority by the goblet
cells with notably the upregulation of the expression of genes related to ion transport. Most interesting
was the induction of a hybrid, mucous-secretory cell population expressing transcription factors
specific of MCCs and goblet cells. For all cell types, plotting of the topmost differentially expressed
genes on a heatmap with an expression matrix of cells of the same cell type but from all conditions
(healthy, asthma, treatments and timepoints combined) (Fig.61A and Fig.62A) showed an
unsupervised clustering of sample per treatment. IL-13 treated samples clustered alone while CTRL and
ILRV (resolution) samples clustered together, indicating a complete resolution of the transcriptomic

signature of samples that are no longer treated (ILRV) and is now undistinguishable from the CTRL one.

Characterization of cell types and states induced by IL-13 in
severe asthma epithelium

Severe asthma epithelium can respond to IL-13 inflammation and recover
after resolution
Next, | analyzed the effect of IL-13 treatment on severe asthma cultures. The goblet cell population was

increased and the multiciliated cell population was decreased after 8 days of IL-13 treatment
(timepoint 1), as seen by abundance (Fig.65A) and cell proportion (Fig.65B) analyses. However, after
22 days (timepoint 2), the basal cell population increased and became the dominant population
(Fig.65B), highlighting a different dynamic between healthy and severe asthma epithelia during IL-13
treatment. Comparison of the proportions of control (CTRL) and resolution (ILRV) severe asthma
epithelia at timepoint 2 shows no significant differences. Thus, the recovery of the initial cell
proportions after resolution demonstrates plasticity despite impaired differentiation capacities of

severe asthma epithelium.
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Figure 65: IL-13 induces remodeling in severe asthma airway epithelial ALl cultures.

A: Differential abundance of cell types between IL-13 treated and untreated severe asthma cells at timepoint 1 with Milo. Gray cell type indicates
mixed cell neighborhoods. B: Proportion plot of cell types between IL-13 treated, untreated (CTRL) and ILRV (resolution) severe asthma cells at
timepoint 1 and 2. p-values obtained by t-test.

Severe asthma epithelia undergo a goblet to basal switch in response to
chronic IL-13

Differential gene expression analysis at timepoint 1 revealed that similarly to healthy ALI cultures,
goblet cells displayed the strongest transcription response with the most genes upregulated by IL-13
(Fig.66A). At timepoint2 however, the goblet cell response was decreased, and the basal cell response
was dominant (Fig.66B). This is in agreement with what was observed with cell proportions with
timepoint 1 centered around goblet cells and timepoint 2 dominated by basal cells, indicating a goblet

to basal switch in the cellular and molecular response of asthma epithelia subjected to chronic IL-13.
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Figure 66: Severe asthma epithelium undergoes a goblet to basal switch under chronic IL-13 treatment.
Upset plot of significantly upregulated genes (p-val < 0.05, logFC > 0) in IL-13 treated severe asthma airway epithelial cells at timepoint 1 (A) and
timepoint 2 (B).

A closer look at goblet cells showed that, at timepoint 1, IL-13 treatment induced characteristic Th2
genes such as LOXL4, CISH, ALOX15, CDH6, CDH26 and FETUB (Giovannini-Chami et al., 2012; Woodruff
et al., 2009). Galectin genes such as GALNT5 and GALNT7 were also upregulated. Galectins are
glycosyltransferase enzymes involved in the O-linked glycosylation of mucins (Fig.67A) (Tian et al.,
2023). Thus, these genes could participate in IL-13-induced mucus hypersecretion. As expected, the
goblet cell transcription factor SPDEF was strongly upregulated at timepoint 1 and 2 (Fig.67B) (K. S.
Park et al., 2007). Interestingly, it also induced KRT16 (Fig.67C). This keratin, that is usually specific to
the suprabasal cell population, was already upregulated in asthma goblet cells compared to healthy
goblet cells. Among the genes specifically induced at timepoint 1 but not timepoint 2 were genes

involved in ion transport like KCNK6 and TRPM4 (potassium and calcium, respectively) (Nechipurenko,
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2020; Toczytowska-Maminska & Dotowy, 2012) and vesicle trafficking such as EXOC3, a subunit of the
exocyst complex (Wu & Guo, 2015) (Fig.67D). Fewer genes were specifically upregulated at timepoint 2
and not timepoint 1, among them RAMPI1, which has been found to be negatively correlated to
bronchial hyperresponsiveness in mice (M. Li et al., 2014), and SCRN1, involved in vesicle trafficking
(Lindhout et al., 2019) (Fig.67E). Heatmap of the topmost differentially expressed genes projected on
an expression matrix of goblet cells from all conditions (healthy, asthma, treatments and timepoints
combined) showed an unsupervised clustering of CTRL and ILRV samples, indicating identical
expression profiles between the two conditions and resolution of goblet cells transcriptome post IL-13

treatment (Fig.67A).
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Figure 67 : Differential gene expression between untreated and IL-13 treated severe asthma goblet cells.

A: Heatmap of the top 50 most differentially expressed genes (P val < 0.05) in goblet cells at timepoint 1, projected on an expression matrix
of all conditions and timepoints merged. B: Violin plot of SPDEF expression in severe asthma goblet cells depending on treatment and
timepoint. C: Dot plot of KRT16 expression in severe asthma goblet cells. D: Dot plot of some genes significantly upregulated (P val < 0.05)
in IL-13 treated goblet cells at timepoint 1 compared to untreated goblet cells (CTRL) at timepoint 1, that are not upregulated at timepoint
2. E: Dot plot of some genes significantly upregulated (P val < 0.05) in IL-13 treated goblet cells at timepoint 2 compared to untreated
goblet cells (CTRL) at timepoint 2, that are not upregulated at timepoint 1. p-values obtained by LRT-test.
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As IL-13 treated severe asthma epithelia underwent basal cell hyperplasia at timepoint 2, | next focused
my analysis on this population. IPA predicted a strong activation of the IL-13 pathway in IL-13 treated
severe asthma basal cells at timepoint 1, through STAT6, STAT1 and STAT3 signaling (Fig.68).
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Figure 68:1L-13 activation in severe asthma basal cells.
Ingenuity Pathway Analysis (IPA) prediction of IL-13 pathway activation in IL-13 treated severe asthma basal cells at timepoint 1.
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At timepoint 2, in severe asthma basal, IL-13 induced the expression of typical Th2 genes similarly to
what | observed in the other IL-13 treated cell types (CDH6, CISH, CCL26, LOXL4...) (Fig.69A). Basal and
suprabasal specific keratins KRT5, KRT6A and KRT16 were significantly downregulated in severe asthma
basal cells after IL-13 treatment at timepoint 1 and/or 2 (Fig.69B), which could indicate a defective
epithelial differentiation. Moreover, several developmental signaling pathways were dysregulated.
Looking at the Notch pathway for example, the Notch ligands DLL1 and DLK2 were downregulated at
timepoint 2. On the other hand, the hedgehog signaling was activated with the upregulation of the
ligand SHH (Fig.69C). Moreover, the transcription factor FOXA1, upstream of SPDEF, was upregulated
at both timepoints and some SPDEF transcripts were detectable, although not significantly, indicating
an early specification of basal cells toward the goblet cell lineage (Fig.69D). Lastly, | also noticed a
specific epithelial to mesenchymal transition (EMT) signature extracted from the GSEA
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION signature, in a subset of basal and suprabasal
IL-13 treated asthma cells. This signature comprised collagen genes (COL11A1, COL5A3, COL6A3...) and
fibroblasts marker like DCN and CTHRC1 which is associated with fibrosis (Fig.69E) (Tsukui et al., 2020).
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Figure 69: Differential gene expression between untreated and IL-13 treated severe asthma basal cells.

A: Heatmap of the top 50 most differentially expressed genes (p-val < 0.05) in basal cells at timepoint 2, projected on
an expression matrix of all conditions and timepoints merged. B: Dot plot of KRT genes expression in severe asthma
basal cells. C: Heatmap of developmental signaling pathways genes in severe asthma basal cells at timepoint 2. Black
stars indicate statistical significance at timepoint 2, and gray starts indicate statistical significance at timepoint 1 only.
D: Dot plot of goblet cells related genes expression in severe asthma basal cells. Stars indicate statistical significance of
a condition compared to its timepoint-matched control. E: Heatmap of EMT related genes projected on an expression
matrix of all conditions and timepoints merged. p-values obtained by LRT-test.



Taken together, these result show that severe asthma ALl-cultured epithelium can respond to IL-13
treatment and that IL-13 triggered a goblet to basal switch with a remodeling going from a goblet cell
hyperplasia at timepoint 1 to a basal cell hyperplasia at timepoint 2. The response to IL-13 is robust,
with hundreds of genes induced in most cell types. Interestingly, goblet and MCCs appeared to
transition toward a somewhat dedifferentiated state by gaining basal cell markers while basal cells
acquired secretory markers. Similarly to what was observed in healthy epithelium, in all severe asthma
cell types, plotting of the topmost differentially expressed genes on a heatmap with an expression
matrix of cells of the same cell type but from all conditions (healthy, asthma, treatments and timepoints
combined) (Fig.67A and Fig.69A) showed an unsupervised clustering of sample per treatment. IL-13
treated samples clustered alone while CTRL and ILRV (resolution) samples clustered together, indicating
a complete resolution of the transcriptomic signature of samples that are no longer treated (ILRV) and

is now undistinguishable from the CTRL ones.

Comparison of the differences in response to IL-13 between
asthmatic and healthy epithelia

Asthma epithelium is more reactive to IL-13
After | characterized the individual response of healthy and of severe asthma to IL-13, | compared

directly the two responses to identify asthma-specific mechanisms of the airway epithelium to
inflammation. IL-13 induced MUC5AC mRNA expression in healthy and in asthma epithelia (p-val =
1.2e-05 and 1e-06, respectively) (Fig.70A). This induction was also observed at the protein level by
performing ELISA assay on the apical secretions collected from the ALI culture inserts although not
significantly for asthma secretions, which might be due to sample variation (Fig.70B). No significant
changes in MUC5B mRNA were detected, although MUC5B levels seem to decrease in both healthy
and severe asthma conditions after IL-13. Surprisingly, expression of MUC5B protein level was
increased in asthma apical secretions, and a non-significant increase trend was observed in healthy
secretions (Fig.70C). This discrepancy between mRNA and protein levels could be explained by
differential regulation in mucin expression such as glycosylation and exocytosis. Another, simpler
explanation would a technical issue such as poor detection of MUC5B by the antibody or interference

with other secreted proteins.
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Figure 70: IL-13 induces mucus secretion in both healthy and severe asthma ALI

cultures at timepoint 2.

A: Dot plot of MUC5AC and MUC5B mRNA expression in healthy and severe

asthma goblet cells. ELISA detection of MUC5AC (B) and MUC5B (C).

Comparison of the number of genes differentially expressed in IL-13 treated asthma and healthy
epithelia revealed that asthma epithelium had a broader response to treatment with more genes
upregulated in each cell type, at the exception of MCCs and goblet cells that had more IL-13
upregulated genes in healthy samples (Fig71A). To appreciate the distribution of the genes differentially
expressed | plotted the same data by strip plot and noticed that the asthma epithelium also has a
stronger response to IL-13, as in all cell types at the exception of the deuterosomal cells, genes in IL-13
severe asthma cells had a higher maximum log fold change than in healthy epithelia, with CCL11
(coding for eotaxin) and CCL26 (coding for eotaxin-3) having a log fold change superior to 10 in certain
asthma cell types. Eotaxins are eosinophil-attracting chemokines that that contribute to the

inflammation observed in asthma airways by promoting the recruitment eosinophils and other immune

cells (Pease & Williams, 2001) (Fig71B).
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Figure 71: Differences in amplitude response between healthy and severe asthma epithelia.
A: Bar plot showing the number of upregulated and downregulated genes between healthy and severe asthma epithelia, per cell type.
B: Strip plot showing the number of upregulated and downregulated genes between healthy and severe asthma epithelia, per cell type.
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Next, among the differentially regulated genes, | compared those that were unique or common to each
condition (healthy epithelium treated with IL-13 at timepoint 1 or 2 and asthma epithelium treated
with IL-13 at timepoint 1 or 2) in basal (Fig.72A), goblet (Fig.72C) and MCCs (Fig.72E). In basal cells,
POSTN, a well-known marker of asthma (Woodruff et al., 2007), was only upregulated in the healthy
condition (Fig.72B). This could suggest that severe asthma basal cells are already at their maximal
transcriptional capacity for POSTN and that it cannot be more upregulated or that the induction is not
strong enough to be statistically significant. The upregulation of genes involved in calcium signaling
such as TENM2 (Silva et al., 2011) and CAMK1D (Verploegen et al., 2005) could participate in fluid
secretion or generation of reactive oxygen species. Genes specifically upregulated in severe asthma
basal cells were related to immune signaling (PIGR, IFIT2, TMPRSS2 or IL1RL1) (Fig.72B). Among the
most upregulated genes in basal cells of both conditions were EHF, an epithelial-specific transcription
factor that may play a role in the regulation and differentiation of certain epithelial tissues (Reehorst
et al., 2021), GATA3, a gene coding for an important regulator of T cell development (Koretzky et al.,
2002) and TNIK, an activator of the WNT pathway (Mahmoudi et al., 2009) that has been implicated in
asthma (Legaki et al., 2022) (Fig.72B).
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Figure 72: Comparison of IL-13 response between healthy and severe asthma epithelia across timepoints.
Upset plot of upregulated genes between healthy and severe asthma epithelia, at timepoint 1 or 2 in basal (A), goblet (C) or MCC (E). Venn diagrams displaying
curated selections of genes in healthy (light blue) or asthma (light pink) cells at either timepoint, in basal (B), goblet (D) or MCC (F).
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Cell trajectories inference
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A
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Figure 73: How to infer cell trajectories among airway cell types?
A: UMAP of the IL-13 dataset labeled by cell type. B: Canonical and putative (question mark)
airway epithelial cell trajectories.

The analysis of my asthma-centric perturbation atlas revealed molecular events related to IL-13
induced remodeling and allowed me to identify a discrete population of hybrid goblet/MCC cells
(Fig73A) that are enriched in IL-13 treated conditions. Although similar hybrid cells have been identified
by my team (Deprez et al., 2020) and others (Vieira Braga et al., 2019), it is unclear whether these cells
emerge from the transdifferentiation of goblet cells, the transdifferentiation of MCCs, or both (Fig.73B).
To better characterize this remodeling, | analyzed and compared the cellular trajectories (paths taken
from cells transitioning from one state to another) taken by epithelial cells with or without IL-13

induced remodeling.
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Introduction to cell trajectories
Cell differentiation trajectories describe the paths that cells take as they transition from one cell state

to another, usually a progenitor or stem cell state to a more final differentiated state. These trajectories
capture the dynamic process of cell fate decisions, showing how cells progress through various
intermediate states before reaching their mature form. To adapt to injuries and insults, tissues can
undergo remodeling and cells adopt new trajectories. Under pathological conditions, these trajectories
can be disturbed and lead to tissue dysfunction such as defective mucociliary clearance in asthma (see

Remodeling in asthma).

While traditional lineage tracing such as mice with specific reporter cell lines offers direct and
unambiguous lineage relationships by directly tracking cell divisions and migrations, no equivalent
system exists for human primary cell models. The only robust approach available to us to perform “cell
trajectories” was lineage inference through computational analysis of single-cell transcriptomes. Cells
can be analyzed through pseudotime analysis, that orders cells along a continuous trajectory based on
their gene expression profiles to see the progression of cells along the inferred trajectory, with
pseudotime values assigning cells a relative distance from one cell determined as an initial point,
regardless of its lineage and terminal fates. This information is then used for trajectory inference. Here
| used a computational method using CellRank to perform the trajectory inference visualizable in low
dimensions (i.e. 2D plots). The CellRank framework predicts lineage-specific fates using transition
matrices that can be produced by different kernels (such as velocity-based or connectivity-based
kernels) depending on the data and research focus. To infer trajectories, we chose the Pseudotime
kernel, using information from the Palantir pseudotime. This kernel is used to generate a cell-cell
transition matrix. From the transition matrix are defined “macrostates”, which are distinct cell states
that represent groups of cells with similar fate potential, based on transition probabilities. Among the
macrostates, Palantir then identified groups of most stable or terminally differentiated cells as the
terminal macrostates. We chose our parameters based on the results obtained in the “Healthy CTRL
timepoint 2” group, that we selected as reference since it was our most physiologically relevant group.
Analysis of one timepoint was sufficient to reconstruct cell trajectories in our ALI model, as mature in
vitro epithelia retain all transitory cells. All cell trajectories inference results are presented at timepoint
2 for simplicity. Goblet and multiciliated terminal macrostates defined by CellRank are represented in
Figure74A&B for healthy CTRL and asthma CTRL, Figure75A&B for healthy IL13 and asthma IL13 and
Figure77A&B for healthy ILRV and asthma ILRV. The fate probabilities toward goblet or MCC state

according to conditions are summarized in Table 2 below, for better comprehension.
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Multiciliated cells are more likely to transition to goblet cells in asthma
The probabilities of any cell to differentiate into a given cell type is represented on a fate probability

map that color code cells with the lowest fate probability in dark blue (0%) and cells with the highest
fate probability in yellow (100% = already differentiated into the state analyzed). Here | looked, in all
conditions, at the probability of one of the cell types | have annotated (Fig.73A) of becoming either a
“goblet terminal macrostate” or a “multiciliated terminal macrostate”, which are subpopulations
identified by CellRank as being the most terminally differentiated cells (most stable RNA velocity)
among the other cells. To avoid confusion, | will refer to the cell populations | have annotated as “types”

and the cell macrostates identified by CellRank as “states”.

When observing the fate probability of untreated healthy cells at timepoint 2 (reference group) to reach
a goblet state (goblet terminal macrostate), most cells were dark green (medium probability) at the
exception of the goblet cell type (yellow, already differentiated to goblet cells) and MCCs which were
dark blue (very low probability) (Fig.74C). Interestingly, a couple of cells situated at the mucous-ciliated
cell type cluster location had a higher probability than the rest of the MCCs to become a goblet state
cell (Fig.74C, red arrow). By representing this score on a violin plot (Fig.74G), | estimated that most cell
types had a probability of about 40% to become a goblet state cell, including goblet cells, which
suggests that at baseline, most cells typed as goblet are not terminally committed to their cell state
and remain plastic. Deuterosomal cells and MCCs had the lowest score (<10 and close to 0%,
respectively) (Fig.74G, red box). Most cells had a higher fate probability of becoming multiciliated state
cells, as represented by the light green score on the fate probability map (Fig.74D, red arrow) of basal,
suprabasal and secretory cells, and by the yellow score of deuterosomal and MCCs (in agreement with
the fact that they are already committed to becoming MCCs). The goblet terminal macrostate was the
least likely to transition to MCCs as it was dark blue, confirming that this subpopulation was indeed
terminally differentiated (Fig.74D). Looking at the violin plot of fate probability of becoming a MCC
state revealed that rare cells were the least likely to transition to a MCC state, while all other cell types
had a ~60% probability. Deuterosomal and multiciliated cell types had a ~100% fate probability of
becoming an MCC, indicating that they are fully committed to the MCC lineage (Fig.74l).

Next, | analyzed the fate probabilities in the asthma CTRL condition (Fig.74B). Interestingly, the fate
probability of becoming a goblet state cell was much higher than in healthy CTRL cells, as most cell
types scored at around 90 to 100% (Fig.74E&H). Cells located at the mucous-secretory cluster score
higher than the rest of the MCCs (~60% compared to ~10%, respectively) (Fig.74E, red arrow). Severe
asthma MCCs had a higher probability of becoming a goblet cell than healthy ones (Fig.74H, red box
compared to Fig.74G, red box).
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Figure 74: Cell fate probabilities at baseline, timepoint 2.

Map of terminal state cells in healthy CTRL 2 epithelium (A) and severe asthma CTRL 2 epithelium (B). Fate probability
map of a cell to become a goblet terminal macrostate in healthy CTRL 2 epithelium (C) and severe asthma CTRL 2
epithelium (E). Fate probability map of a cell to become a MCC terminal macrostate in healthy CTRL 2 epithelium (D)
and severe asthma CTRL 2 epithelium (F). Violin plot of the fate probability of a cell to become a goblet terminal
macrostate in healthy CTRL 2 epithelium (G) and severe asthma CTRL 2 epithelium (H). Violin plot of the fate
probability of a cell to become a MCC terminal macrostate in healthy CTRL 2 epithelium (1) and severe asthma CTRL
2 epithelium (J).
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Reciprocally, severe asthma cells had a lower fate probability of becoming a multiciliated state cell than
healthy cells, all cell types scored lower than 10%, at the exception of a subgroup of goblet cells
(Fig.74F, red arrow, and Fig74H.) and of deuterosomal and MCCs that score between 80 and 100%
(Fig.74)).

Overall, compared to a healthy epithelium, the severe asthma epithelium is strongly skewed toward a

secretory fate.

IL-13 increases multiciliated cell to goblet cell transition probability
After IL-13 treatment, the probability of most cell types to become a goblet state rose to 80% in the

healthy epithelium (Fig.75C&G) and to more than 80% in severe asthma epithelium (Fig.75E&H). MCCs
fate probability to differentiate to the goblet state increased in both conditions, most noticeably in
asthma IL-13 where it exceeded 20% (Fig.75H, red box). Reciprocally, the probability of most cell types
to differentiate to a MCC state dropped to 20% in healthy epithelium (Fig.75D&I) and <20% in the
severe asthma epithelium (Fig.75F&J). This probability also decreased in MCCs of both conditions.
Interestingly, in severe asthma, the violin plot of the probability of MCCs to become a goblet state of
MCC state became bimodal. A second discrete MCC population seemed to detach from the first one

after IL-13 treatment and could possibility be the mucous-ciliated cell population.

Cell trajectories and pseudotime progression can be visualized on diffusion maps, where arrows
indicate the inferred direction of cell differentiation through pseudotime (pseudotime flow). |
compared the two most extreme conditions of timepoint 2, healthy CTRL (reference) and asthma IL-13
to highlight the perturbations caused by IL-13 remodeling (Fig76.). At homeostasis (healthy CTRL)
differentiation starts with basal cells that differentiate into suprabasal then club cells which then either
turn into goblet cells (secretory trajectory) or into deuterosomal cells and finally MCCs (MCC trajectory)
(Fig76.A, highlighted by magenta arrows). In IL-13 treated asthma epithelium the secretory trajectory
is conserved, however, the pseudotime flow of MCCs is direct toward the secretory and goblet cells,
indicating that the MCC trajectory is diverted toward the secretory lineage (Fig76.B, highlighted by

magenta arrows). This strongly suggests that, in asthma, multiciliated cells differentiate to goblet cells.
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Figure 75: Cell fate probabilities after IL-13 treatment, timepoint 2.

Map of terminal state cells in healthy IL-13 2 epithelium (A) and severe asthma IL-13 2 epithelium (B). Fate probability map
of a cell to become a goblet terminal macrostate in healthy IL-13 2 epithelium (C) and severe asthma IL-13 2 epithelium
(E). Fate probability map of a cell to become a MCC terminal macrostate in healthy IL-13 2 epithelium (D) and severe
asthma IL-13 2 epithelium (F). Violin plot of the fate probability of a cell to become a goblet terminal macrostate in healthy
IL-13 2 epithelium (G) and severe asthma IL-13 2 epithelium (H). Violin plot of the fate probability of a cell to become a
MCC terminal macrostate in healthy IL-13 2 epithelium (1) and severe asthma IL-13 2 epithelium (J).
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A  Healthy CTRL timepoint 2 B Asthma IL13 timepoint 2

Figure 76: Visualization of pseudotime flow highlights IL-13 perturbations.
Diffusion maps of healthy CTRL epithelium (A) compared to IL-13 treated epithelium (B) at timepoint 2. Magenta arrows
represent the flow of the two major cell trajectories in each condition.

Differences in recovery dynamics between healthy and severe epithelia
Lastly, | compared the two resolution conditions (healthy ILRV and asthma ILRV) to apprehend the cell

trajectories leading to the recovery of the initial state of the epithelium after IL-13 induced
inflammation in healthy and severe asthma epithelia. In healthy epithelium, fate probabilities of most
cell types (basal, suprabasal, club, secretory, goblet, rare) toward the goblet state or the MCC state
went back to their initial state (40% and 60% respectively), at the exception of a subgroup of goblet
and secretory cells that remained ~100% committed to goblet cell state (Fig.77C&G) (or 0% committed
to the MCC state, Fig.77D&lI). This subgroup of fully committed cells could serve as a “quick starter” to
induce a fast secretory response in case of a future new insult The MCC cell type also recovered its
initial probabilities of 0% toward the goblet state (Fig.77C&G) and 100% toward the MCC state
(Fig.77D&).

On the contrary, fate probabilities of the severe asthma epithelium were not completely back to their
CTRL levels. Most cell types were less committed to the goblet state with 80-100% at resolution
(Fig.77E&H), compared to 90-100% in the control condition. Reciprocally, cells were more committed
to the MCC state with 20% for the ILRV condition compared to 10% in the control condition. This could
indicate that severe asthma cells are slower at recovery than the healthy ones and that some severe
asthma cells are still in the process of re-ciliating the epithelium 14 days after the last IL-13 treatment

(timepoint 2).
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Figure 77 : Cell fate probabilities at resolution (ILRV), timepoint 2.

Map of terminal state cells in healthy ILRV 2 epithelium (A) and severe asthma ILRV 2 epithelium (B). Fate probability map
of a cell to become a goblet terminal macrostate in healthy ILRV 2 epithelium (C) and severe asthma IL- ILRV epithelium
(E). Fate probability map of a cell to become a MCC terminal macrostate in healthy ILRV 2 epithelium (D) and severe asthma
ILRV 2 epithelium (F). Violin plot of the fate probability of a cell to become a goblet terminal macrostate in healthy ILRV 2
epithelium (G) and severe asthma ILRV 2 epithelium (H). Violin plot of the fate probability of a cell to become a MCC
terminal macrostate in healthy ILRV 2 epithelium (1) and severe asthma ILRV 2 epithelium (J).
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Table 2: Summary of fate probabilities toward goblet or MCC state according to conditions.

Condition Celltype ot ste %) | ACC state ()
Goblet 40 60
Healthy CTRL MCC <10 100
Other 40 60
Goblet 90-100 0-10
Asthma CTRL MCC >10 90-100
Other 90 10
Goblet 80-100 0-20
Healthy IL-13 MCC 10 90-100
Other 80 20
Goblet 90 0-20
Asthma IL-13 MCC 0-80 20-100
Other >80 <20
Goblet 30-100 0-80
Healthy ILRV MCC 0 100
Other 30-100 60
Goblet 80-100 0-30
Asthma ILRV MCC 15-20 80-100
Other 80-100 20

Characterization of cell types and states induced by rhinovirus
A16 in healthy and severe asthma epithelia

Rhinovirus A16 infection does not induce remodeling in ALI cultures
Lastly, | compared the response of healthy and severe asthma epithelia to another asthma-related

triggered, the rhinovirus infection, by infecting cultures with rhinovirus A16 (RVA) in an independent
experiment. Single-cell RNA-sequencing was performed at 3-, 7- and 14-days post infection (dpi) to
monitor epithelial remodeling during and after viral infection (Fig.78A). Viral infection was confirmed
and monitored by analyzing virus replication at 1, 3, 7 and 14 dpi (Fig.78B). 61,913 cells from 3 healthy
and 4 severe asthma donors were sequenced, and 9 major epithelial cell types were identified
(Fig.78C:E). Club and goblet cells were not distinguishable in this dataset as only one secretory

SCGB1A1+/MUC5AC+/MUC5B+ population was identified and labelled “mucous secretory” (Fig.78C).
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Figure 78: UMAP representation of the rhinovirus A16 perturbation dataset.
A: Experimental design. B: Viral replication detection. UMAPs colored by cell types (C), treatment (D) or health status (E), F: Proportion
plot of cell types across samples. p-values obtained by t-test.

| first analyzed the epithelial cell proportions to check if rhinovirus A16 infection induced remodeling
in ALl cultures. Cell proportion analysis did not reveal any RVA-induced remodeling, at the exception of

a slight increase of healthy basal cells at dpi 3, compared to healthy basal cell proportions (Fig.78A).
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Airway epithelial response to RVA16 is reduced in severe asthma
Next, | analyzed the gene expression responses to the infection to study the differences between

healthy and severe asthma ALI cultures. Healthy epithelia had a strong response to RVA with genes
mainly upregulated in basal, mucous secretory , deuterosomal and MCCs. The maximum induction was
of 1262 genes upregulated in mucous secretory cells at dpi 3, the peak of infection (Fig.79A). Severe
asthma epithelia had a weaker response across all cell types compared to healthy epithelia, with a
maximum of 202 genes upregulated in MCCs at dpi 3. Regardless, both healthy and severe epithelia
produced typical interferon (IFN) and TNF responses (Fig.79B). Visual inspection of the violin plots
illustrating the responses also revealed a bi- or tri-modal response of asthma cells with low, mid and
high responding cells, thus revealing that part of the severe asthma cells do not respond to RVA

infection.
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Figure 79: RVA16 induces a strong viral response in healthy epithelia.
A: Bar plot showing the number of upregulated and downregulated genes between infected healthy and severe asthma
epithelia, per cell type. B: Violin plots of INF and TNF signatures.
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NF-kappa B signaling is impaired in severe asthma
To determine if the asthma viral response differed not only in intensity but also in nature, | compared

the responses between healthy and asthma samples across basal, mucous secretory and MCCs.
Interestingly, almost the entirety of genes upregulated in asthma were also upregulated in healthy cells,
in all three cell types. Comparison of enrichment analysis by enrichR of genes uniquely upregulated in
healthy cell types and genes upregulated in both healthy and asthma revealed that NF-kappa B pathway
was enriched in healthy RVA epithelia only (Fig.80D). NF-kappa B genes such as RIPK1, NFKBIA and
TNFAIP3 were upregulated in healthy RVA but not in asthma RVA (Fig.80E).
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Figure 80: Comparison between healthy and severe asthma response to RVA infection.
Venn diagrams showing genes upregulated in healthy (light blue) or severe asthma (light pink) epithelia in basal (A), mucus secretory (B) or multiciliated

(C) cells at dpi 3. D: Top GO terms enriched in RVA healthy only basal cells at dpi 3. E: Dot plot of NF kappa B genes upregulated in healthy epithelia at 3
dpi.
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Discussion and opening

Context

Global feature differences between ALl cultures from asthmatic and healthy subjects had previously
been described. No study has yet described at the single-cell level, the cellular and molecular
alterations in airways from healthy and severe asthmatics, and in particular the molecular mechanisms
that contribute to mucus secreting cell hyper/metaplasia in asthma. Moreover, the molecular events
following recovery after inflammation have been poorly studied. Therefore, the principal aim of my
project was to identify genes, pathways or modulators that contribute to the establishment of a healthy
airway epithelium, and which are altered in pathological epithelia derived from patients suffering from
severe asthma. To gain more insight and catch the different molecular features that are altered in
asthmatic epithelium, | also characterized the cellular responses to two asthma-relevant stimuli, IL-13
and rhinovirus A16. To this aim, | treated Air-Liquid Interface cultures obtained from bronchial cells of
either healthy or severe asthma donors with IL-13 or RVA and performed single-cell RNA sequencing
analysis. Our rationale was to use ALI cultures in order to perform our entire multiscale work program
on a same batch of cells from the same donor, and then to reproduce experiments on independent
donors. Cells dissociated from 1 single biopsy can be sufficient to generate up to 60 individual
Transwell™ inserts. Performing the same analyses on cells directly after isolation from fresh biopsies
would require much more biopsies, something that would not be feasible from an ethical point of view
and would in any case certainly increase the experimental noise. Moreover, in vitro culture allowed the
isolation of epithelial cells from their diseased niche and the focus on epithelial-specific mechanisms
of the disease. Finally, this model eliminates the influence of treatments taken by asthmatic patients
(e.g. high doses of corticosteroids that severe asthma patients cannot abstain from), which are likely to

interfere with measurements of expression profiles.

Reconstituted epithelia from severe asthmatics have a different
cellular and molecular composition

ALl cultures derived from asthmatic patients have been studied by traditional methods
(immunohistology, RNA-sequencing...). They display some features of the disease such as upregulation
of MUC5AC (Gras et al., 2012), inflammation, dyssynchronous mitosis, decreased resolution processes,
defects in junctional proteins, and upregulation of remodeling factors (Freishtat et al., 2011; Lopez-

Guisa et al., 2012), indicating that epithelial defects found in asthma can be conserved in vitro.

In my hands, | did observe striking differences between healthy and severe asthma cultures. Basal cells

from some severe asthma donors proliferated more slowly and differentiated into a thinner epithelium.

110



In my single-cell RNA dataset, this was reflected by a higher ratio of basal and suprabasal cells to other
cell types, compared to the healthy epithelium. However, in absolute values the healthy condition
might had more basal cells and other cell types overall, as the healthy donors generated denser and
thicker epithelia, while the severe asthma cells appeared more spread out and stretched out. This is
noticeable on immunofluorescence microscopy images as the asthma cells are much bigger than the
healthy ones. | am currently improving the characterization of these differences in epithelial
morphology by performing sections of ALI cultures followed by classical stainings. | am also working on
an automated pipeline to quantify changes in cell shape from the immunofluorescence images that |
have already acquired. | am combining confocal images preprocessing with Fiji (Schindelin et al., 2012)
using macro scripts and cell segmentation with the Cellpose algorithm (a generalist algorithm for
cellular segmentation using artificial intelligence and human-in-the-loop capabilities on python)
(Pachitariu & Stringer, 2022; Stringer et al., 2020) to segment and quantify automatically the surface
area of each cell. Basal cell hyperplasia has been reported in inflammatory respiratory diseases such as
Chronic Obstructive Pulmonary Disease (COPD) (Coraux et al., 2008; Herfs et al., 2012). One of the
earliest alterations of epithelial composition in asthmatics is the thickening of the basal cell layer, with
increased production of matrix components including fibronectin but the role of the basal cells in this
thickening is unclear (Burgess et al., 2016). | found that in severe asthma basal cells the Notch pathway
was dysregulated, the gene encoding the receptor NOTCH2 was strongly upregulated in the population
while this receptor is usually only expressed by club cells (Ruiz Garcia et al., 2019). The activation of a
Notch receptor triggers the differentiation of the club cell carrying the receptor into a goblet cells
(Lafkas et al., 2015). Hence, severe asthma basal cells might be pre-committed toward the secretory
lineage. Indeed, despite having less goblet cells than the healthy epithelium, the severe asthma
epithelium was strongly enriched in club cells. Moreover, in addition to carrying typical Th2
inflammatory signatures, severe asthma goblet and MCCs displayed an overexpression of KRT5, KRT6A
and KRT16, which are normally found in more undifferentiated basal and suprabasal cells (Ruiz Garcia
et al., 2019), and in other basal cell markers, which could indicate a defective differentiation which an
incapacity to lose undifferentiated markers. KRT6A and KRT16 have also been associated with wound-

response in the olfactory epithelium (Gadye et al., 2017).

Memory of disease

The conservation of a distinct phenotype in the severe asthma cells cultivated in vitro in conditions
identical to the healthy ones suggests that cells retain a “memory of disease”. In non-immune cell
types, the identification of this "memory" is still in its infancy. Ordovas-Montanes et al. have shown
that basal cells derived from nasal polyps of patients suffering chronic rhinitis also retain a memory of

inflammation (Ordovas-Montanes et al., 2020). We do not know how basal cells encode the memory
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of inflammation, nor how it is transmitted during cell divisions. Our hypothesis however, it that this
memory is encoded and transmitted through epigenetic marks. To investigate this memory of disease,
| collected basal cells from all donors before differentiation and performed epigenetic analysis with the
CUT&Tag protocol (Kaya-Okur et al., 2020) to analyze differential chromatin marks between healthy
and severe asthma basal cells. We have chosen to study a combination of histone marks that have been
shown to be related to cell memory (H3K4me1, H3K4me3 and H3K27me3). So far, | have sequenced 6
donors (3 healthy + 3 severe asthma), and the results suggest a difference in the regulation of the
circadian rhythm, insulin pathway, AMPK and FoxO signaling pathways. Interestingly, severe asthma
basal cells have an enrichment of the activation histone mark H3K4me1 near the /D2 gene (Table 3), a
mediator of cell proliferation and a marker of self-renewing embryonic progenitors, repressed in
homeostatic basal cells (Kiyokawa et al., 2021; Rawlins, Clark, et al., 2009). To consolidate these results,
| plan on processing the remaining samples of the cohort and perform RNA sequencing on cells from

the same samples to compare epigenetic regulation and gene transcription.
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Table 3: Differential enrichment of epigenetic mark in severe asthma basal cells.

e [ e [ v | R T e

4470 Distal Intergenic PARP11 0,0002 -1,27 99,28

5506 3'UTR YKT6 0,0002 -1,20 178,22

3030 Distal Intergenic FBXWS8 0,0015 -2,87 25,76

1924 | Intron (uc001twf.1/26259, intron 1 of 10) FBXWS8 0,0062 -2,59 21,76

2952 Distal Intergenic CSF3R 0,0116 -2,80 25,54

3417 Intron (uc002itv.4/56934, intron 3 of 9) CA10 0,0116 1,94 50,29

4493 Distal Intergenic ZNF469 0,0177 -1,05 109,12

2785 Distal Intergenic SLITRK1 0,0195 -2,08 28,53

6385 Promoter (<=1kb) NPBWR2 0,0261 -0,96 163,46

1240 Promoter (2-3kb) ZNF639 0,0261 -2,71 16,42

556 Distal Intergenic FBXWS8 0,0271 -3,06 13,64

1722 Distal Intergenic NRG2 0,0295 1,77 46,54

H3K4mel | 2096 | Intron (uc003wwm.2/10395, intron 2 of 17) DLC1 0,0295 -2,41 19,41
(activation) 4600 Promoter (<=1kb) INS 0,0328 -0,97 109,28
1486 Distal Intergenic ID2 0,0328 3,23 14,81

3132 3'UTR SLC4A11 0,0410 1,29 49,54

5315 Distal Intergenic MYT1 0,0438 -1,06 71,68

1324 Intron (uc031qlb.1/1‘:))0874167, intron 3 of LINC00423 0,0530 42,89 14,26

853 Intron (uc002tap.1/4862, intron 2 of 20) NPAS2 0,0542 2,41 19,78

847 Intron (ucO11kvl.2/51422, intron 1 of 13) PRKAG2 0,0582 2,50 16,86

1211 Distal Intergenic PCDH18 0,0779 -3,09 13,38

3250 3'UTR IPO5 0,0826 -1,27 57,22

3250 Intron (uc002tma.3/6344, intron 1 of 12) SCTR 0,0847 -1,05 66,23

3673 Intron (uc003tkp.2/816, intron 17 of 20) YKT6 0,0847 -1,20 65,64

802 Distal Intergenic METRNL 0,0930 2,19 16,72

H3K4me3 | 1998 | Intron (uc001twf.1/26259, intron 1 of 10) FBXWS8 0,0000 -4,42 48,68
(activation) | 7407 Distal Intergenic ELF3 0,1004 0,89 301,01
2355 Distal Intergenic LINC00457 0,0200 -2,09 25,80

1969 Distal Intergenic YWHAEP7 0,0200 1,70 35,64

H3K27me3 | 4396 Distal Intergenic LINC00620 | 0,0200 -1,26 77,64
(repression) | 7233 | Intron (ucO1leak.1/57107, intron 7 of 7) BEND3 0,0200 -0,92 151,61
1834 Distal Intergenic CCND2 0,0235 1,89 30,24

2104 Distal Intergenic RBM43 0,0383 -1,57 37,12

Severe asthma epithelia have a different cellular and molecular
response to IL-13 than healthy epithelia

In the healthy condition, IL-13 induced at typical remodeling with goblet cell hyperplasia and decreased
multiciliated cells and deciliation. Goblet cells had the strongest transcriptional response with the

induction of a canonical Th2 signature (ALOX15, FETUB) (Giovannini-Chami et al., 2018). It is unclear
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why and how MCCs lose their cilia following IL-13 treatment. Deciliation can be partial (particle
shedding through ectocytosis, decapitation) or total (cilia shedding by autotomy) and the length of the
particle shed can trigger different events. Cilia can also be disassembled and resorbed by a cell
(Doornbos & Roepman, 2021; Liang et al., 2016; Quarmby, 2004; Werner et al., 2017). Based on the
observations of the immunofluorescence images of my kinetic study, it seems that some cilia were
shortened, and the apical mesh was disturbed, which could suggest cilia resorption. It would be
interesting to replicate the experiment and acquire electron microscopy images to obtain a better

resolution of the ciliary structures.

No study has ever reported the effect of IL-13 treatment on severe asthma epithelial cell cultures at
the single cell level and few studies have mentioned IL-13 treatment of asthma epithelial cultures.
Parker and colleagues treated of pediatric bronchial epithelial cells with 20 ng/mL IL-13 (two times the
concentration that | used), during differentiation (which is unclear if the epithelia were mature at the
time of treatment) and assessed remodeling by immunohistochemistry and RT-gPCR. They reported a
decrease in MCCs but no statistically significant goblet hyperplasia (J. C. Parker et al., 2013). Another
study stimulated adult mild and severe asthma ALI cultures with IL-13 and briefly assessed remodeling
by immunofluorescence and RNA-sequencing. They reported goblet hyperplasia after treatment
(Jakiela et al., 2014). We therefore had no expectations on what could result from this experiment. We
did not know if severe asthma epithelium would have a strong reaction to IL-13 due to the cells being
already “primed” for a quick response, or on the contrary if they would have no response at all due to
being already at their maximal inflammatory state. My results show that the former is likely true, severe
asthma epithelium was able to respond to the IL-13 induced inflammation and even had a more intense
transcriptional response that the healthy epithelium. Interestingly, the severe asthma epithelium had
a biphasic response with a goblet to basal cell switch. At timepoint 1, after 8 days of IL-13 treatment
there was a goblet cell hyperplasia that was replaced by a majority of basal cells at timepoint 2, after
22 days of treatment. This could indicate that basal cells had a reduced capacity to have a “traditional”
secretory-oriented remodeling, perhaps due to a limited differentiation capacity. After a prolonged
inflammation cells have lost their capacity to differentiate and maintain a differentiated state and
dedifferentiate into basal and suprabasal cells. This theory is in agreement with the inactivation of the
Notch signaling pathway in basal cells with IL-13 at timepoint 2. IL-13 also induced the expression of
the ligand SHH. The hedgehog signaling pathway participates in the regulation of goblet and MCC
differentiation and is normally quiescent in mature epithelium. It is however reactivated in COPD (Cai

et al.,, 2023).

114



A mucous-ciliated cell population is increased after IL-13
treatment

The work of two previous students of my team showed the existence of these cells in vivo (Deprez et
al., 2020) and in vitro, which allowed the demonstration that goblet cells appeared as possible
precursors of MCCs (Ruiz Garcia et al., 2019). This indeed corresponds to one of the first examples of a
fully differentiated cell type with specialized functions that also acts as differentiation intermediate
toward another and very distinct type of specialized cells (MCCs). These cells were found in vitro and
in vivo, and we have proposed that they could correspond to differentiation intermediates between
goblet and multiciliated cells (Deprez et al., 2020). They have however never been comprehensively
characterized and have never been reported in lineage tracing studies. A 2019 study has mentioned
the presence of this hybrid cell population in only one asthmatic patient (Vieira Braga et al., 2019).
There is no convincing data showing the fate of each cell population upon stimuli-induced remodeling
in the human epithelium. Turner and colleagues (Turner et al., 2011) proposed that MCCs could trans-
differentiate into goblet cells after performing in vitro lentiviral transduction of ALl cultures with a
vector containing a Cre recombinase under the control of the FOXJ1 promoter. However, these results
remain very controversial since FOXJ1 promoter leakage completely biases lineage tracing, as shown
by Rajagopal’s group which showed no goblet arising from MCCs in a context of OVA-induced mucous
metaplasia in mouse airways in a lineage tracing experiment of a Foxj1-cre mice (Pardo-Saganta et al.,

2013).

A careful analysis of the healthy MCCs after IL-13 revealed a subpopulation of cells expressing markers
of both MCCs and goblet cells, including their respective transcription factors FOXJ1 and SPDEF. Due in
part to its length, the transcript of MUC5AC is poorly detected by 10x Genomics single-cell RNA
sequencing, therefore | could not detect this mucin in mucous-ciliated cells. | was however able to
detect the expression of MUC5B. The mucous-ciliated cell population was present in the asthma CTRL
and asthma IL-13 conditions. They were more numerous in the asthma conditions in terms of raw
numbers, but the differences were not statistically significant, perhaps due to the small size of the

population.
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Cell trajectory inferences show that multiciliated cells can
transdifferentiate into goblet cells

Cellular trajectories inference allowed to better characterize the differences in remodeling between
healthy and severe asthma epithelia at baseline and after IL-13 treatment. We first tested the use of
RNA velocity as it has been used successfully in other studies (Bergen et al., 2020). “RNA velocity” refers
to the time derivative of gene expression states. It is inferred by quantifying unspliced and spliced
mMRNAs, based on the assumption that unspliced transcripts predict a cell's state in the next few hours.
The unspliced fraction of all transcripts in all cells is represented as a vector indicating the future state
of a cell, specifically the spliced state. Thus, RNA velocity is a high-dimensional vector that predicts the
future state of individual cells over a timescale of hours. When testing the pipeline on our reference
group (healthy CTRL timepoint 2) and the projected dynamics and downstream results obtained using
the pseudotime Palantir, unlike those based on RNA velocity, corresponded more accurately to the
biological reality. We therefore chose to use the pseudotime kernel, where the transition matrix is
calculated from the pseudotime Palantir. The pseudotime Palantir also showed in subsequent analyses,
using estimators, that the results did indeed correspond to the known biological reality. By also
correctly identifying basal cells as the initial state and as the least stable macrostate (from which the
cells therefore have a greater probability to differentiate), and goblet cells and multiciliated cells were

identified as terminal macrostates with greater stability.

Calculation of fate probabilities toward the goblet or multiciliated cell fate confirmed that severe
asthma epithelium is skewed toward the goblet cell lineage. Administration of IL-13 increased this
probability in both conditions and visualization of pseudotime flow with a diffusion map illustrated the
redirection of cell trajectories of the multiciliated cells toward the goblet cells. This strongly suggests
that multiciliated cells can transdifferentiate into goblet cells under pathological remodeling. This result
will be further validated by the team by experimental approaches that will be set-up, such as live
imaging to observe such a transition. Our data showed that both healthy and severe asthma epithelia
were able to recover their initial cell composition and transcriptional signature. This result was
surprising considering the apparent defective differentiation capacities of the severe asthma cells.
However, the trajectory inference analysis showed that at resolution, severe asthma fate probabilities
were not restored back to normal, compared to the healthy condition, which indicates a slower
resolution process for the severe asthma condition. It would be interesting to perform a time course
analysis during resolution to confirm this observation. A small subgroup of healthy goblet cells
conserved a level of fate probability similar to the one during IL-13 treatment. This small subcluster of
“preactivated” cells could serve as a “quick starter” to induce a fast secretory response in case of a

future new insult, as suggested by the trained immunity principle. If true, applying successive phases
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of resolution and IL-13 treatments should result in more intense responses over treatment cycles. |
tested this theory in a preliminary experiment that indicated that, in healthy cells, the goblet
hyperplasia and mucus hypersecretion were more important after a second cycle of IL-13 treatment
(Fig.81). These promising results granted us a funding from the Fondation du Souffle to pursue the

trained immunity project.

Control Hit 1 IL-13 Resolution Hit 2 IL-13
MUC5AC
(mucus)
Ac .Tubulin
(cilia)

Figure 81: Preliminary result of epithelial trained immunity.
Scale bar 10 um.

Characterization of cell types and states induced by rhinovirus
A16 in healthy and severe asthma epithelia

Lastly, | conducted an independent experiment to compare the response of healthy and severe asthma
epithelia to a rhinovirus A16 infection, a common asthma-related trigger. Cultures were infected with
rhinovirus A16 (RVA), and single-cell RNA sequencing was performed at 3-, 7-, and 14-days post-
infection (dpi) to monitor epithelial remodeling during and after the viral infection. Monitoring of

epithelial resolution after RVA infection had never been done at the single cell level before.

The cell cultures and rhinovirus infections for this experiment were done by our collaborators in Aix-
Marseille Université, who are experienced in viral infections. Since our sequencing platform is in Nice,
we did not perform the single cell RNA-sequencing on fresh cells as we routinely do to avoid damaging
live cells in transport. Instead, we chose a new sequencing approach that allows the sequencing of

fixed single cells. Our collaborators cultivated, infected, dissociated, fixed and froze the cells for
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shipping. We prepared, sequenced and analyzed the samples. Because of these experimental
differences, we decided to not combine this experiment with the IL-13 dataset but to analyze it

separately instead.

RVA infection did not trigger any noticeable remodeling in healthy or severe asthma epithelia at any
timepoint, beside a slight increase of healthy basal cells at dpi 3, compared to healthy basal cell
proportions. In the literature, RVA-induced remodeling is compared to a weaker version of IL-13
remodeling (Jakiela et al., 2021). The RVA infection still induced an intense IFN and TNF response in
healthy epithelium at the peak of infection (3 dpi). The severe asthma response was very weak in
comparison, but in agreement with the work of Jakiela and colleagues who combined IL-13 treatment
and RVA infection in healthy cells and also saw a weaker response due to the asthma-related
inflammation (Jakiela et al., 2014). By comparing the healthy and severe asthma responses to RVA |
noticed a defect in NF-kappa B signaling in severe asthma cells. Interestingly, corticosteroids can
crosstalk and repress NF-kappa B signaling (Bekhbat et al., 2017; Salter et al., 2007). Although unlikely,
residual effects of corticosteroids (taken by all severe asthma volunteers of the cohort) could explain
the repression of NF-kappa B observed here. Due to time constraints this dataset has not been fully

exploited yet and will be analyzed more in depths in the future.

Organ-specific differences in the asthmatic response

Bronchial and nasal epithelial cells generate similar mucociliary epithelia after 3D in vitro differentiation
and display similar responses to viral infection and IL-13 stimulation (Brewington et al., 2018; Roberts
et al., 2018). However, in these studies, similarities were deduced from equivalent cell proliferation and
global composition of the in vitro regenerated epithelia. In the dataset collected in the framework of
the Human Cell Atlas, we have found differences between nose and bronchi biopsies, especially at the
level of the club cell population. | have processed identically to the rest of the IL-13 cohort 3 healthy
and 3 severe asthma nasal sample to evaluate, at the single-cell level, whether the differences observed
in vivo between nose and bronchi are maintained in vitro in ALl cultures and then to compare cultures

from control and asthmatic patients. These samples will be analyzed shortly.

Dosage of secreted mucus

Mucins are very high molecular weight glycoproteins with a highly glycosylated structure, which play a
crucial role in the protection and lubrication of epithelial surfaces (Carpenter et al., 2021). Due to their
size and complexity, their detection and analysis pose significant challenges. Western blotting has
significant limitations for the detection of mucins. In the electrophoresis gel, proteins are separated

according to their molecular weight. The high molecular weight of mucins severely impairs their entry
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into the gel. As a result, the proteins detected represent the least glycosylated fraction. Moreover,
variations in glycosylation can alter the net charge of proteins, which can lead to differences in
migration in the gel and band distortions, making their quantification and accurate analysis difficult
(Ramsey et al., 2016). In this context, we attempted to assess the differences in mucus secretion
between conditions by ELISA with mixed results. mRNA and protein trends of MUC5AC levels were
coherent and both single-cell RNA-seq and ELISA indicated an increase in MUC5AC after IL-13
treatment in healthy and severe asthma epithelia. However, for MUCSB, results were contradictory.
mMRNA analysis indicated a (non-significative) decrease in MUC5B after IL-13, while ELISA indicated an
increase in MUCS5B. Jackson and colleagues showed a sharp decrease of MUC5B in IL-13 treated healthy
epithelia at the transcriptome and secretome levels, which suggests that our detection of MUC5B by
ELISA was incorrect and could be due to technical issues such as poor detection of MUC5B by the

antibody or interference with other secreted proteins.

mMiRNA

Studies have also focused on epithelial miRNAs. MiRNAs are known for their ability to regulate multiple
target genes with complex cellular functions. Experiments have shown that repression of miR-141
caused a decrease in goblet cells in response to IL-13, demonstrating its involvement in this process
(Siddiqui et al., 2021). It would therefore be interesting to explore the role of miRNAs in IL-13-induced

epithelial remodeling in future projects.

Functional analysis of human airway regeneration and
remodeling in asthma by CRISPR-Cas9

Efficacy of gene manipulation in 3D cultures of airway epithelial cells has always been a problem. New
approaches, based on the use of Cas9 nuclease RNP complexes, have dramatically improved the
situation, resulting in up to 95% efficiency. This approach is much more efficient and generate less off-
target effects than the delivery of sgRNA and Cas9 by lentivirus, or other silencing techniques (L.-E.
Zaragosi et al., 2024), and allowed us to perform a functional analysis to characterize the role of two
gene candidates in regeneration and remodeling in asthma. The results are presented in part B.

Functional Analysis Of Human Airway Regeneration And Remodeling In Asthma By CRISPR-Cas9
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B. Functional analysis of human airway

regeneration and remodeling in asthma by
CRISPR-Cas9

Introduction and objectives

From the in vitro single-cell RNA-seq atlas of healthy and asthma epithelial cells described in A. Single-

cell Analysis of Human Airway Regeneration and Remodeling in Asthma, | have established a list of

candidates for putative regulators of epithelial remodeling in health and asthma. In order to identify
whether these genes are active players in epithelial remodeling, | have conducted a functional study
by invalidating the expression of selected candidates. For a first evaluation, 2 transcription factors were

selected based on their strong induction by IL-13:

e EHF (Ets Homologue Factor). This gene encodes a protein known for its specific expression in
the epithelium (ESE). This poorly characterized protein acts as a transcriptional regulator and
is involved in keratinocyte differentiation and certain cancers. EHF is structurally close to
SPDEF, the goblet cell transcription factor (Luk et al., 2018).

e GATA3.This gene codes for a protein containing two GATA-type zinc fingers and is an important
regulator of T cell development (Koretzky et al., 2002). We did not detect GATA3 in epithelial

cells at homeostasis, but its expression was induced after IL-13 treatment.

To identify the involvement of EHF and GATA3 in IL-13-mediated respiratory epithelial remodeling, we
invalidated these genes by CRISPR-Cas9 RNP (RiboNucleoProtein). We have previously developed a
CRISPR-Cas9 RNP technique that has proven to be particularly efficient in our 3D model, enabling
functional studies that were previously impossible (L.-E. Zaragosi et al., 2024). CRISPR-Cas9 allows the
targeted inactivation of a gene with a Cas9 endonuclease loaded with a SgRNA (Single-guide RNA). Each
target SgRNA contains a gene-specific sequence (crRNA for crisprRNA) fused to the "tracrRNA" (trans-
activating crRNA) Cas9 chaperone sequence. Together with the Cas9 protein, they are integrated into
cells by electroporation or nucleofection. Once in the cell, the Cas9 causes a DNA double-strand break
to a specific target genomic region (Fig.82) (Doudna & Charpentier, 2014). The CRISPR/Cas9-RNP
(ribonucleoprotein) method, which uses a recombinant Cas9, is a “quick and dirty” method that avoids
the need to clone SgRNA and Cas9 into expression vectors. Although this approach does not select for
clones, thus does not remove non-invalidated cells, it has been validated by our team as the most
efficient invalidation technique in airway epithelial cells as it generates multiple cuts in DNA (L.-E.

Zaragosi et al., 2024).
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Experiments were conducted using the BCi NS-1.1 cell line (hereafter referred to as BCi), which was
obtained from bronchial epithelial basal cells of a healthy non-smoking donor and immortalized by
transduction of a retrovirus expressing human telomerase (hTERT) (Walters et al., 2013). We previously
validated the proper differentiation of this cell line in our hands (data not shown). The choice of the
BCi cell line for this functional analysis was due to its ability to undergo multiple passages without loss
of differentiation potential, enabling the generation of a larger cell stock compared to primary cells and

allowing for cryopreservation for future experiments.

RNP complex
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ribonucleic complex is

composed of a single RNA AU ‘ \ i \
guide (SgRNA) and a Cas9 skt

endonuclease

DNA DAPWMAIPMDIPMDAVV
Cas9-mediated DNA break

\ D

A Protospacer Adjacent Motif |
(PAM) is necessary for SGRNA |
binding to DNA I

Figure 82: Principle of CRISPR-Cas9.

The experimental plan was the following:

1. Validate the BCi model

a. Validate EHF and GATA3 gene expression in the BCi cell line.
b. Test the induction of EHF and GATA3 by IL-13 treatment in BCi cultures.
c. Determine the kinetics of IL-13-induced epithelial remodeling in BCi.

2. Invalidate the candidate genes:

a. Invalidate the EHF and GATA3 using the CRISPR-Cas9 RNP technique.
b. Confirm invalidation of EHF and GATA3.

3. Analyze the effect of the invalidation on epithelia:

a. Characterize IL-13 epithelial remodeling on invalidated epithelia.
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b. Perform single-cell RNAseq to define the individual IL-13 response of each cell type within

the invalidated epithelia.

Six experimental conditions were performed:

e Negative controls:

o NoNuc: Cells were not nucleofected.

o Scrambled (SgScrbl): Cells were nucleofected with an equimolar mixture of 2 SgRNAs
with random sequences that have no genome matches (negative control SgRNA #1, #2,
Synthego).

e Positive controls with an easy readout to measure the effectiveness of the invalidation:

o CRISPR FOXJ1 (SgFOXJ1): Cells were nucleofected with SgRNAs targeting FOXJ1.
Previous studies, including one carried out in the team, have demonstrated that FOXJ1
invalidation leads to a strong decrease in the number of multiciliated cells within the
respiratory epithelium (L.-E. Zaragosi et al., 2024).

o CRISPR SPDEF (SgSPDEF): Cells were nucleofected with SgRNAs targeting SPDEF.
Targeting SPDEF has been shown to abolish MUC5AC expression, thereby strongly
reducing mucus levels in bronchial epithelial cells (Koh et al., 2020). This type of
invalidation had never been performed in the team prior to this.

e Candidate genes:

o CRISPR EHF (SgEHF): Cells were nucleofected with SgRNAs targeting EHF.
o CRISPR GATA3 (SgGATA3): Cells were nucleofected with SgRNAs targeting GATA3.

Two independent experiments were performed from the same batch of nucleofected cells (Fig.83):
e Experiment #1 consisted in seeding the cells on inserts directly after transfection.

e Experiment #2 consisted in proliferating the cells on flask after transfection to obtain a stock
of invalidated cells that could be frozen for future experiments. After a couple of passages the
cells were seeded and differentiated as usual.
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Results

Characterization of IL-13-induced epithelial remodeling in BCi cell
cultures

Although IL-13-induced epithelial remodeling of primary cultures has been extensively studied by our
team and others, it has, to my knowledge, never been reported in the BCi cell line. Thus, to determine
if IL-13 treatment on BCi cells induced a remodeling similar to the one observed in primary cultures, a
time course study was performed, with timepoints selected at 2, 4, 7 and 10 days of IL-13 treatment.
At each time point, changes in gene and protein expression or secretions associated with epithelial

remodeling were assessed.

IL-13 induces remodeling in BCi cultures
Immunofluorescence stainings for MUC5AC (goblet cells) and acetylated alpha-tubulin (AcTub,

multiciliated cells) were done to characterize epithelial composition during IL-13 treatment. Analysis
by confocal microscopy and epifluorescence revealed a clear increase of MUC5AC in IL-13-treated
epithelia from day 7 onwards, compared with control epithelia (Fig.84A). Quantitative measurements
of fluorescence intensity of images taken by epifluorescence microscopy revealed a significant increase
in MUC5AC in IL-13-treated samples, compared with controls, from 2 days of treatment. This increase
continued until day 10 (Fig.84B). Quantitative analysis of fluorescence intensity for Actub staining
showed no significant variation during IL-13 treatment, compared with control (Fig.84C). However, a
decrease that is more difficult to appreciate on images obtained by confocal microscopy was observed
at the end of the 10" day of treatment (Fig.84A). This initial characterization revealed a significant
goblet hyperplasia, as well as a slight, although non-significant decrease in ciliation in response to IL-

13 treatment in BCi.
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Figure 84: Epithelial cell composition of BCi during IL13 treatment time course.

A: Confocal microscopy images of differentiated epithelia after different IL13 treatment times stained for MUC5AC (mucus,
green); Acetylated alpha-tubulin (AcTub, cilia, red). and DAPI (nuclei, blue). Scale bar: 25 um. Measurement of the mean
fluorescence intensity of 3 fields per condition obtained by epifluorescence microscopy at 10X objective for MUC5AC (B)
and for ciliary labeling (AcTub) (C). *: p-val<0.05; **: p-val <0.01. Results are averages of 3 culture inserts.

IL-13 induces MUCS5AC expression in BCi cultures
RT-PCR analysis was performed to assess BCi response to IL-13 at the transcriptomic level. An increase
in MUC5AC expression in IL-13-treated epithelia was observed, with a significant 3-fold increase at 4
days of IL-13 treatment and non-significant peak reach at day 7 (Fig.85A), in agreement with the
increase in MUC5AC staining observed with immunofluorescence. In multiciliated cells, there was a
non-significant downward trend in the expression of their transcription factor FOXJ1 after treatment
(Fig.85B). A slight but non-significant increase in the expression of the two candidate genes EHF and
GATA3 was observed after 10 days of treatment, suggesting a potential difference in the transcriptional
response to IL-13 between primary and BCi cells (Fig.85C&D). Of note, preliminary RNAseq results of
our team depicts a 1.4-fold increase (p-value = 8.16.10%°) in EHF expression upon IL-13 treatment in

BCi. Based on these results, and to match the experimental plan of the course of IL-13 treatment done
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on primary cells during the first part of the thesis, we chose a 7-day long treatment plan for the

subsequent experiments.
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Figure 85: Effect of IL-13 treatment on expression of genes involved in epithelial remodeling and candidate genes.
Relative expressions of 2AACt MUC5AC (A), FOXJ1 (B), EHF (C) and GATA3 (D) relative to TBP.
*: p-val £0.05 (Student's t-test). Crossbars represent standard deviation. Results are averages of 3 culture inserts.
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Invalidation of EHF and GATA3 genes by CRISPR-Cas9 RNP

In order to identify the putative role of EHF and GATA3 in the epithelial remodeling process and if their
absence can attenuate epithelial remodeling in the context of asthma, these genes were knocked down

by CRISPR-Cas9 RNP. Two independent experiments were performed from the same batch of

invalidated cells (Fig.83):

e Experiment #1 consisted in seeding the cells on inserts directly after transfection.

e Experiment #2 consisted in proliferating the cells on flask after transfection to obtain a stock
of invalidated cells that could be frozen for future experiments. After a couple of passages the
cells were seeded and differentiated as usual. Thus, invalidation conditions are identical as in

experiment #1, at the exception of SgFOXJ1, which is absent due to an insufficient number of

cells.
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The propagation and storage of invalidated cells had never been carried out by the team, as we usually
work on primary cells that do not tolerate more than 3 or 4 passages before losing their differentiation

potential.

Confirmation of invalidation by PCR
To assess the efficiency of the invalidations, we performed PCRs on the genomic regions targeting the

candidate genes using DNA extracted from the basal cells directly after the second round of CRISPR
invalidation. Comparison of amplicon migration profiles revealed distinct changes in amplicon size
between control (Scrambled: SgScrbl) and invalidated conditions. The SgScrbl condition is a negative
control using a pair of SgRNA composed of random sequences with no genome match that does not
resolve in any deletion. The band obtained in the SgScrbl lane represents the expected size of the wild-
type amplicon, according to the pair of primers used per targeted gene. For all 4 invalidated genes, an
almost total reduction in amplicon size was observed compared with the SgScrbl condition, suggesting
efficient invalidation. Observation of the profiles of invalidated samples showed several amplification
bands of different sizes, suggesting the generation of multiple deletions (Fig.86). The state of the
invalidation was also analyzed after proliferation and full differentiation for both experiments #1 and
#2.The same deletion profiles were observed, indicating that the genetic modifications were conserved

after proliferation and differentiation and after several passages in culture.
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Figure 86: Validation of CRISPR/Cas9 efficacy by genomic PCR

Capillary electrophoresis analysis of purified PCR products revealing a size shift, attributed to deletions generated by the
action of Cas9/SgRNA pairs on target genomic regions, for each gene of interest. SgScrbl track serves as a control for each
invalidation condition, providing a sequence reference. Results of experiment #1, which were identically reproduced in

experiment #2.
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Confirmation of invalidation by Nanopore sequencing
To better characterize and quantify the deletions made for each gene of interest, we sequenced the

PCR amplicons using the Nanopore technique, obtaining full-size reads of each amplicon. The reads
obtained were aligned with the human genome and visualized using a genome browser. We observed
that within the EHF gene, deletions were heterogeneous although all localized to the genomic region
comprising the SgRNAs. This heterogeneity is due to the use of 3 different SgRNAs that produce 7
possible combinations of cuts within a cell (Fig.87A). To quantify CRISPR efficiency, we used a script
developed by the team which counts the number of reads with deletion(s) as a function of deletion
size. We determined the invalidation efficiency by calculating the percentage of deletions in each
condition (sum of reads with deletions / sum of total reads) (Fig.87B). Here the percentage of deletions

was of 87%, 88% and 92% for the SPDEF, GATA3 and EHF genes, respectively (Fig87.C-E).
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Figure 87: Validation of gene invalidation by Nanopore sequencing.

A: Visualization of the alignment of reads obtained on the reference genome (IGV). This visualization shows the size of the
deletions and the location of the deleted region. B: Schematic representation of the effect of combined SgRNAs on target
genomic sequences. The induced deletion can vary in size depending on the active SgRNA, which explains the different
deletion sizes that can be identified by sequencing. C: Graphical representation of the number of reads obtained as a
function of the length of the deletions (in base pairs). Blue = Condition SgScrbl, a single peak observed demonstrating the
absence of a deletion; Orange = Condition SgSPDEF, SgEHF, SgGATA3, the peaks obtained demonstrate the presence of
deletions of different sizes. Results obtained from cells of experiment #2.
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Western blot verification of invalidation
Western blots were performed to determine whether invalidation of EHF and GATA3 observed at the

genomic level affected the proteins encoded by these genes. Our results show that invalidation of the
EHF gene resulted in an absence of a band at the expected size for its protein under SgEHF conditions,
indicating a significant reduction in EHF protein, thus confirming effective invalidation of the gene.
However, a lower band could be observed, suggesting the presence of a truncated form of the EHF
protein. This truncated form could be the consequence of the CRISPR-induced deletion (Fig.88A&B).
According to the cut sites, this protein should be deprived of its DNA-binding domain, which is at the
C-ter of the protein. No band for GATA3 was observed in the SgGATA3 condition and in the SgScrbl
condition at the expected size, therefore we could not conclude as to the effect of the invalidation at
the protein level. This absence of band might be due to the low to null level of GATA3 expression in the
homeostatic epithelium. Interestingly, in conditions where EHF has been invalidated (SgEHF), there was
a notable band for GATA3, particularly in the control condition (Fig.88A&C). It was not possible to verify
the effect of SgSPDEF on SPDEF protein levels, as there are no efficient antibodies available. Thus, gene
invalidation was confirmed for the control genes, SPDEF and FOXJ1, as well as for the genes of interest,

EHF and GATAS3.
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Figure 88: Characterization of invalidation at the protein level.

A: Western blots for EHF and GATA3 under the conditions indicated, for experiment #2.
Measurement of luminescence intensity of bands obtained by Western blot for EHF (B)
and for GATA3. (C) GAPDH was used as a normalizer of luminescence intensities.

Luminescent intensity
of GATA3/GAPDH
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Characterization of the effect of target gene invalidation on
epithelial remodeling

ALI35 invalidated epithelia were treated with IL-13 (10 ng/mL) for 7 days to study the impact of target
gene invalidation on epithelial remodeling. Remodeling assessment was performed by examining cell

composition, gene expression and protein levels of goblet and multiciliated cell-specific markers.

Effect of invalidation on epithelial composition
First, we checked that neither EHF nor GATA3 invalidations affected epithelial differentiation, under

control conditions. According to the numbers of MUC5AC+ and AcTub+ cells, and the total signal for
these stainings, we found no statistical difference between SgScrbl and SgeHF or SgGATA3, although
GATA3 invalidation seems to increase MUC5AC signal. In the absence of SPDEF, mucus production was
significantly lower than in all other invalidation conditions, with or without IL-13. As SPDEF is the
transcription factor activating MUC5AC expression, the absence of mucus on the apical surface
functionally demonstrated the efficacy of its invalidation, and the use of this gene as a positive control
for an absence of remodeling (Fig.89A&B). Also, as expected, invalidation of FOXJ1 resulted in a
significant reduction in the number of multiciliated cells, validating our experimental set-up
(Fig.89A&C). As expected, IL-13 treatment induced a marked increase in mucus production in the
SgScrbl epithelia. Similar results were obtained for SgEHF and SgGATA3: confocal microscopy
observations did not seem to show any difference in the quantity of MUC5AC compared with the
SgScrbl after treatment with IL-13, confirmed by quantification performed on several fields at low
magnification, which showed no decrease in mucin due to invalidation of these genes (Fig.89). Thus,

invalidation of EHF and GATA3 did not prevent IL-13-induced mucus hypersecretion.
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Figure 89: Effect of invalidation on epithelial composition.

A: Confocal microscopy images of differentiated invalidated epithelia. Immunostaining of MUC5AC (mucus, green);
acetylated alpha-tubulin (AcTub, cilia of multiciliated cells, red) Scale: 25 um. Measurement of the mean fluorescence
intensity of 3 fields per condition obtained by epifluorescence microscopy of MUC5AC (B) and AcTub (C). * p-val < 0.05
(Student's t-test), ** p-val <0.01 (Student's t-test). Results are averages of 3 culture inserts from experiment #1, which
were replicated identically for experiment #2.

Effect of invalidation on mucus production
Western blots on total lysates were performed to quantify MUCS5AC at the whole epithelium scale.

Fig.90C&D shows an induction of MUC5AC under SgScrbl, SgGATA3 and SgEHF conditions, and an
absence of MUC5AC detection under SgSPDEF. To better quantify the effects of EHF and GATA3
invalidation at the mucus level, MUC5AC secretions in apical compartments were analyzed by dot blot.
This method detects and quantifies the presence of protein in supernatants, without separating them
by size and can be better adapted to study high molecular weight mucins, as their quantification by
Western blot is not optimal due to their size and their abundant glycosylations. Quantification of the
dot blot signals revealed an increase in the amount of MUC5AC following IL-13 treatment for SgScrbl,
SgEHF and SgGATA3 epithelia, indicating apically secreted mucus production (Fig.90A&B). These
observations are consistent with immunostaining data. However, it is crucial to note that these results
came from a single replicate, which limits the robustness of this observation. Nevertheless, this trend
is in line with the expected effects of IL-13 on mucus production and corroborates our previous

observations. Luminescence intensity of SgSPDEF, was low, demonstrating little mucus in the
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supernatants. Interestingly, an unexpected decrease in mucus was observed in supernatants from

SgFOXJ1 epithelia (Fig.90A).
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Figure 90: Detection and quantification of MUC5AC in invalidated epithelia.

A: Dot blot analysis of MUCS5AC in supernatants from cultures of experiment #1. B: Quantification of luminescence
signals from Dot blot spots. C: Western blots of protein extracts from total lysates of different invalidated epithelia
stained with anti-MUC5AC (experiment #2). (Same membrane as in figure 7.) D: Measurement of luminescence
intensity of MUC5AC Western blot bands. GAPDH was used as a normalizer for luminescence intensities.

Effect of invalidation on gene expression
To complement the observations made at protein level, the relative expression of the various genes

involved in epithelial remodeling within the invalidated epithelia, were analyzed by gPCR. In the
SgSPDEF condition, positive control of absence of remodeling, IL-13 treatment completely abolished
the increase in MUC5AC (Fig.90). In contrast, no significant decrease in MUC5AC expression was
detected between SgScrbl and the SgEHF, SgGATA3 and SgFOXJ1 conditions, upon IL-13 treatment. This
confirmed the mucus hypersecretion observed at the protein level in invalidated epithelia, which would
imply that the epithelia underwent remodeling despite gene invalidation. There was, however, a
significant decrease (* p-value < 0.05) in SPDEF expression compared with SgScrbl, in the SgEHF
epithelium, after IL-13 treatment (Fig.90). It is known that EHF transcriptionally stimulates SPDEF
expression, thus implicating EHF in the activation of goblet cell differentiation (Fossum et al., 2017). It

was to be expected that in the absence of EHF, SPDEF expression would be decreased, but this was not
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reflected by a decrease in the amount of MUC5AC in the experiments. Lastly, the effect of EHF and
GATA3 invalidation on the number of multiciliated cells were also investigated, by quantifying the
expression of the transcription factor, FOXJ1, that predominantly regulates multiciliogenesis. IL-13
treatment induced a significant decrease in this gene in all epithelia, including SgEHF and SgGATA3
(SgEHF: * p-value < 0.05; SgGATA3: *** p-value < 0.001) (Fig.90). Therefore, there was also no
multiciliated cell related remodeling after invalidation of EHF and GATA3. Taken together, the data
suggest that neither EHF nor GATA3 appear to have any effect on mucus secretion or on the number of

multiciliated cells after IL-13 treatment.

The gene expression of EHF and GATA3 was also quantified in these experiments, even though a
decrease in the detection of invalidated genes by gPCR is not necessarily expected, as the region
targeted by SgRNAs is different from the region detected by gPCR. Moreover, the creation of a deletion
in a given DNA region does not always destabilize the entire mRNA of the targeted gene. EHF was
detected in the SgScrbl condition (* p-value < 0.05), indicating that this gene is significantly induced by
IL-13. This was expected based on the primary culture data but had not been observed in the preceding
time course assay (Fig.74C). Interestingly, invalidation of each gene (SPDEF, FOXJ1, GATA3 and EHF)
induced a significant decrease in EHF after IL-13 (SgSPDEF, SgFOXJ1: p-value<0.05; SgEHF, SgGATA3: p-
value < 0.01). On the other hand, no induction of GATA3 expression was detected following IL-13
treatment, except in SgEHF (Fig.91), which was not expected but corroborated the increase in GATA3

observed at the protein level with Western blot (Fig.77A).
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Figure 91: Effect of invalidation on expression of genes involved in epithelial remodeling.

Heatmap of relative expressions measured by qPCR of 2AACt MUC5AC, FOXJ1, EHF, GATA3 and SPDEF relative to TBP gene
within epithelia. Results are averages of 3 culture inserts of experiment #1.

Single-cell RNA sequencing analysis of invalidated epithelia

Invalidation of EHF and GATA3 does not prevent MUC5AC expression in
response to IL-13 at the single cell level
We sequenced 70 000 cells from mature epithelia of experiment #2 (SgScrbl, SgSPDEF, SgEHF and

SgGATA3), with or without IL-13, to quantify cell type distribution and gene expression variation at a
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more granular level (Fig.92A). Proportion analysis confirmed the absence of MUC5AC+ goblet cells in
condition SgSPDEF, which was accompanied by an absence of MUC5AC, even after IL-13 stimulation
(Fig.92B&E). On the other hand, there were no significant differences between SgScrbl, SgEHF and
SgGATA3 (Fig.91B, C, D, F), confirming the absence of prevention of goblet hyperplasia without EHF or
GATAS.
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Figure 92: Single cell atlas of CRISPR cells.
A: UMAP representation of the CRISPR single-cell atlas colored by cell types. B: Proportion plot of cell type in percentage,
according to sg condition in untreated cells. Feature plot of MUC5AC expression in IL-13 treated cells of condition SgEHF (C),

SgScrbl (D), SgSPDEF (E) and SgGATA3 (F).
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EHF regulates GATA3 expression

Interestingly, we observed several differentially expressed genes in the basal cell population in
condition SgEHF. Compared to SgScrbl, a strong interleukin-1 pro-inflammatory signature was detected
in SgEHF basal cells after IL-13 treatment, with induction of genes such as ILIRN, IL32, IL1A and IL1R1,
accompanied by neutrophil-attracting cytokines such as CXCL1, -2 and -8 (Fig.93A). Most strikingly, we
detected an upregulation of GATA3 in this condition, which was confirmed by gPCR and Western blot

(Fig.93A-C). Therefore, EHF appears to repress the expression of GATA3 in basal cells.
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Figure 93: EHF regulates GATA3 expression.

A: Dot plot of selected genes in IL-13 basal cells. B: gPCR of relative GATA3 expression over TBP across different conditions from experiment #1. C:

Western blot for GATA3 in conditions from experiment #2.
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Discussion

The goal of this project was to identify the involvement of two candidate genes, EHF and GATA3, in
epithelial remodeling in the context of type 2 asthma, in the BCi cell line. Several studies comparing
this cell line with primary cultures demonstrated its similarity in terms of morphology, cell type
composition and overall gene expression patterns (Prescott et al., 2023). The use of this immortalized
cell line enabled two sequences of manipulations, one in which the cells were used directly after their
invalidation, as is routinely done with primary cultures in our team, and a second one in which the cells
were propagated for several passages after their invalidation. Both experiments showed the same
results, validating the stability through time of gene invalidation in this cellular model. Moreover, this
cell line successfully reproduced IL-13-induced epithelial remodeling, with its typical features, i.e. a

decrease in the number of multiciliated cells and a goblet cell hyperplasia.

In this study, the use of the CRISPR-Cas9 RNP technique to invalidate the genes of interest proved
effective, enabling us to observe significant effects on the phenotype obtained. The CRISPR-Cas9 RNP
method, by offering rapid genome editing, stands out for its increased specificity (between 80 and 95%
depending on the genes targeted), which considerably improves the reliability of the results. Another
major advantage of this technique is that it does not require clonal selection of invalidated cells. This
is crucial, as it maintains the cellular equilibrium of the respiratory epithelium, avoiding the enrichment
of clones that could introduce biological artifacts and disrupt the differentiation process. Moreover, the

use of a recombinant Cas9, whose presence in the cells is only transient, reduces off-target effects.

Various mucin detection methods were applied to characterize the effect of gene invalidation on
epithelial remodeling. Mucins are very high molecular weight glycoproteins with a highly glycosylated
structure, which play a crucial role in the protection and lubrication of epithelial surfaces (Carpenter et
al., 2021). Due to their size and complexity, mucins are hard to detect and analyze (Ramsey et al., 2016).
In this context, we used a technique favored for mucin detection, the dot blot. In this method the
samples are applied directly to a membrane, without electrophoretic separation, thus simplifying the
detection of very high molecular weight proteins such as mucins. This technique can detect the
presence of mucins secreted at the apical side of epithelia (Ahmed et al., 2022). Some improvements
are still needed to improve the homogeneity of the signal per spot. Thus, the multi-methodological

approach used here ensured better quantification and characterization of these complex proteins.

These different methods demonstrated that despite the absence of EHF and GATA3, there was no
decrease in mucus production after IL-13 treatment. The working hypothesis was that invalidation of
EHF decreases mucus production via regulation of its cousin the goblet cell transcription factor, SPDEF

(Fossum et al.,, 2017). SPDEF expression has been shown to be sufficient to induce goblet cell
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differentiation (K. S. Park et al., 2007). However, the results obtained in my study show that EHF
invalidation does induce a decrease in SPDEF expression but does not translate into an effect on
MUC5AC expression. The remaining SPDEF level, although decreased, may be sufficient to maintain
induction of MUC5AC expression in response to IL-13. Studies have demonstrated that the effects of
SPDEF on IL-13-induced MUC5AC expression are STAT6-dependent (H. Yu et al., 2010). Binding of IL-13
to its receptor complex, including IL-13Ral, activates JAK kinases. These kinases phosphorylate STAT6,
leading to the transcription of SPDEF (Tsiogka et al., 2022), without the involvement of EHF. Importantly,
it is also possible that other signaling pathways and regulators play a role in modulating MUC5AC
independently of EHF.

Invalidation of GATA3 had no effect on epithelial remodeling when treated with IL-13. GATA3 is critically
involved in regulating the differentiation of Th2 cells (Skapenko et al., 2004), the immune cells
predominantly involved in severe type 2 asthma. In certain pathologies, GATA3 and FOXA1l are
coexpressed. FOXA1 depletion is associated with a significant decrease in SPDEF levels (Paranjapye et
al., 2020). The working hypothesis was that GATA3 invalidation decreases mucus production. However,
the lack of effect of GATA3 invalidation, despite its relationship with FOXA1, demonstrates that GATA3
is not directly involved in the regulation of mucus production. The increase in GATA3 in SgEHF epithelia
may be explained by the fact that EHF is known to repress GATA6 expression (Fossum et al., 2017).
Being part of the same family, it could be assumed that GATA3 and GATA6 share common regulators
such as EHF.

To better understand the roles of EHF and GATA3 in epithelial remodeling, IL-13-treated and invalidated
cells were sequenced by scRNA-seq. This technique offers the advantage of studying transcriptional
responses at the single-cell level, without a priori detection. It is thus able to reveal effects specific to
each cell type, without being limited to the study of a single parameter, such as the detection of
MUCS5AC. Analysis of the results is currently underway and will enable the detection of changes in the
epithelium at the level of parameters that we have not been able to analyze until now, such as the
differential regulation of certain genes or a change in the number of cells of other cell types. By
combining scRNA-seq with our current methods, we hope to gain a more detailed and precise
understanding of the regulatory mechanisms involved in IL-13-induced epithelial remodeling, and the

impact of EHF and GATA3 gene invalidation on these processes.

Beyond the roles of EHF and GATA3, my results include some very interesting elements for the team's
projects. Looking closely at the results for genes used as negative controls for remodeling, | observed
that in the absence of FOXJ1, the multiciliated transcription factor, there was an increase in the number

of goblet cells, suggesting that invalidation of FOXJ1, which is known to inhibit multiciliated
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differentiation, would also have an impact on the regulation of the goblet cell differentiation pathway.
Conversely, the absence of SPDEF, the goblet cell transcription factor, led to a marked increase in the
number of multiciliated cells. These observations highlight the equilibrium of the epithelial ecosystem:
inhibition of the goblet cell pathway would stimulate the multiciliated cell pathway, and vice versa. This

phenomenon has never been demonstrated before and is now beginning to be studied by the team.
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C. Cell culture differentiation and proliferation
conditions influence the in vitro regeneration of
the human airway epithelium

In vitro regeneration of airway epithelium at the Air/Liquid Interface (ALl) is a system widely used for
functional studies in cell and molecular biology, pharmacology, and physio-pathological studies of
chronic respiratory diseases such as asthma, COPD and cystic fibrosis. Recently, the COPD drug
Kalydeco (Vertex Pharmaceuticals Incorporated) was approved by the U.S. Food and Drug
Administration based on work using primary cultures (Durmowicz et al., 2018). Since 2020, it has also
become the most appropriate model for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in vitro infectivity studies. Given the significant differences in the experimental conditions of ALI
cultures used in the numerous studies in the literature, it was necessary to precisely define the impact

of these different experimental protocols on the final composition of the reconstituted epithelia.

For multiciliogenesis studies, our team has used a commercial medium, Pneumacult-ALI™ (STEMCELL
technologies) for cell differentiation, as it generates a densely ciliated epithelium. However, this
medium is not well adapted for goblet cell hyperplasia studies as the amount of goblet cells at baseline
in this medium is almost at its maximum capacity. Thus, goblet cell stimulation with IL-13 in the case
of my project, or other remodeling agents, would not be effective. In addition, the composition of this
medium is not known as it is proprietary, hindering the possibility to use it in studies necessitating the
use of agonist or antagonists for signaling pathways. To counteract this problem, we compared different
culture media among the most commonly used ones: two commercially available and widely used
media PneumaCult-ALI™ (STEMCELL Technologies) and BEGM™ (Lonza), and two “homemade”
medium. Half & Half (H&H), developed by Susan Reynolds’s group, it is considered to produce fewer
biases compared with other media (Malleske et al., 2018), and “Clancy’s”, used by Clancy’s group to

perform electrophysiological studies (Brewington et al., 2018).

We realized that to date, no study had compared in detail, the impact of these 4 media on the cellular
composition of the airway epithelium in ALl culture, at the single cell level. We thus used single-cell
RNA-sequencing to analyze epithelial cells obtained after ALl differentiation in these 4 media and we
also compared epithelial composition after proliferation (immersed). We found variations in cell
composition, gene expression, and secretome transcripts that were illustrated more precisely with the
differential expression of the SARS-CoV-2 entry factor ACE2. Proliferation in PneumaCult-Ex Plus

favored secretory cell fate, highlighting the key influence of proliferation media on epithelial

141



differentiation. Our data provide a comprehensive repertoire for evaluating culture condition influence

on airway epithelial differentiation.
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Abstract

The human airway mucociliary epithelium can be recapitulated

in vitro using primary cells cultured in an air-liquid interface (ALI), a
reliable surrogate to perform pathophysiological studies. As
tremendous variations exist among media used for ALI-cultured
human airway epithelial cells, the aim of our study was to evaluate
the impact of several media (BEGM, PneumaCult, Half & Half, and
Clancy) on cell type distribution using single-cell RNA sequencing
and imaging. Our work revealed the impact of these media on cell
composition, gene expression profile, cell signaling, and epithelial
morphology. We found higher proportions of multiciliated cells in
PneumaCult-ALI and Half & Half, stronger EGF signaling from basal
cells in BEGM-ALL differential expression of the severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) entry factor
ACE2, and distinct secretome transcripts depending on the media
used. We also established that proliferation in PneumaCult-Ex Plus
favored secretory cell fate, showing the key influence of proliferation
media on late differentiation epithelial characteristics. Altogether, our
data offer a comprehensive repertoire for evaluating the effects of
culture conditions on airway epithelial differentiation and will aid in
choosing the most relevant medium according to the processes to be
investigated, such as cilia, mucus biology, or viral infection. We detail
useful parameters that should be explored to document airway
epithelial cell fate and morphology.
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Clinical Relevance

The human airway mucociliary
epithelium can be recapitulated

in vitro using primary cells cultured
in an air-liquid interface, a
reliable surrogate to perform
pathophysiological studies. Our
study provides a comprehensive
repertoire for evaluating the effects
of culture conditions on airway
epithelial differentiation and will
aid in choosing the most relevant
medium according to the processes
to be investigated.

The mammalian airways are lined by a
mucociliary epithelium, composed of basal
cells, club cells, goblet cells, multiciliated cells
(MCCs), and rarer cell types (deuterosomal
cells, ionocytes, pulmonary neuroendocrine
and tuft cells, and microfold cells) (1-3).

The cell composition of the epithelium varies
according to the macroanatomical location,
with the highest differences found between the
nasal and tracheobronchial epithelia (4).
Within the tracheobronchial airways,

cellular distribution is relatively stable, with
modifications occurring in the most distal
bronchioles (4-7). The airway epithelium

is frequently challenged by the inhalation

of noxious compounds, chemicals,
microorganisms, and viruses, which alter its
integrity. Specific repair mechanisms allow full
epithelial restoration so that normal
physiological function can be reestablished
(see Figure E1A in the data supplement).

In chronic lung diseases, such as cystic fibrosis
(CF), asthma, and chronic obstructive
pulmonary disease, frequent injuries and
chronic inflammation induce remodeling of
the epithelium, often associated with a
progressive loss of MCCs and an increased
content of goblet cells. Studying the
regeneration of the epithelium in normal or
pathological conditions is necessary to identify
mechanisms regulating the physiological
regeneration and pathological remodeling of
the airway epithelium. The development of cell
cultures at the air-liquid interface (ALI) of
nasal or bronchial epithelial cells has been
crucial in many mechanistic studies (8, 9, 10).
These cultures are not just convenient
surrogates of in vivo epithelium (11-14); they
were extensively used to establish the cellular
roadmap of airway regeneration (11, 15)

(see Figure E1A). This is illustrated by the
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recent approval of Kalydeco (Vertex
Pharmaceuticals Incorporated) by the U.S.
Food and Drug Administration, on the basis of
work using primary cultures to predict clinical
response in patients with CF bearing ultrarare
CFTR mutations, for whom direct clinical trial
studies are not feasible (16). Over the past three
years, it has also become the most appropriate
model for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in vitro
infectivity studies. Although most studies have
identified MCCs as the major entry cell type
(17-22), others have shown a more widespread
distribution (23, 24), some with nonciliated
cells being infected preferentially over MCCs
(25, 26). One striking difference between these
studies was indeed the culture medium

that was used.

Considering the large differences
existing in cell culture conditions across the
many studies using ALI cultures, it is
important to define exactly the impact of the
different experimental setups in term of
cellular composition (8). Some studies have
already performed direct comparison of
cell culture media on ALI culture structure
and/or function (27-34), but none has
combined quantitative assessment of cell type
distribution with differential gene expression
profiles. The effect of using distinct
commercial proliferation media during the
cell expansion stage has never been reported
either. We thus investigated the impact of
four distinct proliferation and differentiation
media on the epithelial structure and cellular
composition of the reconstructed airway
epithelium. We selected two commercially
available and widely used media
(PneumaCult and BEGM; Lonza), which we
compared with Half & Half (H&H), which
has been described by Susan Reynolds’s
group and is considered to produce fewer
biases compared with other media (35). The
last medium is used by Clancy’s group to
perform electrophysiological investigations
(36). We used single-cell RNA sequencing
(scRNA-seq) to quantify cell type
distribution and gene expression profile
variations across the four media. We also
evaluated the impact of proliferation media
on ALI differentiation and the variations
caused by the use of distinct porous
membranes. Given the widespread use of
ALI culture in SARS-CoV-2 studies, we also
evaluated the effect of these media on viral
entry factor expression.

Some of the results of these studies have
been previously reported in preprint form
(www.biorxiv.org/content/10.1101/2024.03.
16.584842v1.full).

Methods

To evaluate the impact of cell culture media on
cell composition of fully differentiated ALI-
regenerated airway epithelium, we first used
primary cells that were freshly dissociated from
human bronchi and set up proliferation and
differentiation in four culture media:
PneumaCult-ALI (hereafter Pneuma-ALI) and
BEGM-ALI (i.e., the two most widely used
media) in parallel with H&H (35) and Clancy
medium (36). Freshly isolated human
bronchial epithelial cells (HBECs) underwent
one passage in PneumaCult-Ex Plus medium,
then were split and seeded on Transwell
(Corning) membranes in four distinct
proliferation media: PneumaCult-Ex Plus
(hereafter Pneuma-Ex+), BEGM, Wu
medium, and Clancy medium. Once cells
reached confluence, differentiation was
induced by removing the medium in the apical
chamber and adding matched differentiation
medium in the basal chamber. The
differentiation media were Pneuma-ALI,
H&H, BEGM-ALL and Clancy. scRNA-seq
was performed at three time points: after the
initial propagation step in plastic flasks, at the
onset of the ALI (ALIO), and at full
differentiation (ALI28) (see Figure E1B). To
evaluate whether some differences in ALI
differentiation might stem from the medium
used at the initial cell propagation steps, we
amplified human nasal epithelial cells
(HNEC:s) for two passages on plastic, in either
BEGM or Pneuma-Ex+ (Stemcell
Technologies). We then seeded them on
membranes, maintained cell amplification in
the same medium until reaching confluence,
and then set up the ALI in either BEGM-ALI
or Pneuma-ALI (see Figure E1C). We
evaluated epithelial composition using
quantitative PCR (qPCR) and
immunostaining. The effects of using
alternative semiporous membranes were also
evaluated. Detailed methods are described in
the data supplement. scRNA-seq data are
available at http://carra.ipmc.cnrs.fr:3838/
CultureMedia2024/ and https://cellxgene.
cziscience.com/collections/73cf6939-3caa-
4105-bc57-e073ee885a28.

Results

ALI Differentiation Medium Influences
Epithelial Morphology and Cell Type
Distributions

After full differentiation of HBECs, epithelia
were fixed for histological analysis and
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Figure 1. Single-cell RNA sequencing analysis of human bronchial epithelial cells (HBECs) at 28 days of differentiation (ALI28) in four distinct
media. (A) General characterization of HBEC differentiation in four cell culture media. (Top) Representative images of H&E staining of sections
of HBECs at ALI28. Scale bars, 100 um. For each condition and each of the two independent cell cultures, two inserts were sectioned and
imaged. (Bottom) Representative images of immunostaining of HBECs at ALI28 for acetylated a-tubulin and MUCS5AC. Scale bars, 30 pm.
Nuclei were stained with DAPI and shown in blue on the merged images. For each condition and each of the two independent cell cultures,
three inserts were stained and imaged. (B) Uniform manifold approximation and projection (UMAP) of the integrated dataset of HBECs at ALI28
containing all cells from the four distinct conditions, from two independent cultures from two healthy donors. (Top) UMAP colored by cell type.
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immunostaining. Hematoxylin and eosin
staining on epithelia sections revealed large
differences in tissue structures (Figure 1A).
Pneuma-ALI and H&H media generated
thicker epithelia with an apical surface
covered with cilia. BEGM-ALI and Clancy
media generated much thinner epithelia,
with this effect more prevalent for Clancy
medium. Cilia immunostaining with
acetylated a-tubulin suggested a higher
content of MCCs in Pneuma-ALI and H&H
media than in BEGM-ALI and Clancy media
(Figure 1A). MUC5AC™" goblet cell content
was difficult to compare among culture
media because staining patterns differed
according to media with, for instance,
smaller and more intense MUC5AC patches
in Pneuma-ALI (Figure 1A).

Thus, to obtain a more quantitative
and detailed description of the regenerated
epithelia in each culture medium, we
performed 3’ scRNA-seq on fully
differentiated HBEC cultures in each
medium (ALI28). To reduce batch effects, we
multiplexed all conditions using cell hashing
(37). Datasets for all conditions and all
donors were aggregated for subsequent
analyses, allowing cell type quantification
and differential gene expression among
culture media (Figure 1B). Cell types were
determined on the basis of the expression of
known marker genes (see Figures E2A-E2C
and Table E1). Basal cells were identified by
high expression of KRT5 and TP63 and
cycling basal cells by typical proliferation
markers such as MKI67. Suprabasal cells
were defined as cells located at the basal side
of the epithelium but not directly lying on
the basal lamina, expressing KRT5 but very
low TP63. Secretory cells included not
only club cells that were SCGBIAI" and
CYP2F1" but also other cell types that did
not necessarily express SCGBIA1 but instead
markers such as AQP5 and FAM3D.
Squamous cells were characterized by an
intermediate signature between suprabasal
and secretory cells and also through
expression of specific genes such as SPRRIA,
IVL, and SCEL. Goblet cells displayed a
typical secretory cell gene expression
program, with SCGBI1A1, BPIFAI, and
BPIFBI together with the expression of

MUCS5B and/or MUC5AC. Of note, the length
of the MUC5AC and MUCS5B transcripts can
affect their detection in scRNA-seq datasets
and probably contributed to an
underestimation of MUC5AC" and MUC5B™
cells. MCCs were identified as FOXJ1 " and
DYNLRB2", while deuterosomal cells, which
are cells amplifying centrioles, were FOXJ1™,
CDC20B",and DYNLRB2 . Rare cells
formed a small but distinct cell cluster,
characterized by the expression of the
ionocyte-specific FOXI1, as well as
HEPACAM?2 and NREP, which we previously
detected expressed by both ionocytes and
neuroendocrine cells. We also detected
STMNT1, a specific marker of tuft cells, and
MARCKSLI and CRYM, expressed by both tuft
and neuroendocrine cells as expected (1, 4).
Figure 1B shows the distribution of the
different cell type clusters at ALI28, after
aggregation of the four datasets (top) and
colored according to the differentiation
media (bottom). The uniform manifold
approximation and projection representation
is split in Figure 1C according to the four
media, with the corresponding cell type
distributions quantified in Figure 1D.
Pneuma-ALI and H&H cultures displayed
similar distribution profiles (Figures 1C
and 1D) with, for instance, 15.7% and 19.5%
of MCCs, respectively, and 13.1% and 17.7%
of goblet cells, respectively (Figure 1D and
Table E2). BEGM-ALI and Clancy media
cultures displayed more diverse profiles
characterized by much lower MCC content
(3.8% for BEGM-ALI and 0.6% for Clancy
medium) and a higher goblet cell proportion
in BEGM-ALI (26.6%). We assessed the
statistical significance of the differences
among scRNA-seq conditions by performing
pairwise comparisons using the propeller
package (38, 39), which confirmed the
significance of the observations for the
multiciliated and goblet cell populations
(Figure 1E). The Clancy medium also
yielded a significant difference in basal cell
content against all other media (Figure 1E).
Compared with the luminal immunostaining
from Figure 1A, the higher proportion of
goblet cells and the absence of a significant
decrease of MCCs in BEGM-ALI might

seem surprising but can be explained by the
greater tissue thickness in Pneuma-ALI and
H&H. As the scRNA-seq dataset quantifies
all cells, from the basal to the luminal
compartment, the proportion of luminal cells
in thick epithelia is decreased compared with
thin epithelia. In addition, immunostaining
detected MUC5AC™ cells only, as opposed to
scRNA-seq, which identified goblet cells on
the basis of the entire set of enriched genes,
including MUC5B. We quantified goblet cells
expressing MUC5AC alone, MUC5B alone, or
both and found some significant differences
between differentiation media, with BEGM
and H&H producing more MUC5B-only
and MUC5AC-only goblet cells,
respectively (see Figures E3A and E3B).

We next sought to compare the
regenerated epithelia with in vivo data to
identify the in vitro conditions that best
reproduced the healthy airway environment.
We used a label transfer tool based on
universal cell embeddings (39) to map each
medium-specific dataset onto the Human
Lung Cell Atlas (HLCA) core reference (1).
We computed an F1 score by comparing
the predicted labels, obtained through the
universal cell embeddings label transfer
method, against those manually annotated
using marker genes and clustering. The F1
score evaluates the classification performance
of the method, and the method should
perform best on cells most resembling the
in vivo reference. Figure 1F shows that the
best F1 score was obtained by Pneuma-ALI
media (0.5), followed by Clancy (0.42), H&H
(0.39), and BEGM (0.37). We used label
transfer to obtain prediction proportions
between our in vitro and the in vivo
reference, and we observed variable results
depending on cell clusters (see Figure E4).
Despite high mapping with HLCA basal
cells, basal cells from BEGM-ALI and H&H
also mapped with HLCA suprabasal cells,
suggesting diverse gene expression profiles
in these media. On the other hand,
suprabasal cells from Pneuma-ALI and
Clancy media better mapped onto their
HLCA counterparts. MCCs from all media
mapped almost perfectly with HLCA MCCs,
but in Clancy and BEGM-ALI, MCCs also
displayed high scores for deuterosomal cells,

Figure 1. (Continued). (Bottom) UMAP colored by medium. (C) UMAPs for each medium, colored by cell type, with color code identical to A.
(D) Quantification of cell type proportions in each medium. (E) P value of ¢ test using the propeller package, using the arcsine transformation, for
each two-to-two medium comparison of cell type proportions. (F) F1 score derived from universal cell embeddings (UCE) label transfer against
the Human Lung Cell Atlas core reference (8). The F1 score is calculated by comparing the predicted labels, obtained through the UCE label
transfer method, against those manually annotated using marker genes and clustering; the maximal score is 1. Ac. Tub = acetylated a-tubulin;
ALl = air-liquid interface; H&E = hematoxylin and eosin; H&H = Half & Half.
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suggesting more immature MCCs in these
media. Finally, the most striking difference
was observed for Pneuma-ALI goblet cells,
which did not map with HLCA goblet cells.
Instead, cells that we classified as secretory in
Pneuma-ALI mapped with goblet cells from
HLCA (see Figure E4). These data indicate
that secretory and goblet cells, which share
very close expression profiles (see Figure
E2B), might carry subtle differences between
media that influence their classification.

Thus, scRNA-seq allowed the
identification of differences among
differentiation media, with a higher MCC
content in Pneuma-ALI and H&H, as well
as gene expression differences shown by
differential mapping to an in vivo reference.
To investigate further these findings, we next
aimed to identify more specific effects of each
differentiation medium on gene expression
profiles within each cell cluster.

ALl Differentiation Medium Influences
Gene Expression Profiles

We first performed media pairwise
comparison using a pseudobulk strategy. The
largest number of differentially expressed
genes was obtained when comparing
Pneuma-ALI with BEGM-ALI and Clancy
(see Figure E5 and Table E3). In contrast, the
smallest number of differentially expressed
genes was observed when comparing H&H
with Pneuma-ALI We then displayed

the top expressed genes in all pairwise
comparisons. Some genes were specifically
enriched in one medium, such as IL33 and
ZBTBI6 for Pneuma-ALI and Clancy,
respectively (Figure 2A). IL33 is expressed

in vivo in healthy lung, in basal and
suprabasal cells, and in endothelial cells

(1, 4). Interestingly, it is a T-helper cell type
2-oriented cytokine that is involved in
asthma susceptibility (40). ZBTBI16 encodes a
zinc finger transcription factor that may play
arole in the transcriptional memory of
hormone stimulation (41). CYP26A1 was
also expressed only by basal cells from
Pneuma-ALI medium. This cytochrome-
encoding gene contributes to retinoic acid
clearing (42). As Pneuma-ALI is the only of
the four media for which the composition is
not publicly available, interpreting this
difference concerning retinoic acid clearing
was difficult. VIM was also enriched in
cycling basal cells from Clancy medium,
suggesting a mesenchymal-like phenotype.
Pneuma-ALI and H&H shared several
differentially enriched genes compared

with the other media, such as the secreted

Major Technical Advances

peptides TFF3, ELAPORI1, and SCGBIAI.
They also shared the upregulation of
GLIPR2, a Golgi-associated protein that
negatively regulates autophagy (43). On the
other hand, BEGM-ALI and Clancy media
shared enriched genes such as several anion
exchangers (SLC5A5 and SLC34A2), secreted
proteins (STATH, VSTM2L, and BPIFA2), and
GCNT3, an N-acetylglucosaminyltransferase
contributing to mucin glycosylation.
Altogether, these data suggest significant
differences in the secretomes by Pneuma-ALI
and H&H on one hand and BEGM-ALI and
Clancy on the other.

Given the tremendous number of
possible comparisons, we used CellChat
(https://github.com/sqjin/CellChat) to
stratify the different expressed pathways.
CellChat quantifies outgoing and incoming
signals per signaling pathway, at the level
of each cell cluster, thus identifying cells
involved in sending and receiving signals for
each pathway in an autocrine and paracrine
manner. When comparing the number of
inferred interactions within each culture
medium, we found that BEGM-ALI
generated the largest number of interactions
compared with all other media and that basal
and suprabasal cells are the source of the
major incoming signals (shown by top bars
of incoming signaling patterns in Figure E6
and by Figures E7A and E7B). However,
the communication probability of these
interactions, represented by the interaction
strength or “weight” calculated by CellChat,
appeared equivalent among all media (see
Figure E7A, right, and Figure E7B). Some
pathways showed striking differences in
communication probabilities, such as the
EGF, NOTCH, BMP, and WNT pathways
(Figures 2B and E7C). The EGF pathway
showed stronger outgoing signals in BEGM-
ALI and H&H media (see Figure E6) with
basal and cycling basal cells sending EGF
signals to all other cell types of the epithelium,
including themselves (Figure 2B). This
signal is consistent with the strong
expression of AREG in cycling basal and
basal cells of BEGM-ALI and H&H,
together with the specific EREG and HBEGF
signals in BEGM-ALI only (see Figure ESA).
Contribution of each ligand-receptor pair
could be inferred from the expression data
and showed high contribution of AREG
signaling toward EGFR or EGFR together
with ERBB2 in BEGM-ALI (see Figures E8B
and E8C). We also looked more closely
at differences observed for the NOTCH
pathway. Expression of ligands and

receptors were modulated by differentiation
media (see Figure E9A), which produced
large differences in the inferred interactions
(see Figures E9B and E9C). We found that
suprabasal, deuterosomal, multiciliated, and
squamous cells were predicted as receiving
high Notch pathway signals in BEGM
compared with Pneuma-ALI (see Figure E9C).
As AREG has been reported to increase cell
proliferation and mediate the upregulation of
mucus-related genes in the mouse lung and
airway epithelial cell lines (44-47), and as the
NOTCH pathway favors the secretory fate over
the multiciliated fate (48-51), the differences
we report here might explain the greater
number of goblet cells and smaller number of
MCGCs detected in BEGM-ALL

Hence, the choice of differentiation
media can strongly influence signaling
pathways between the distinct cell types of
the epithelium, which might affect the
balance between the different cell types.

Identification of Cell Types at the
Onset of Differentiation

As differentiation media influenced epithelial
composition and gene expression, we next
assessed whether the cell composition at the
onset of differentiation was equivalent
among all culture conditions.

We first analyzed HBECs from the same
donors as previously, immediately after the
initial amplification step in Pneuma-Ex+
(see Figure E1B) to identify the different cell
identities that were seeded on the culture
membranes. Among the 1,716 cells we
analyzed, we found a majority of basal and
cycling basal cells (see Figure E10 and Table
E4). Interestingly, KRT13" basal cell types
were identified and comprised some
proliferative cells, on the basis of MKI67
expression. A small fraction (3.50%) of
goblet cells was also detected, identified by
the expression of SCGBIAI and MUC5AC.
No proliferation was detected among goblet
cells, as evidenced by the absence of MKI67
expression (see Figures E10A and E10B).

We then evaluated whether the use of
the four distinct proliferation media during
the HBEC propagation step on Transwell
membranes could influence epithelial cell
composition at ALIO, using scRNA-seq.
Although basal and cycling basal cells
composed the majority of the cultures, we
also detected secretory cells (SCGBIAI™" and
SLPI") and suprabasal cells with a secretory
signature (LY6D™" and SLPI") (Figures 3A
and 3B). No MUC5AC" goblet cells were
detected at this stage. Few cells that we
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Figure 2. Genes and pathways regulated by each cell culture medium at ALI28 of bronchial epithelial cell differentiation. (A) Violin plot showing the
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selected. The top 30 genes were sorted by the lowest adjusted P value of each comparison by pair. For each gene, expression in the four tested
media is shown. (B) Circle plots showing the inferred intercellular communication networks for EGF, NOTCH, and BMP signaling. The edge width is
proportional to inferred interaction strengths considering ligand-receptor pairs. Black arrowheads show directionality of the inferred interactions. For
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(A) Experimental strategy (left) and UMAPs of the integrated dataset at the onset of differentiation of HBECs containing all cells from the

four distinct conditions, colored by cell type and by medium according to the indicated color codes (right). (B) Expression of the top 10 marker
genes and of SPDEF for the five detected cell populations from A, displayed for each proliferation medium. (C) Quantification of cell type
proportions from A for each proliferation medium. (D) UMAP of the integrated dataset composed of human nasal epithelial cell (HNECs)
analyzed after the first expansion stage in either PneumaCult-Ex (Pneuma-Ex) or PneumaCult-Ex Plus (Pneuma-Ex+), colored by cell type.

(E) Expression of SPDEF by each cell type of dataset from D in either Pneuma-Ex or Pneuma-Ex+, as indicated by color code displayed in D.
(F) Identification of MUC5AC" IMKI67* cells in the integrated dataset composed of HNECs analyzed after the first expansion stage in either
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named “undefined” were detected
predominantly in the BEGM condition and
did not match with any cell type usually
found in vivo. These cells are negative for all
basal cell markers and positive for DDIT3,
SLC3A2, ISG15, and SQSTM1I, among other
specifically expressed genes (Figures 3A-3C
and Table E5) that seem related to DNA
damage, endoplasmic reticulum stress,
negative regulation of RNA transcription,
and protein ubiquitination. Cell composition
was affected by proliferation medium: the
BEGM medium generated a smaller fraction
of proliferative cells, which is consistent with
the lower cell densities observed in this
medium, despite reaching confluence.
Indeed, contact inhibition appeared higher in
BEGM (data not shown). BEGM generated
more secretory cells, with lower expression of
SCGBI1A1 than all other media (Figures 3B
and 3C). In the absence of proliferation in
these secretory cells, they probably emerged
from differentiation during the expansion
process. Wu and Pneuma-Ex+ generated
similar cell compositions (Figure 3C). We
noticed at this stage a ubiquitous expression
of the goblet cell-specific transcription factor
SPDEF in Pneuma-Ex+ and Wu media
(Figure 3B). SPDEF was not detected in
either BEGM or Clancy medium in basal,
cycling basal, or suprabasal/secretory
intermediates but was detected in secretory
cells from Clancy medium. To explore
further this finding, we set up cultures on
four independent batches of HNECs, from
four distinct healthy donors, either in BEGM
or in Pneuma-Ex+. HNECs were used at
this stage as a convenient material for
experimental replication and were shown as
reliable surrogates to HBECs (10). qPCR
analysis confirmed strong upregulation of
SPDEF in all four HNEC cultures at the
proliferation stage (see Figure E10C). We
then repeated this experiment with three
additional HNEC cultures either in Pneuma-
Ex+ or PneumaCult-Ex, which is equivalent
to BEGM for proliferation, and performed
scRNA-seq analysis. In this dataset, we could
identify cell populations that were similar to
those we found in HBECs, and we detected
few multiciliated and endothelial cells, which
were probably carried over from tissue
isolation (Figures 3D and E10D and Table
E6). We confirmed that proliferation in
Pneuma-Ex+ for one passage was sufficient

to induce SPDEF expression (Figure 3E).
Surprisingly, we found few proliferative
goblet cells at this stage of cell propagation,
with a clear enrichment in Pneuma-Ex+
compared with PneumaCult-Ex (Figure 3F).

Altogether, these results indicate that
proliferation conditions could affect cell type
distribution and gene expression profiles.
Thus, we next evaluated whether some
differences in ALI differentiation might stem
from the initial cell propagation step.

Effect of Proliferation Medium on
Features of Differentiated Cultures
HNECs were amplified in either BEGM or
Pneuma-Ex+, in plastic flasks, and on
Transwell membranes and then induced to
differentiate at the ALI in either BEGM-ALI
or Pneuma-ALI (see Figure E1C). We
evaluated epithelial composition by qPCR
and immunostaining using the MCC-specific
markers FOXJI and acetylated a-tubulin and
the goblet cell-specific marker MUC5AC.
Both gPCR and immunostaining showed
that although Pneuma-ALI yielded more
MCCs than BEGM as expected, the
proliferation medium had no effect on

the MCC content. However, when
differentiation was performed in BEGM-ALI,
the use of Pneuma-Ex+ for proliferation
increased MUC5AC content, as shown

by qPCR (Figure 4A), immunostaining
(Figure 4B), western blot (Figures 4C, 4D,
E11A, and E11B). When differentiation was
performed in Pneuma-ALI, although qPCR
did not show any difference in MUC5AC
expression comparing proliferation in
BEGM or Pneuma-Ex+ (Figure 4A),
western blot did show a significant increase
in MUCS5AC content when cells were
amplified in Pneuma-Ex+ (Figures 4C, 4D,
El11A, and E11B). MUC5B content tended
to also be increased by proliferation in
Pneuma-Ex+, although not significantly
(see Figures E1I1C-EI1E).

Thus, even though proliferation in
Pneuma-Ex+ did not favor goblet or
secretory cell content during proliferation
(Figures 3 and E10D), this proliferation
medium favored goblet cell differentiation or
mucin production. This increase might be
due to the proliferative goblet cells that we
detected during the initial cell propagation of
nasal cultures in Pneuma-Ex+ (Figure 3F),
although there is no evidence that these cells

were retained during the amplification step
on Transwell membranes. For HBECs, even
though we detected some goblet cells at the
initial propagation step (see Figures E10A
and E10B), these cells were not retained after
amplification on membranes (Figure 3A).
Another possibility is that Pneuma-Ex+
induced basal cells’ imprinting toward a
subsequent goblet fate, as suggested by
increased expression of SPDEF (Figures 3B
and 3E).

Effect of Cell Culture Media on
SARS-CoV-2 Entry Factors
The ALI model is appropriate for
SARS-CoV-2 in vitro infectivity studies, but
discrepancies in major entry cell types have
been described (17-25). As various cell
culture media have been used in past studies,
we wondered whether SARS-CoV-2 entry
factor expression varied according to
differentiation and proliferation media.
Although ACE?2 was very poorly detected
in scRNA-seq data of HBECs at ALI28
(Figure 5A), other entry factors, such as
TMPRSS2, FURIN, BSG, CTSB, ANPEP,
ST6GALI, and ST3GAL4, were well detected.
TMPRSS2 was well expressed in MCCs from
all media but was detected only in BEGM-
ALI for secretory and goblet cells and in
H&H for squamous cells. Other entry factors
showed some medium-specific expression,
such as FURIN in BEGM-ALI and Clancy
medium; ANPEP, which was restricted to
Clancy medium in goblet cells; and
ST3GAL4, which was detected in BEGM-ALI
and H&H for goblet cells and H&H only
in squamous cells (Figure 5A). ACE2
expression was then investigated using gPCR
and western blot, for the two proliferation
and differentiation commercial media, in
HNEC:s. Although proliferation media did
not produce significant effects (Figures 5B,
5C, and E12A), qQPCR showed that ACE2
expression was significantly lower in
Pneuma-ALIL The western blot analysis
showed a decreased expression of the main
isoform in Pneuma-ALI compared with
BEGM-ALI, which appears as a ~135-kD
band, and an increased expression of a
~100-kD differentially glycosylated
isoform (52) (Figures 5C and E12B).

Thus, both ACE2 expression and
glycosylation displayed medium-specific
effects.

Figure 3. (Continued). Pneuma-Ex or Pneuma-Ex+. Cells were selected if they had normalized expression of MUC5AC of >1 and MKI67
of >0.5. The percentage of MUC5ACY/MKI67" cells for each sample is indicated on the plot. ALIO = onset of air-liquid interface; scRNA-
seq = single-cell RNA sequencing; Sec. interm. = secretory intermediate.
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differentiation in the indicated media. Scale bars, 30 wm. Nuclei were stained with DAPI and are shown in blue on the merge images. For each
condition, three independent cell cultures were performed, and three inserts were stained and imaged for each. (C) Western blot for MUC5AC
and FOXJ1 on HNEC ALI cultures after full differentiation in the indicated media. Tubulin was used as loading control. For each condition,
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Effect of Membranes and Media
Alternatives

The pandemic crisis and the development of
ALI models in respiratory virus studies led to
reagent shortages. Alternative media or
porous membranes other than Transwell
were evaluated. PneumaCult-ALI-S
(Pneuma-ALI-S), an additional commercial
medium, designed for the differentiation of
small airways, and ThinCert membranes
(Greiner Bio-One), a commercial membrane,
were assessed on HNECs. The morphology
of multiciliated and goblet cells and content
in reconstructed epithelium were compared
between Pneuma-ALI-S and Pneuma-ALIL
Figures 6 and E13 show that the use of the
Pneuma-Ex+/Pneuma-ALI combination
appeared to yield more MUC5AC ™ cells
than the Pneuma-Ex/Pneuma-ALI
combination. In addition, when comparing
epithelial layer morphology, the use of
Pneuma-Ex+ during the proliferation phase
generated thick epithelia, with invaginations
within the layer, as shown by actin,
hematoxylin-eosin, and nuclei staining
(Figures 6 and E13), which is not the case
when cells proliferate in PneumaCult-Ex.

In contrary, despite the use of Pneuma-Ex+
for proliferation, the use of Pneuma-ALI-S
restored the epithelial morphology, as
shown by the absence of invaginations in the
reconstructed tissue, and a flat epithelial
surface. MUC5SAC™ cell content appeared
similar to that obtained with Pneuma-ALI
(Figures 6 and E13). Although further
experiments are needed to precisely evaluate
the effects of the use of Pneuma-ALI-S on
cell composition of ALI cultures, this
medium can be used to generate apparent
healthy epithelia after HNEC expansion in
Pneuma-Ex+. We also evaluated the effect of
using alternative polyethylene terephthalate
membranes, which are very similar to
Transwell filters that carry 0.4-pm pores. The
difference between these products is in the
pore density, which is 2.10° pores/cm? for
ThinCert membranes and 4.10° pores/cm®
for Transwell membranes. We evaluated
these membranes after HNEC proliferation
in Pneuma-Ex+ medium, as above, and
induced differentiation with either Pneuma-
ALI or PromoCell-ALI (Promo-ALI;
PromoCell) (whose composition is identical
to that of BEGM-ALI). As previously

mentioned, thick and invaginated epithelia
were obtained when using Transwell
membranes with the Pneuma-Ex+/Pneuma-
ALI combination (Figure 7). Promo-ALI
generated thinner epithelia, but they still
displayed invaginations. The basal and
suprabasal cell layers, stained with KRTS5,
seemed expanded in both media. The use of
ThinCert membranes strongly reduced the
overall thickness of the epithelia and yielded
epithelia with the expected morphology
together with the expected basal cell, goblet
cell, and MCC disposition in Pneuma-ALI.
Nonetheless, the use of Promo-ALI on
ThinCert membranes produced thin
epithelia containing few multiciliated and
MUC5AC™ cells (Figure 7).

Together, these results show that if
using Pneuma-Ex+ for basal cell expansion,
restoration of the expected epithelial
morphology and gross composition can be
achieved by using ThinCert membranes if
differentiating in Pneuma-ALI or by using
Pneuma-ALI-S instead of Pneuma-ALI on
Transwell membranes.

Discussion

In this study we analyzed, at the single-cell
level, the effects of five distinct cell culture
media and two types of insert membranes for
ALI differentiation of nasal and bronchial
epithelial cells. All media allowed the
detection of all major cell types present in the
airway epithelium. We have shown that two
cell culture media, Pneuma-ALI and H&H,
generated ALI cultures with high MCC
content. H&H contains half PneumaCult-
ALI medium, minus the 100X supplement,
which has a proprietary composition. We
assumed that this supplement includes
retinoic acid. The other half of this medium
is composed of Wu medium, which itself
contains retinoic acid. According to the
authors who developed this medium, it was
intended to create conditions that are more
similar to in vivo conditions (35). However,
except for some subtle differences, we found
that cell identities and distributions were
highly similar between Pneuma-ALI and
H&H. On the contrary, the BEGM-ALI and
Clancy media yielded many fewer MCCs.
Thus, the choice of the culture conditions

should be conditioned by the study to be
performed. For cilia biology, Pneuma-ALI
and H&H should be largely preferred, as the
MCC content was much higher in these
conditions, with a neat deuterosomal cell
cluster. However, if studying secretory cells,
BEGM-ALI and Clancy media should be
considered, taking into consideration the
differences we found in secreted mucin
expression. We also noticed the rare
occurrence of ionocytes, brush cells, and
pulmonary neuroendocrine cells, which
were found in too small proportions to
allow a comparison among media (8).
Future investigations analyzing higher

cell numbers should better identify the
impact of differentiation media on the
amounts and gene expression profiles

of these cells.

We used a label transfer method that
incorporates reference similarity beyond
marker genes alone to compare cells from
the ALI model with in vivo airway cells.
Given the very wide use of this culture
model, such a comparison could be very
useful. We have found some cell type and
medium-dependent differences, mainly in
basal, suprabasal, secretory, and goblet cells,
which are cell types showing continuous
expression profiles, as opposed to MCCs,
which have very distinct expression profiles
and the largest number of marker genes.
These data highlight the difficulty to
annotate cell types on the basis of automatic
clustering followed by manual annotation
and illustrate that using automatic
annotations with label transfer that allow
datasets to be compared with a reference in
an unbiased manner tools could be a very
useful complement.

Leung and colleagues recently published
a comparative study of Pneuma-ALI and
BEGM-ALI (27). Their findings, in terms
of multiciliated, goblet cell content and
epithelial thickness, were very similar to ours.
Saint-Criq and colleagues also compared
Pneuma-ALI to University of North Carolina
at Chapel Hill medium, which is quite
similar to BEGM. They also obtained thicker
epithelia with Pneuma-ALlI, and their
differential gene expression analysis also
showed increased expression of IL33 and
TFF3 in Pneuma-ALI and increased
expression of ion transport genes in

Figure 4. (Continued). two lanes were loaded, each with an independent Transwell membrane from the same culture. (D) Quantification of the
MUCS5AC signal from C; P values are the results of Welch'’s t tests. For each condition, three independent cell cultures were performed, and two
inserts were used for western blot. Data from the additional cultures are shown in Figure E11. ns = not significant.

276

American Journal of Respiratory Cell and Molecular Biology Volume 71 Number 3 | September 2024



MAJOR TECHNICAL ADVANCES

A 'béz} > ® &
O (4
‘\\QQQ) > <§>"’e @@* & ,§°° 5@@% \\o\"} &
S Q)Qf’ O_,\)Q (o@c’ P (30‘? & O >
e
0.6
ACE2
2
§ i UL TMPRSS2
U |11 lmu N
15
BB TUUSIm U
E 2 , Medium
LA T L L T Ieer
5 | ‘ “‘ X 0“ “‘ “ BEGM-ALI
g H&H
| A i+
1.5
SRt S TR T
2]
Yy MMMLMM&MMM
15
NI T s
1] 1] ] 1]
B C
p=0.019
EE Proliferation: BEGM BEGM Pneuma-Ex+Pneuma-Ex+
: Differentiation: ~ BEGM-ALI Pneuma-ALI BEGM-ALI Pneuma-ALI
o 1.001 ——185kD
= p=0.004
o
O [ | . .
& 0.754 |
\:’ ACE2 85 kD
k<l
§ —65kD
S 0.50-
N —__50kD
Ly
o
<
" ) i ' Tubulin — - —
Proliferation: BEGM BEGM Pneuma-Ex+ Pneuma-Ex+

Differentiation: BEGM-ALI Pneuma-ALI BEGM-ALI Pneuma-ALlI

Figure 5. Effect of proliferation and differentiation media on ACE2 expression at ALI28 of epithelial cell differentiation. (A) Violin plot showing
expression of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry factors in each of the four media conditions used for HBECs
at ALI28 (Figure 1B). (B) gPCR for ACE2 on three independent HNEC ALI cultures from three donors after proliferation and full differentiation in
the indicated media. Data shown are the values for 2C(ACE2-TBP) for three independent cultures from three donors. P values are the results of
Mann-Whitney U tests. (C) Western blot for ACE2 on HNEC ALI cultures after full differentiation in the indicated media. Tubulin was used as
loading control. For each condition, three independent cell cultures were performed, and two inserts were used for western blot. Data from two
additional independent cultures are shown in Figure E12. gPCR = quantitative polymerase chain reaction.

Major Technical Advances 277



MAJOR TECHNIC VANCES

Proliferation: Pneuma-Ex Pneuma-Ex+ Pneuma-Ex+
Differentiation: Pneuma-ALI Pneuma-ALI Pneuma-ALI-S

Merge

Ac. Tub

MUCS5AC

Phalloidin

I A ok

:;E"' b\
, L

== L

S

Figure 6. Effect of an alternative differentiation medium on epithelial composition after ALI differentiation of nasal epithelial cells. (Top)
Representative images of immunostaining for MUC5AC and Ac. Tub. on HNEC ALI cultures after full differentiation in the indicated media.
Phalloidin was used to stain for actin. Nuclei were stained with DAPI and are shown in blue on the merge images. Scale bars, 30 um. (Bottom)
H&E staining of sections of paraffin-embedded epithelia. Scale bars, 100 wm. For each condition, one cell culture was performed, and two
inserts were stained and imaged. Additional images are shown in Figure E13.

University of North Carolina at Chapel Hill expression of SARS-CoV-2 entry factors: higher SARS-CoV-2 tropism toward MCCs
medium, similar to our findings with BEGM  ACE2 expression appeared lower in (17-22). However, V’kovski and colleagues
and Clancy media. Importantly, they showed ~ Pneuma-ALI, with a distinct glycosylation (25) and Johansen and colleagues (26) used
that differentiation media can influence CF profile, and TMPRSS2 was restricted to BEGM and found a higher tropism toward
cell cultures responses to CFTR modulators MCC:s in this medium, whereas it showed nonmulticiliated cells. Thus, medium

(29). We add here that the choice of wider expression in BEGM-ALI Most selection might be a crucial parameter for
differentiation medium can also modify the studies have used Pneuma-ALI and shown viral infection studies.
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indicated media. Scale bars, 30 pm. (Middle) Representative images of immunostaining on sections of inserts for MUC5AC and Ac. Tub. on ALI
cultures after full differentiation in the indicated media. Scale bars, 30 um. (Bottom) Representative images of H&E staining of sections of
paraffin-embedded inserts. Scale bars, 100 um. For each condition, two inserts were stained and imaged.

We extended our investigation to the
stages occurring before differentiation. With
the exception of a few studies describing
conditional reprogramming of epithelial cells
(coculture with irradiated fibroblast feeder
cells and a Rho kinase inhibitor) (53, 54), or
the use of dual SMAD signaling inhibition
(55), these stages have been largely ignored
in previous works using ALI cultures. Yet
proliferation conditions might influence cell
fate by modifying the identity and/or
potency of basal cells, which are the stem
cells generating the entire epithelium upon
setting up the ALIL Here, scRNA-seq was
instrumental to identify the precise cell
composition of epithelial cell cultures during
the initial propagation steps. We have shown
that after a first stage in plastic flasks, cycling
basal and basal cells are highly dominant in

Major Technical Advances

both bronchial and nasal cultures, but
secretory, goblet, multiciliated, and even
endothelial cells were detected, with
variations depending on the proliferation
medium that was used. For nasal epithelial
cells in Pneuma-Ex+ medium, we detected
few proliferative goblet cells. These findings
should be considered when using this
medium, and a more accurate characterization
of these cells would be required. Interestingly,
we found that gene expression profiles of basal
cells were affected, with, for instance, the
upregulation of SPDEF by Pneuma-Ex+,
which could influence the fate of these cells.
In line with these findings, we found that
proliferation in Pneuma-Ex+ favored the
goblet cell lineage after differentiation.

Finally, we evaluated the effects of
using an alternative differentiation medium

(Pneuma-ALI-S) and alternative porous
membranes (ThinCert) on epithelial
morphology after proliferation in Pneuma-
Ex+. We found that both restored the
normal epithelial morphology which was
lost with the use of Pneuma-Ex+ for all
proliferation stages, followed by Pneuma-
ALI differentiation. As the composition

of PneumaCult products is not known,

it is not possible to identify the differential
cues that produced these effects. The use

of alternative porous membranes has also
been very informative and suggests that the
pore density influences cell morphology.
ThinCert membranes having a lower pore
density, we speculate that the flow of nutrient
might be slower in these conditions and
might account for the difference in epithelial
morphology.
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Conclusions

Our study provides a reference for evaluating
the influence of culture conditions on

airway epithelial differentiation. Our
scRNA-seq data could be further analyzed

and could lead to the identification of
other pathways regulating differentiation.
Beyond the technical usefulness of

our results, our study also identifies

parameters that should be further

explored to study cell fate and epithelial
morphology. B

Author disclosures are available with the
text of this article at www.atsjournals.org.
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D. The MIR34B/C genomic region contains
multiple potential regulators of
multiciliogenesis

MiR-34b/c and miR-449a/b/c, two miRNA families belonging to the same superfamily, and both
involved in multiciliogenesis, are located on 2 distinct genomic loci. The miR-449 family is located on
locus 5g11 and are encoded by the second intron of CDC20B, a gene involved in the disengagement of
centrioles formed within deuterosomes (Revinski et. al, 2018). The 5q11 locus encompasses MCIDAS,
which also plays a role in multiciliogenesis, activating the expression of FOXJ1, CCNO and DEUP1 as well
as itself in cooperation with GemC1 and E2F4/5. This locus also bears CCNO, whose expression is
required for deuterosome formation and centriole amplification. Interestingly, MCIDAS, CCNO and
CDC20B are activated at the same time as a self-activating loop of the locus. The shared location of
several genes all involved in multiciliogenesis, led the team to define the 5g11 locus as a “multiciliary
locus” (Revinski et al., 2018). We thus wondered whether the logic applied for the miR-34b/c locus
(11g23) where three proximal genes are located: C110RF88, LAYN and BTG4. C110RF88 murine
ortholog Hoatz has recently been characterized. Hoatz knockout (KO) mice developed motile cilia
related disorders such as hydrocephalus and male infertility, which suggests a functional role in
multiciliated cells (Narita et al., 2020). LAYN has been described as a receptor for hyaluronic acid
located apically in the airway epithelium. It is thought to signal through the ROCK/Rho pathway to
inhibit transcriptional and protein expression of E-cadherin (Forteza et al., 2012). This gene is also
thought to be a downstream effector of TP53, which can enable the differentiation of secretory cells
into multiciliated cells (McConnell et al., 2016). BTG4 has been described as a negative regulator of the
cell cycle (Auer et al., 2005), and its expression has only been detected in tissues with multiciliated cells
(pharynx, trachea, oviduct and testes) (Mano et al., 2015). Using scRNA-seq and super-resolution
microscopy, we demonstrated that the MIR34B/C locus, like its homolog MIR449, is a multiciliary locus

encompassing genes that are potential regulators of multiciliogenesis.
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The MIR449 genomic locus encompasses several regulators of multiciliated
cell (MCC) formation (multiciliogenesis). The miR-449 homologs miR-34b/c
represent additional regulators of multiciliogenesis that are transcribed from
another locus. Here, we characterized the expression of BTG4, LAYN, and
HOATZ, located in the MIR34B/C locus using single-cell RNA-seq and
super-resolution microscopy from human, mouse, or pig multiciliogenesis
models. BTG4, LAYN, and HOATZ transcripts were expressed in both pre-
cursors and mature MCCs. The Layilin/LAYN protein was absent from pri-
mary cilia, but it was expressed in apical membrane regions or throughout
motile cilia. LAYN silencing altered apical actin cap formation and multici-
liogenesis. HOATZ protein was detected in primary cilia or throughout
motile cilia. Altogether, our data suggest that the MIR34B/C locus may
gather potential actors of multiciliogenesis.
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The airway epithelium is the first line of defense of air-
ways against external stress and is constituted by several

(a process called multiciliogenesis) requires the produc-
tion of tens to hundreds of centrioles in a shallow time

cell types including basal, club, goblet, and multiciliated
cells (MCCs), as well as rare cells such as ionocytes
[1-3]. MCCs carry hundreds of motile cilia at their api-
cal surface which orchestrate mucociliary clearance
[4,5]. Ciliary disorders are observed in ciliopathies and
chronic respiratory diseases [4]. The formation of MCCs

window, mostly through a structure named the deutero-
some, composed, in part, by DEUPI proteins [5,6].
Neosynthesized centrioles migrate apically to dock at
the plasma membrane to initiate cilium elongation [5].
Over the last decade, the complex mechanisms underly-
ing multiciliogenesis have begun to be unraveled.
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MIR34B/C region as potential multiciliary locus

Multiciliogenesis involves a coordinated expression of
hundreds of genes. Some, such as MCIDAS, CCNO,
CDC20B, and MIR449A4/B/C, are located in the same
evolutionarily conserved genomic locus (5q11 in human)
and all participate in multiciliogenesis [7-9]. This com-
plementary contribution of genes located in the same
locus in the same biological process led us to propose
that this locus acts as a ‘multiciliary locus’ [9]. The miR-
34/449 microRNA (miRNA or miR) superfamily,
largely conserved across vertebrates, is encoded by six
miRNA genes located in three distinct loci: (a)
MIR449A/B/C are located in the second intron of the
host gene CDC20B (5ql1 in human) [8-10], (b)
MIR34B/C are located on a second conserved locus
between Cllorf88 and BTG4 (11q23 in human), (c)
MIR34A is located on a third locus (1p36 in human)
[8,10]. Whereas miR-34a seems to be the only
member of the family that has not been associated with
MCC differentiation, we and others have previously
described the role of miR-34b/c together with miR-449
miRNAs as conserved regulators of multiciliogenesis
[7,8,10-23].

In this study, we investigated the hypothesis of a
second ‘multiciliary locus’ corresponding to the geno-
mic locus around MIR34B/C. In humans, MIR34B/C
genes are located near Cllorf88, LAYN, and BTG4.
C11orf88, of unknown function, has not yet been char-
acterized in humans while 4833427G06 Rik, its murine
ortholog, has been recently designated as Hoatz due
to the Hydrocephalus and Oligo-Astheno-Terato-
Zoospermia phenotype of Hoatz knockout mice [24].
HOATZ is required in flagellar and motile ciliogenesis
notably by mediating the maturation of the flagellar
glycolytic enzyme ENO4, though HOATZ may be
involved in ciliogenesis with additional undetermined
mechanisms [24]. LAYN gene codes for Layilin protein
that has been described as a receptor of hyaluronan
[25]. Finally, B cell translocation gene 4 (BTG4)
belongs to the BTG/Tob protein family that controls
transcription and mRNA turnover [26]. Although the
BTG/Tob gene family has been examined in differenti-
ation processes in other cellular contexts [26], the
expression of BTG4 during MCC differentiation
remains still unexplored. In the present study, our
findings provide evidence that (a) transcripts of BTG4,
LAYN, and HOATZ, three proximal genes of the
MIR34B/C locus, are expressed in both precursors and
mature MCCs from human, mouse and pig models,
(b) HOATZ protein is specifically and highly expressed
in MCCs from the bottom to the tip of motile cilia, (c)
LAYN proteins are expressed in both multiciliated
and non-multiciliated cells and (4) LAYN silencing
alters apical actin cap formation and multiciliogenesis.

A. Cavard et al.

Methods

Animals

All experiments were performed following the Directive
2010/63/EU of the European Parliament and of the council
of 22 September 2010 on the protection of animals used for
scientific purposes.

Mouse tracheal epithelial cell cultures

Each trachea was dissected from 12 weeks-old C57BL/6
mice (Charles River Laboratories, Wilmington, MA, USA)
and placed in cold DMEM : F12 medium (1 : 1) supple-
mented with 15 mm HEPES, 100 U-mL™' penicillin,
100 pg-mL~! streptomycin, 50 pg-mL~' gentamycin sulfate,
and 2.5 pg-mL~! amphotericin B. Each trachea was cleared
under a binocular microscope to remove as much conjunc-
tive tissue as possible and was opened longitudinally. Tra-
cheas were then immersed overnight at 4 °C in
supplemented DMEM : F12 containing 0.15% protease
XIV from Streptomyces griseus. After incubation, tubes with
the tracheas were agitated by inverting five times and let
10 min to reach room temperature. Tubes were reversed 10
times, FBS was added to a final concentration of 10%, and
tubes were reversed again 20 times. Tracheas were trans-
ferred in a tube with supplemented DMEM-F12 containing
10% FBS, inverted 20 times, and the operation was repeated
one more time in another tube. After discarding the tra-
cheas, all the cell suspensions in the separate tubes were
pooled and centrifuged at 500 g for 10 min at 4 °C. The pel-
let was resuspended in supplemented DMEM : F12 with
10% FBS and the cells were plated on regular cell culture
plates and incubated in a humidified atmosphere of 5% CO,
at 37 °C for 4 h to allow attachment of putative contami-
nating fibroblast. Cells in suspension were collected and cen-
trifuged at 400 g for 5 min and were resuspended in
DMEM-FI12 containing BEGM Singlequot™ kit supple-
ments (Lonza, Basel, Switzerland) and 5% FBS. Cells were
then plated apically on rat-tail collagen I-coated Transwells®
with medium in the basal side at ~ 30 000 cells per Trans-
well®. Medium was changed 48 h after, and every other day
until confluency. Confluency was detected through the mea-
sure of the transepithelial electrical resistance (with EVOM2;
World Precision Instruments, Sarasota, FL, USA). Once the
resistance had reached a minimum of 1000 ohms-cm™2, the
apical medium was removed, and the basal medium was
changed by Pneumacult-ALI™ medium (STEMCELL Tech-
nologies, Vancouver, Canada) to create ALI culture. This
day corresponded to the differentiating step at day 0 (ALIO).
Medium was then changed every other day. We analyzed
mTEC differentiation at several time points (which were dif-
ferent from HNECsS) including ALIO, ALI2, ALI3, ALIS,
ALI6, ALI7, ALI9, ALI14 or ALI27, as indicated in figures
and legends.
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Mouse ependymal cell cultures

For the mouse ependymal cell cultures, experiments were
performed using mouse Centrin-2-GFP-tagged ependymal
cells as previously described [27]. Briefly, PO-P2 mice were
sacrificed by decapitation. Brains were dissected in Hank’s
solution (10% HBSS, 5% HEPES, 5% sodium bicarbon-
ate, 100 UmL™" penicillin, 100 pg-mL~" streptomycin),
and the telencephalon was manually cut into pieces, fol-
lowed by enzymatic digestion (DMEM GlutaMAX, 3%
papain (Worthington Biochemical, Lakewood, NJ, USA),
1.5% 10 mgmL~" DNAse, and 2.4% 12 mg-mL~" cystein)
for 45 min at 37 °C in a humidified 5% CO, incubator.
The digestion was stopped by the addition of a solution of
trypsin  inhibitors  (Leibovitz’s L15 medium, 10%
1 mg-mL~" ovomucoid, and 2% 10 mg-mL~' DNAse). The
cells were then washed in L15 medium and resuspended in
DMEM GlutaMAX supplemented with 10% FBS and 1%
penicillin/streptomycin in a poly-L-lysine-coated flask. The
ependymal progenitors were allowed to proliferate for 4—
S days, until confluence was reached, before being incu-
bated overnight under shaking (250 r.p.m.). Cells were
grown on 12-mm glass coverslips and were fixed on differ-
entiation day 5.

Human samples

Inferior nasal turbinates were collected from patients with
nasal obstruction (surgical intervention performed by L.
Castillo at the Nice University Hospital, France) in Ca*"/
Mg>"-free  HBSS supplemented with 25 mm HEPES,
200 U-mL~! penicillin, 200 pg streptomycin, 50 pg-mL ™!
gentamicin sulfate, and 2.5 pg-mL~' amphotericin B (all
reagent from Gibco/Thermo Fisher Scientific, Waltham,
MA, USA). Human bronchial tissue samples were collected
from healthy adult volunteers during bronchoscopy under
local anesthesia. All procedures were administered by the
same pulmonologist at Nice University Hospital, France.
The process, location, and type of specimens (brushing or
biopsy) were compatible with future use in daily clinical
practice. These procedures have been performed according
to the guidelines of the Declaration of Helsinki, after
approval by the institutional review board ‘Comité de Pro-
tection des Personnes Sud Méditerranée V’ (06/06/2015,
approval number: 17/081). The use of human tissues was
authorized by bioethics law 94-654 of the French Public
Health Code after written consent from the patients.

Human nasal epithelial cell cultures

Nasal turbinates were washed three times with cold-
supplemented HBSS (Hepes 25 mm, 200 U-mL ™" penicillin,
200 pgmL~! streptomycin, 2.5 pg-mL~! amphotericin B,
50 ugmL~! gentamycin sulfate) and immersed in

MIR34B/C region as potential multiciliary locus

supplemented HBSS containing 0.1% protease XIV from
S. griseus (Sigma-Aldrich, Saint-Louis, MO, USA) over-
night at 4 °C for epithelial digestion. Gentle agitation
allowed to collect detached cells in inactivation buffer
(DMEM supplemented with 10% FBS, 100 U-mL~" peni-
cillin, 100 pg-mL~! streptomycin, 50 pg-mL~! gentamicin
sulfate, and 2.5 pg-mL ™' amphotericin B). After centrifuga-
tion at 150 g for 5 min, cells were resuspended in supple-
mented DMEM, centrifuged again, and then resuspended
in bronchial epithelium basal medium (BEBM; Lonza) sup-
plemented with BEGM SingleQuot™ Kit supplements
(Lonza). Cell suspension was passed through a 21G needle,
then plated (~ 20 000 cells-cm™2) on 75 cm’-flasks coated
with rat-tail collagen I (Sigma-Aldrich), in and incubated in
a humidified atmosphere of 5% CO, at 37 °C. After 24 h,
cells were rinsed with PBS to remove erythrocytes and
debris from the culture and immerged again in BEGM
medium. After 4-5 days of culture, cells reached 70% con-
fluence. They were detached using trypsin—-EDTA 0.05%
(Gibco) for 5-10 min, collected in inactivation buffer, cen-
trifuged at 150 g for 5 min, and resuspended in BEGM
medium. Cells were seeded on human placenta collagen IV-
coated Transwell® permeable supports (6.5 mm diameter;
0.4 um pore size; Corning, Corning, NY, USA) in the api-
cal part with a density of ~ 30 000 cells per Transwell® and
with medium in the basal part. Once the cells have reached
confluence (~ 5 days after seeding), the medium was
removed from the apical side of the Transwell® and the
basal medium, replaced by Pneumacult-ALI™ (STEM-
CELL Technologies) to create ALI cultures as previously
described [3,8,9]. This day corresponded to the differentiat-
ing step at day 0 (ALIO). Culture medium was changed
every other day. We analyzed HNEC differentiation at sev-
eral time points including ALIO, ALI6, ALI7, ALI1O0,
ALI14, ALI15, ALI20, ALI22, and ALI28, as indicated in
corresponding figures and legends. ALI day 0 (ALIO) is the
time point at which cell cultures are switched to ALI in
both HNECs and mTECs. Solitary primary cilia are
detected in early ALI cultures usually from ALIO to ALI12
before resorbing [28,29]. Then, a step of massive centriole
amplification typically occurs around ALI1-ALI10 or
ALI7-ALI14 in mTEC and HNEC cultures, respectively
[3,9,29]. Then, the first motile cilia appear around ALI2-
ALI7 or ALI15 in mTECs and HNECs or HBECs, respec-
tively [3,8,9,28,29,30].  Fully-differentiated MCCs are
detected around ALIS-ALI14 and ALI21-ALI28 for
mTECs and HNECs or HBECs, respectively
[3,7,8,9,28.,29,30].

Human bronchial epithelial cell cultures

ALI HBECs were purchased from Epithelix® Sarl (Geneva,
Switzerland) and cultured at ALI following the manufac-
turer’s instructions.
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Tissue processing for embedding

Human bronchial tissue biopsies were fixed in paraformalde-
hyde 4% (15 min at room temperature) and then extensively
rinsed with PBS. Fixed tissues were then prepared for paraf-
fin embedding. Cutting of paraffin-embedded sections was
performed using a rotary microtome MICROM HM 340E
(Thermo Fisher Scientific). Before staining, deparaffinization
and antigen retrieval process were carried out on bronchial
sections using citrate buffer at pH6. Sections and cytospins
were permeabilized with 0.5% Triton X-100 in PBS. A fol-
lowing blocking treatment was performed with 3% bovine
serum albumin (BSA) in PBS for 30 min. The incubation
with primary antibodies was carried out at 4 °C overnight.
Incubation with secondary antibodies was carried out during
1 h at room temperature. Nuclei were stained with 4,6-
diamidino-2-phenylindole (DAPI).

Cytospins from human airway epithelial cell
cultures

Cells dissociated from differentiated human nasal and
bronchial epithelium cultured in ALI were cytocentrifuged
at 72 g (800 r.p.m.) for 10 min onto SuperFrost™ Plus
slides using a Shandon Cytospin™ 4 cytocentrifuge. Cytos-
pin™ slides were fixed for 10 min in 4% paraformaldehyde
at room temperature for further immunostaining.

Single-cell RNA-sequencing of HNECs, mTECs,
and pig samples

Data used in the present study were generated from our
previous study [3].

Cell dissociation of HNECs and mTECs

To perform single-cell analysis, cells on Transwells® at differ-
ent days of ALI culture were incubated with 0.1% protease
type XIV S. griseus (Sigma-Aldrich) in HBSS for 4 h at
4 °C. Then, cells were gently detached from the Transwell®
by pipetting and transferred in a microtube. Cells were incu-
bated at room temperature for 10 min with 50 units of
DNase I (EN0523; Thermo Fisher Scientific) per 250 pL
directly added in the tube. Cells were centrifuged at 150 g for
5 min and resuspended in 500 pL of supplemented HBSS
containing 10% FBS, centrifuged again at 150 g for 5 min,
and resuspended in 500 pL HBSS with 10% FBS and disso-
ciated mechanically four times through a 26-G syringe.
Finally, cell suspensions were filtered through a 40-um
porosity Flowmi™ Cell Strainer (Bel-Art, Wayne, NJ, USA),
centrifuged at 150 g for 5 min, and resuspended in 500 pL of
HBSS. Cell concentration was measured with Scepter™ 2.0
Cell Counter (Merck Millipore, Darmstadt, Germany) and
Countess™ automated cell counter (Thermo Fisher Scien-
tific). Cell viability was checked with Countess™ automated

A. Cavard et al.

cell counter (Thermo Fisher Scientific). All steps except the
DNase I incubation were performed on ice. Cell concentra-
tion was adjusted to 300 cells-uL~" in HBSS for the cell cap-
ture by 10x Genomics device, in order to capture 1500 cells
for HNECs and 5000 cells for mTECs.

Single-cell isolation and library construction

We followed the manufacturer’s protocol (Chromium™
Single-Cell 3’ Reagent Kit, v2 Chemistry, 10X Genomics,
Pleasanton, CA, USA) to obtain single-cell 3’ libraries for
[llumina sequencing. Libraries were sequenced with a Next-
Seq 500/550 High Output v2 kit (75 cycles) (Illumina, San
Diego, CA, USA) that allows up to 91 cycles of paired-end
sequencing: Read 1 had a length of 26 bases that included
the cell barcode and the unique molecular identifier (UMI);
Read 2 had a length of 57 bases that contained the cDNA
insert; Index reads for sample index of 8 bases.

Single-cell RNA-seq data analysis

CELL RANGER SINGLE-CELL Software Suite v1.3 (10X Geno-
mics) was used to perform sample demultiplexing, barcode
processing, and single-cell 3’ gene counting using standards
default parameters and human build hg 38, pig build sus
scrofa 11.1 and mouse build mml0. Individual dataset
analysis was performed using SEURAT standard analysis
pipeline [31]. Briefly, cells were first filtered based on the
number of expressed features, dropout percentage, library
size, and mitochondrial gene percentage. Thresholds were
selected by visually inspecting violin plots in order to
remove the most extreme outliers. Genes expressing less
than 5 UMI across all cells were removed from further
analysis. Cell-level normalization was performed using the
median UMI counts as a scaling factor. Highly variable
genes (hvgs) were selected for the following analysis based
on their expression level and variance. PCA analysis was
performed on those hvgs, and the number of PCs to use
was chosen upon visual inspection of the PC variance
elbow plot (~ 10-20 PCs depending on the dataset). Clus-
tering was first performed with the default parameter and
then increasing the resolution parameter above 0.5 to iden-
tify small clusters (but with the knowledgeable risk of split-
ting big cluster due to high gene expression variability).
Differential analysis was again performed using SEURAT
FindAllMarkers and FindMarkers functions based on the
nonparametric Wilcoxon rank-sum test. All graphs were
generated using SEURAT and GGpLOT2 [32] in the free soft-
ware environment R (http://www/r-project.org).

RNA interference

Before seeding (60 000 cells per Transwell®) HNECs were
transfected with a mixture of four individual siRNAs
against human LAYN transcript or siRNAs scrambled
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(5 nm final concentration) (ON-Target plus SMARTpool;
Dharmacon Horizon Discovery, Lafayette, CO, USA)
using Lipofectamine RNAi Max Reagent (Invitrogen) in
OPTIMEM (Invitrogen/Thermo Fisher Scientific) according
to the manufacturer’s instructions. The cells were then har-
vested as in normal conditions.

Immunostainings

Human and mouse airway epithelial samples were fixed
with 4% paraformaldehyde (20 min, 4 °C), washed in PBS,
permeabilized with 0.5% Triton X-100 (5 min, room tem-
perature), and blocked with 3% BSA in PBS (30 min,
room temperature). Incubation with primary antibodies
was carried out at 4 °C overnight, as follows: rabbit poly-
clonal anti-LAYN (1 : 200, HPA-040087; Sigma-Aldrich),
goat polyclonal anti-HOATZ (Cllorf88) (1 :100, SC-
270467; Santa Cruz Biotechnology, Dallas, TX, USA), rab-
bit polyclonal anti-C11orf88-DNAxPab (HOATZ) (1 : 100,
H00399949-WO01P; Abnova, Taipei City, Taiwan), mouse
monoclonal antiacetylated alpha-tubulin (1 : 1000, Clone 6-
11B-1; Sigma-Aldrich), rabbit polyclonal anti-SNTN (sen-
tan) (1/50, ab122845; Abcam, Cambridge, UK), mouse
monoclonal anticentrin-2 (1 : 200, clone (N-17)-R; Santa
Cruz Biotechnology). Incubation with secondary antibodies
(1 : 500, Alexa Fluor; Thermo Fisher Scientific) was carried
out for 1 h at room temperature and protected from light.
Transwell® membranes were cut with a razor blade and
mounted on slides with Fluoromount-G™ mounting
medium with DAPI (Thermo Fisher Scientific).

Mouse ependymal cells were fixed for 10 min in either
4% paraformaldehyde at room temperature or 100% ice-
cold methanol at —20 °C. Cells were preblocked in PBS
with 0.2% Triton X-100 and 10% FBS before incubation
with the primary and secondary antibodies. Centrin-2-
GFP-tagged ependymal cells were co-stained with mouse
anti-GT335 to detect cilia (1 : 500, AG-20B-0020-C100;
Adipogen, San Diego, CA, USA) and with goat polyclonal
anti-HOATZ (Cl11orf88) (1 : 100, SC-270467; Santa Cruz
Biotechnology), followed by an incubation with species-
specific Alexa Fluor secondary antibodies (1 : 400; Life
Technologies/Thermo Fisher Scientific). Cells were counter-
stained with DAPI (10 pgmL™'; Sigma-Aldrich) and
mounted in Fluoromount (Thermo Fisher Scientific).

Images were acquired using the Olympus Fv10i (Olym-
pus, Tokyo, Japan) or Leica SP5 or Leica SP8 (Leica
Microsystems, Nanterre, France) confocal imaging systems.

Confocal and stimulated emission depletion
microscopy

Samples were mounted either in Fluoromount-G mounting
medium with DAPI (for confocal) or in Abberrior Mount
Solid Antifade (Abberior GmbH, Gottingen, Germany)
(for STED). Images were acquired using a Leica SP8 STED

MIR34B/C region as potential multiciliary locus

3x (Leica Microsystems), at 700 Hz either through a 63x/
1.4 NA Oil objective (for confocal) or through a 93x/1.3
NA Glyc objective (for STED), using the Las x software
(Leica Microsystems). Confocal images were obtained by a
405-, 488-, and 561-nm laser excitation, respectively. All
images have a 72-nm pixel size Super-resolution images
were obtained using STED microscopy with 561 and 633-
nm excitations and the depletion at 775 nm for both fluor-
ophores (20-30% of power). Images obtained in STED had
a 17-nm pixel size. The images were deconvolved using
HUYGENS PROFESSIONAL (version 18.10; Scientific Volume
Imaging, Hilversum, The Netherlands, http://svi.nl), using
the cMLE algorithm with SNR:20 and 40 iterations (for con-
focal) or with SNR:100 and 5 iterations (for STED).

Western blot experiments

Cells were collected by scrapping in antiprotease supplemen-
ted Ripa lysis Buffer (Pierce/Thermo Fisher Scientific ),
ultrasonicated, and cleared by centrifugation. Protein con-
centration was determined using the BCA assay (Thermo
Fisher Scientific), and 25 pg of protein was resolved on SDS
polyacrylamide gels using gradient Bolt SDS/PAGE Gel Sys-
tem following the manufacturer’s instructions. Proteins were
transferred to PVDF membranes; membranes were blocked
with 5% milk in TBS-Tween buffer for 1 h. Incubation with
primary antibodies (mouse monoclonal anti-LAYN 1 : 500,
Santa Cruz, sc377389; goat polyclonal anti-HOATZ 1 : 100,
Santa Cruz Biotechnology, SC-270467; rabbit polyclonal
anti-HOATZ-DNAxPab 1 : 100, H00399949-WO01P,
Abnova; mouse monoclonal anti-GAPDH 1 : 20 000,
60004-1, ProteinTech, San Diego, CA, USA; and goat poly-
clonal anti-HSP60 1 : 5000, sc-1052, Santa Cruz Biotechnol-
ogy, Inc), in 5% milk in TBS-Tween buffer, was carried out
at 4 °C overnight. After three washes with TBS-Tween
buffer during 10 min at room temperature, membranes were
incubated with HRP-conjugated secondary antibodies
(diluted at the required concentration) at room temperature
for 1 h. After three washes, immunoreactive bands were
detected using immobilon ECL kit (Merck Millipore) on
Fusion-FX imager (Vilber, Marne-La-Vallée, France).

Results

Transcript expression of the MIR34B/C gene
members during airway epithelium regeneration

In order to identify cell type-specific expression of HOATZ
(Cl10rf88), LAYN, and BTG4, three proximal genes of the
conserved MIR34B/C genomic locus (Fig. 1A), we have
used single-cell RNA-seq (scRNA-seq) in vitro, on both
human nasal epithelial cells (HNECs) and mouse tracheal
epithelial cells (mTECs) differentiated at the air-liquid
interface (ALI), and in vivo, in human airway biopsies and
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Fig. 1. Expression and localization of the MIR34B/C locus members in multiciliated epithelia from human and mouse. (A) lllustration of the
positioning of three proximal genes around the MIR34B/C genomic locus. Exon lengths and positions are not strictly proportional to actual
annotations. Genomic start and end positions of the locus are accurate and indicated on the top. (B) Transcript expression of the MIR34B/C
locus members is enriched in MCCs of the human airway epithelium: UMAP (top left panel) illustrating single-cell RNA-sequencing data from
fully-differentiated HNECs in Pneumacult-ALI™ medium (ALI28) clustered 9-cell populations. Violin plots (top right and bottom panels) repre-
senting the level of normalized gene expression in each cell population for HOATZ, LAYN, and BTG4. (C) Transcript expression of the
MIR34B/C locus members is enriched in MCCs of the murine tracheal epithelium: UMAP (top left panel) illustrating single-cell RNA-
sequencing data obtained with mouse tracheal epithelial cells (ImTECs) at mid-differentiation (ALI3). Violin plots (top right and bottom panels)

representing the level of normalized gene expression in each cell population for HOATZ, LAYN, and BTG4.

brushings [2], as well as in newborn pig airways. All
scRNA-seq datasets showed that HOATZ transcripts were
specifically and strongly expressed in both mature MCCs
and their precursors (deuterosomal cells) in all models:
human (Fig. 1B; Fig. SIA for in vitro data; Fig. S2A,B for
in vivo data), mouse (Fig. 1C; Fig. S1B) or pig (Fig. S3A,
B,E,F). Two isoforms of human HOATZ transcripts were
described in Ensembl Genome Browser: HOATZ-201
(ENST00000332814) with 7 exons and HOATZ-202
(ENST00000375618) with 6 exons (Fig. S4A). Using long-
read RNA-sequencing and RT-PCR, our data showed that
both HOATZ transcript isoforms were expressed in differ-
entiated HNECs (Fig. S4A,B), with an overrepresentation
of HOATZ-202 compared with HOATZ-201 (Fig. S4A).
LAYN expression was also specific to MCCs in mice
and pigs but was more ubiquitous in human with

detection in all cell types (Fig. 1B,C; Figs S2C and
S3C,G).

BTG4 was expressed in a few cells in humans and
pigs, most of them being MCCs, both in vitro and
in vivo (Fig. 1B,C; Figs S2D and S3D,H). Fortu-
itously, we found out that BTG3, another gene belong-
ing to the BTG/Tob family, for which the level of
expression and the number of BT7G3-expressing cells
were much higher than the one of BTG4 in human
cells, was markedly expressed in human deuterosomal
cells and also moderately expressed in mature MCCs
(Fig. S95).

When analyzing transcript expression in a time-
course manner, by RNA-seq and RT-qPCR, the
expression of HOATZ and BTG4 increased concomi-
tantly to FOXJI (a marker of MCCs) and CDC20B (a
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marker of deuterosomal cells) in both HNECs and
mTECs (Fig. SIC-F) [9,33]. In agreement with the
scRNA-seq data, Layn expression was increased dur-
ing multiciliogenesis of mTECs and remained constant
in HNECs (Fig. SIC-F).

HOATZ proteins are localized in motile cilia in
human and mouse MCCs

HOATZ protein subcellular localization was assessed
from ALI cultures (HNECs, human bronchial epithe-
lial cells (HBECs) or mTECs), native human bronchial
tissue (biopsy sections), and mouse ependymal cells by
immunostaining followed by confocal or stimulated
emission depletion (STED) microscopy. Antibodies
against HOATZ were validated by western blot
(Fig. S4C,D). In early ALI cultures, HOATZ was first
detected in a punctate manner in the primary cilium of
mTECs, while it was not detected in the primary cil-
ium of HNECs (Fig. 2A). At early steps of the forma-
tion of motile cilia, when cilia have not fully
elongated, HOATZ was mainly detected at the tip of
cilia (Fig. 2B,C) and partially co-localized with Sentan
(SNTN) (Fig. 2C), the first described molecular com-
ponent of the ciliary tip of vertebrate motile cilia [34].
This was well observed using confocal and super-
resolution STED microscopy at 12-14 days of differ-
entiation for HNECs (Fig. 2B.C), 2 days for mTECs
(Fig. 3A) and 5 days for ependymal cells (Fig. 3B).
Later in differentiation, mature MCCs displayed lon-
ger motile cilia in which HOATZ was highly detected
from the bottom of cilia until the ciliary tip, with a
punctate pattern in all models, including on ALI cul-
tures or cytospin-isolated HNECs and HBECs
(Fig. 2B,D,E), as well as on native human bronchial
tissue sections (Fig. 2F) and mouse ependymal cells
(Fig. 3B).

Localization of LAYN proteins in both human and
mouse models of airway epithelium

As shown by immunostaining, LAYN protein was
absent from the primary cilium in mTECs but
appeared as a punctate distribution along the motile
cilia in mid- and fully-differentiated MCCs (Fig. 4A).
A distinct pattern of expression was observed in
HNECs, where LAYN expression was not restricted to
MCCs and was detected in the cytoplasmic region with
an apical polarization in fully-differentiated MCCs
(Fig. 4B). An apical surface localization of LAYN has
already been reported in human airway epithelial cells
[25]. In HNECs, LAYN was also expressed in other
cells than MCCs, which is consistent with our scRNA-
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seq data (Fig. 1B; Fig. S2C). The distinct expression
and localization of LAYN in mouse and human air-
way epithelium may refer to distinct roles in the two
species. To assess the role of LAYN in HNEC differ-
entiation, we performed siRNA silencing using siR-
NAs against human LAYN transcripts 4 days before
ALI differentiation. Expression analysis from ALIO to
ALI14 showed that siRNAs efficiently knocked-down
LAYN both at the RNA and protein levels (Fig. SOA-
C) and that LAYN RNA levels started to reverse back
to control level from day 7 (Fig. S6A). Upon differen-
tiation, the level of FOXJI transcripts (ALIl4,
Fig. S6C) and the proportion of centrin-2-positive
(ALI20, Fig. 4C,D) or acetylated alpha-tubulin-
positive MCCs (ALI20, Fig. 4E,F) were significantly
lower in cultures transfected with siRNAs against
LAYN transcripts compared with control. In addition,
the apical actin meshwork was strongly altered in
siLAYN conditions (Fig. 4G), revealed by a reduction
of the enrichment of the phalloidin-stained apical actin
cap and a decrease in the number of cells exhibiting an
enrichment of apical actin meshwork corresponding to
MCCs. These observations also suggest defects in
polarization and basal body anchoring. Therefore,
inhibition of LAYN expression at an early stage of dif-
ferentiation appears sufficient to alter the subsequent
formation of MCCs.

Discussion

This work represents the first characterization of the
expression of three genes belonging to the MIR34B/C
genomic locus. The first observation is that HOATZ
expression was strikingly increased in both deuteroso-
mal and MCCs during human, mouse, or pig airway
epithelium regeneration. It is noteworthy that HOATZ
expression was maintained in MCCs, while gene
expression from the MIR449 genomic locus rapidly
decreased after the deuterosomal stage. The punctate
pattern of HOATZ proteins in the primary cilium of
mTECs is probably related to a functional role played
in the primary cilium before multiciliogenesis. Indeed,
cells with a primary cilium acquire markers of motile
ciliogenesis and MCCs may originate from primary cil-
iated cells as previously described elsewhere [28]. The
ciliary tip, at the distal end of the cilium, is a putative
site of axonemal growth and resorption and may be
involved in the regulation of the intraflagellar trans-
port (IFT) [35]. Using super-resolution microscopy, we
showed that HOATZ was partially co-localized with
SNTN in the ciliary tip region, suggesting a role of
HOATZ either in the assembly of the microtubule
doublets during the elongation of axoneme, in the
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Fig. 2. Expression of HOATZ in primary and motile cilia in mouse and human airway cells. (A) Immunostainings performed on mTECs at
ALI7 or in HNECs at ALI14, for acetylated alpha-tubulin (Ac. Tub.) and HOATZ. Regions of the cell culture devoid of MCCs were selected to
show immunostaining of solitary primary cilium. (B) Immunostainings carried out on HNECs at ALI14 and ALI20 for acetylated alpha-tubulin
(Ac. Tub.) and HOATZ. (C) Immunostainings carried out on HNEC cultures (ALI12) for HOATZ, SNTN, and acetylated alpha-tubulin (Ac. Tub.).
(D) Immunostainings performed on cytospin-isolated HNECs (ALI32) for HOATZ, SNTN, and acetylated alpha-tubulin (Ac. Tub.). (E) Immunos-
tainings performed on cytospin-isolated HBECs (ALI31) for HOATZ and acetylated alpha-tubulin (Ac. Tub.). (F) Immunostainings performed
on human bronchial tissue sections for HOATZ and acetylated alpha-tubulin (Ac. Tub.). Scale bars for all images: 10 um, except for zoom
images in (C), scale bars: 1 um. sc: Santra Cruz sc-270467 antibody; Abnova: DNAxPab, H00399949 antibody. Images were obtained by
confocal microscopy or, when indicated, by super-resolution STED microscopy.
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Fig. 3. Expression of HOATZ in motile cilia throughout the differentiation of mouse tracheal epithelial cells (mTECs) and in mouse
ependymal cells. (A) Immunostainings performed on mTECs at ALI2, ALI5, ALI7, and ALI27 for HOATZ and acetylated alpha-tubulin (Ac.
Tub.). (B) Immunostainings performed on mouse ependymal cells expressing Centrin-2-GFP (shown in red) at day 5 of differentiation, with
antibodies against GT335, a marker of cilia glutamylation, and against HOATZ. The first line of panels illustrates maturing MCCs exhibiting
shorter cilia. The second and third lines of panels illustrate mature MCCs with longer cilia. Scale bars for all images: 10 um. Images were
obtained by confocal microscopy or, when indicated, by super-resolution STED microscopy.

control of the ciliary length or in the formation of the
ciliary cap at the tip. Moreover, the punctate pattern
of HOATZ in motile cilia may evoke a role in the
transport of components during the building and
maintenance of cilia. HOATZ may be a component of
trains, or cargo of this transport, or may be carried by
IFT along the cilia to play a role in the axoneme. A

recent study in mice showed that Hoatz was required
for motile ciliogenesis in ependymal cells and sperm
flagella genesis by mediating the maturation of the fla-
gellar glycolytic enzyme enolase-4 ENO4. Indeed,
ENO4, which is specifically expressed in ciliated cells,
is actively transported along the motile cilia in mice,
suggesting the importance of glycolytic enzymes in
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local ATP production in highly energy-demanding cell
types such as MCCs [24]. In agreement with this, we
also observed in our datasets that ENO4 transcripts
were mainly detected in deuterosomal and MCC popu-
lations: about 30% (in HNECs) and 37% (in mTECs)

(F)

Orthogonal view

(G) siScrambled

Phalloidin Ac. Tub.

Phalloidin Ac. Tub.

of MCC/deuterosomal cells co-expressed HOATZ and
ENO4. A small proportion of deuterosomal cells or
MCCs (0.6% in HNECs and 4.6% in mTECs)
expressed ENO4 without HOATZ (Table S1). These
observations corroborate the previous conclusions of
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Fig. 4. LAYN expression and function during multiciliogenesis. (A) Immunostainings performed on mTECs at ALI7 and ALI27 for LAYN and
acetylated alpha-tubulin (Ac. Tub.). (B) Immunostainings carried out on HNECs at ALI20 for LAYN and acetylated alpha-tubulin (Ac. Tub.).
The bottom panel is an orthogonal view from the top image, performed at the level of dashed line. Scale bars: 10 um. (C) Immunostainings
performed on HNECs (ALI20) for centrin-2 after LAYN knock-down by siRNAs (siLAYN). (D) The bar plot indicates the percentage of centrin-
2+ cells (over nuclei numbers), relative to the control set to 100%, and calculated from immunostainings on HNECs (ALI20) after LAYN
knock-down by siRNAs (siLAYN). The control condition refers to nontransfected cells. siScrambled: transfection with scrambled siRNAs.
Data are mean + SD from 10 fields per insert, n = 3 independent experiments (*P < 0.05; Student’s t-test). (E) The bar plot indicates the
percentage of Ac. Tub. + cells (over nuclei numbers), relative to the control set to 100%, and calculated from immunostainings on HNECs
(ALI20) after LAYN knock-down by siRNAs (siLAYN). The control condition refers to nontransfected cells. siScrambled: transfection with
scrambled siRNAs. Data are mean 4+ SD from 10 fields per insert, n = 3 independent experiments (*P < 0.05; Student’s t-test). (F) Immu-
nostainings performed on HNECs (ALI20) for acetylated alpha-tubulin (Ac. Tub.) and actin network (Alexa Fluor™ Phalloidin-647) after LAYN
knock-down by siRNAs (siLAYN). (G) Blow-up images from phalloidin staining in (F). White asterisks indicate in a nonexhaustive manner
MCC with enriched apical actin cap in siScrambled compared withf siLAYN conditions, in representative images. Scale bars: 10 um. Images

were obtained by confocal microscopy or, when indicated, by super-resolution STED microscopy.

Narita et al. [24], which proposed that HOATZ was
involved in the maturation of ENO4 and contributed
to metabolic pathways for energy production in the
cilia.

The second gene of the MIR34B/C locus that we
investigated was LAYN. In humans, LAYN transcripts
were expressed in deuterosomal cells and, to a lesser
extent, in mature MCCs, but they were also detected
in other cell types including basal, suprabasal, and
secretory cells. We detected the Layilin protein as
punctate spots along the motile cilia in mouse tracheal
MCCs, whereas it was localized in a cytoplasmic
region, with an apical polarization in human airway
MCCs. An apical surface localization of LAYN in air-
way epithelial cells has already been reported in
human airway epithelium in ALI cultures. This previ-
ous study has described that the signal of hyaluronan
binding on LAYN acted through RhoA/ROCK path-
way [25]. We showed that LAYN silencing at an early
stage of differentiation was sufficient to alter the sub-
sequent formation of MCCs with defects in apical
actin network. This observation suggests that the early
absence of LAYN may prevent some key events,
which will be detrimental to the rest of MCC differen-
tiation, such as polarization and actin network forma-
tion. So, it is possible that in siLAYN conditions, the
MCC differentiation may be prevented because of
these early stages that the cells did not go through. In
these conditions, restoration of LAYN levels at ALI14
may not be sufficient to fully restore MCC differentia-
tion. The dependence of multiciliogenesis on the actin
cytoskeleton has been well documented by numerous
studies including ours. The apical surface of MCCs is
enriched with a dense meshwork of actin composed of
two distinct parts, the apical and the subapical actin
networks. This apical actin network is essential for
both polarization and motility of the cilia. Defects in
this apical actin network have been shown to impair

basal body transport, localization, polarity, docking,
and stability [7,19,36,37,38]. Previously, we have
reported that miR-34/449 controls apical actin net-
work reorganization by modulating small GTPase
pathways, including RhoA [7,19]. The localization of
LAYN near the apical membrane in MCCs, combined
with the alteration of the apical actin web and MCC
formation in response to LAYN silencing and with the
previously described interaction of LAYN with RhoA/
ROCK signal [25] are consistent with a putative role
played by LAYN in the remodeling of apical cytoskele-
ton that contributes to the basal body anchoring in
MCCs. Hyaluronic acid is secreted by submucosal
glands, but its function in airway secretions other than
influencing the rheology of mucus is not fully under-
stood. Since hyaluronic acid has already been shown
to contribute to ciliary differentiation and beating in
human airway epithelium [39,40], we can speculate
that LAYN might also contribute to ciliary beating in
fully-differentiated airway epithelium.

Finally, we provide some observations about BTG4,
the third gene of the MIR34B/C locus. However, due
to the weak BTG4 expression in our different models
and the lack of available antibodies giving a specific
signal for BTG4 in our models, a more descriptive
study is limited at this time. We, however, noticed that
MCCs express higher levels of BTG4 compared with
deuterosomal cells. In addition, a previous study indi-
cated that BTG4 was highly expressed in ciliated epi-
thelial tissues of juvenile mice such as pharynx,
trachea, oviduct, and testis but expressed at lower
levels in adult mice [41]. While human diseases caused
by mutations in BTG4 have not been clearly identified,
some homozygous mutations in BTG4 have been asso-
ciated with zygotic cleavage failure and female infertil-
ity through a mechanism involving the maternal
mRNA decay in mammalian oocytes [42]. Neverthe-
less, these authors did not examine the MCC
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phenotype in the reproductive tract of women carrying
BTG4 mutations and diagnosed with infertility. BTG4
also prevents the progression of oocytes into anaphase
IT by ensuring that the anaphase-promoting complex/
cyclosome (APC/C) is completely inhibited during the
arrest [43]. Furthermore, PLK1 controls the onset of
spindle assembly and formation and is essential for
APC/C activation before anaphase onset in mouse
zygotes [44]. This mechanism could be connected to
our previous work showing that the MIR449 gene
member CDC20B cooperates around deuterosomes
with PLK1 and APC/C activation to trigger centriole
disengagement in maturing MCCs [9]. Moreover, the
expression of BTG3, another gene belonging to the
BTG/Tob family, was stronger than BTG4 in both
deuterosomal cells and MCCs. In another context,
BTG3 has been shown to inhibit BMP2 signaling dur-
ing osteoblast differentiation [26], and we have previ-
ously shown that BMP2 signal inhibition strongly
stimulated the formation of MCCs [30]. The role of
the BTG/Tob family as negative regulators of the cell
cycle [45] and the use of cell cycle actors for the ampli-
fication of centrioles in MCCs reported in our recent
studies [3,9] may suggest a putative role of some mem-
bers of the BTG/Tob family such as BTG4 or BTG3
in MCC differentiation.

In conclusion, our study demonstrates that the tran-
scripts of BTG4, LAYN, and HOATZ, three proximal
genes of the MIR34B/C locus, are expressed in
human, mouse, and pig MCCs. Especially, we have
described in different models, human and mouse, the
precise site of HOATZ expression in motile cilia, its
enrichment at the tip of the cilia, more particularly in
developing epithelium, and its more punctiform profile
from the bottom to the tip of motile cilia in fully-
differentiated epithelium (Fig. S7). Using a knockout
mouse model, HOATZ has been shown by others to
be required for the motile cilia function of ependymal
cells or sperm flagellum formation [24]. These data
collectively argue that HOATZ represents a novel con-
served motile ciliogenesis actor. We have also
observed that early inhibition of LAYN expression
dramatically impairs apical actin cap formation and
MCC differentiation, probably through indirect mech-
anisms given the expression pattern of LAYN. Alto-
gether, our data indicate that, as previously observed
for MIR449 genomic locus [8,9,10,46,47], the
MIR34B/C locus also encompasses some genes that
may be involved in MCC biology. Further investiga-
tions of loss or gain of function using approaches
such as CRISPR-Cas9 in different models would be
needed to elucidate the precise role of each of these
genes in multiciliogenesis.
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Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Appendix S1. Supplemental methods.

Fig. S1. Expression of deuterosomal, multiciliated
cell markers and MIR34B/C locus members during
multiciliogenesis.

Fig. S2. HOATZ, LAYN and BTG4 expression in vivo
in human airway tissues from Human Cell Atlas data.
Fig. S3. HOATZ transcript expression is enriched in
multiciliated cells of newborn pig airways, in vitro and
in vivo.

MIR34B/C region as potential multiciliary locus

Fig. S4. HOATZ isoform detection and ectopic
expression.

Fig. S5. BTG3 transcript expression is specific to
human deuterosomal cells.

Fig. S6. Effect of LAYN silencing on multiciliogenesis.
Fig. S7. Schema illustrating HOATZ and LAYN pro-
tein localization in maturing (short cilia) and mature
(long cilia) multiciliated cells (MCCs) in both human
and mouse models.

Fig. S8. Uncropped Western blots.

Table S1. Single-cell correlation of gene expression of
HOATZ, FOXJI and ENO4 in mTECs and HAECs.
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Chapter lll: Materials and methods

Cell culture

Primary cells
Human bronchial biopsies and brushings were collected from healthy adult volunteers or severe

asthma patients during bronchoscopy under local anesthesia. All procedures were administered either
by one pulmonologist at Centre Hospitalier Universitaire de Nice, France or by another pulmonologist
at Aix-Marseille Université, France. Biopsies were collected in DPBS (Gibco™), rotated overnight (O/N)
at 4°C and centrifuged 5 min at 200 g the next day before being minced with a scalpel and resuspended
in 1 mL in Pneumacult Ex+ proliferation medium (PneumaCult-Ex™ Plus Basal Medium, StemCell
Technologies, Cat#05041) supplemented with penicillin (100 U/mL), streptomycin (100 pg/mL),
gentamicin (50 pg/mL) and amphotericin B (2.5 pg/mL), and plated in a 12 well-plate well coated with
Fibronectin at 10 pug/ml, collagen type | at 30 pg/ml, BSA at 10 pg/ml. Brushings (one per donor) were
collected in HBSS (Gibco™) supplemented with 200 U/mL penicillin, 200ug/mL streptomycin,
amphotericin B 2.5 pg/mL and gentamycine 50ug/mL. Tubes were very gently vortexed then
centrifuged 10 min at 400 g before being resuspended in 1mL in Pneumacult Ex+ proliferation medium
and plated in a 12 well-plate well coated with the fibronectin/collagen coating detailed above. Medium
was renewed every other day and cells were maintained in culture in an incubator at 37°C and 5% CO..
Cells were dissociated with trypsin when reaching ~ 80% confluence and plated in a 75 cm culture flask
previously coated with type | collagen 50 pug/mL (Merck catalog #C3867). At ~ 80% confluence cells

I™ inserts (Corning reference

were dissociated again and were seeded on semi-permeable Transwel
CLS3470), previously coated with type IV collagen 0.2 mg/mL (Merck catalog #C7521) and maintained
in Pneumacult Ex+ medium until full confluence. At confluence, the apical medium was removed, and
the basal medium replaced with PromoCell® Airway Epithelial Cell Growth Medium, replacing retinoic
acid from the kit in order to reach a final concentration of 30 nM (Sigma Aldrich reference R2625) for
the IL-13 experiments, or with PneumaCult™-ALlI Medium (StemCell Technologies, Cat#05001) for the

rhinovirus A16 experiments, to trigger differentiation. Differentiation medium was replaced every

other day and epithelia were considered mature after 28 days of ALI.
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Table 4: Severe asthma donors’ clinical data.

Treatments
Exacerbation \ \
Eosinophils/ e e . . .
Donor |Gender| Age | over the last | VEMS (%) mm3 Rhinosinusitis | Allergy | IgE (kUI/T)| Smoking | ICS [SAB | LAB | OCS | LAMA | Azithromycin | Immunotherapy
year

551 ] 49 No &80 220 es Mo - Ex > 20 years|Yes| No |Yes| Mo | Yes Mo No
552 | 57 No 90 0 (max 4000) Yes Yes 415 No Yes| No | Yes | Mo | Yes Mo Anti-ILSR
569 F 83 No a0 o Yes No - No Yes| Mo | Yes| Mo | No Yes Anti-IL5R
568 F 61 B 30 220 (max 600) fes fes 206 Ex Yes| No | Yes| Mo | Yes Mo No
535 F 36 2 59 0 (max 2000) Yes fes - Mo Yes| No | Yes | No | Yes Mo Anti-ILS
576 F g9 2 100 160 Yes Yes 3 No Yes| Mo | Yes | Yes N Yes No
567 1] 58 2 45 100 (max 230) Yes - - No Yes| No | Yes | Yes No Yes anti-ILS
636 F 73 3 31 1280 - - 26838 No Yes| No | Yes | No Mo Yes No
837 F 71 3 45 0 (max 640) fes - - Mo Yes| No [ Yes| Mo | No Yes anti-IL5R

BCi NS-1.1 immortalized cells
BCi NS-1.1 cells (passage 16) were seeded in 75 cm culture flasks previously coated with type | collagen

(Merck catalog #C3867), at a density of 2 million cells per flask and grown in Pneumacult Ex+
proliferation medium (PneumaCult-Ex™ Plus Basal Medium, StemCell Technologies, Cat#05041),
supplemented with penicillin (100 U/mL), streptomycin (100 pg/mL), gentamicin (50 pg/mL) and
amphotericin B (2.5 pg/mL). Experiments were conducted using passage 17 cells and epithelia were
considered mature after 28 days of ALl At full confluence, cells were differentiated in PromoCell®

Airway Epithelial Cell Growth Medium, identically as described above for the primary cells.

[L-13 treatment

ALI35-50 (primary cells) or ALI35 (BCi) epithelia were treated with 10 ng/mL of interleukin-13 (R&D
Systems) diluted in PBS BSA 0.1%, added to the basal compartment at each medium change. For the

primary cells, 10 pL of IL-13 solution were added to the apical part during the first 3 days.

Rhinovirus infection

For rhinovirus infection, the apical side of all inserts was washed by adding 500 uL PBS (+ Calcium +
Magnesium) followed by a 45 min to 1 h incubation at 37°C. The medium from the basal compartment
was changed with fresh Pneumacult-ALI medium and transepithelial resistance (TEER) was measured
(n=3 MOCK and n= 3 RVA16). TEER will be measured in these same wells at dpi 2, 4, 7 and 14 (days
post-infection). Cells were infected by applying 100 pL of either viral solution containing 1.10° copies
of RVA16 RNA in Pneumacult-ALI medium or Pneumacult-ALI medium only (MOCK), on the apical part
of each insert. Cells were incubated for 4 h at 33°C, 5% CO2. Then, the infecting solution was removed,
and inserts were washed 3 times with PBS (+ Calcium + Magnesium, 500uL/insert). A final wash was

performed with 500 pL of Pneumacult-ALl apically for 20 min at 33°C. Finally, the apical medium was
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removed, and cells were incubated at 33°C overnight. The day after, the apical side of inserts was
washed again with 400 pL of Pneumacult-ALI for 20 min at 33°C. Then, this apical medium was removed
and 60 uL were stored at -80°C for subsequent virus quantitation. The basal medium of inserts was
changed with Pneumacult-ALI. Cells were then placed at 37°C. At dpi 3, 4, 5, 6, 7 and 14, a similar apical

wash was performed, and the medium was stored for subsequent virus quantitation.

Virus replication quantification

From the collected apical washes, viral RNA was extracted with the QiAmp Viral RNA kit (Qiagen). One-
step RT-gPCR was performed with the QuantiTect Probe RT-PCR Kit (Qiagen) with the following
oligonucleotides: 5’-AGC CTG CGT GGC KGC C-3’ (forward primer), 5'- GAA ACA CGG ACA CCC AAA GTA
GT-3’ (reverse primer), 5’-[FAM]CTC CGG CCC CTG AAT GYG GCT AA [TAM]-3’ (Tagman Probe).

Cytokine quantification with LEGENDplex™

Quantification of a custom panel of 14 cytokines (Eotaxin-2, IL-1B, PAI-1, SAA, CXCL1, PDGF-BB, BMP2,
IL-8, M-CSF, IGFBP-4, Ceruloplasmin, MRP14, Cystatin C, CCL20) was done using the LEGENDplex™
multiplex immunoassay (BiolLegend, Inc.), following the manufacter’s instructions. Quantifications

were performed in apical and basal washes at the timepoints that are indicated in figures.

MUC5AC and MUC5B quantification with ELISA

To quantify MUC5AC and MUCS5B in apical washes, an ELISA was performed using the following
antibodies: anti-MUC5AC (mouse Monoclonal clone 45M1 MA1-35706, Fischer scientific) 1/500, anti-
MUC5B (mouse Monoclonal clone 5B19-2E, Fischer Scientific) 1/2000, secondary antibody: Goat Anti
Mouse-HRP (c-2005, SantaCruz) 1/10 000. A 96-well flat-bottomed plate was coated with a mix of 50 pL
of each sample and 50 pl Carbonate Bicarbonate Buffer 0.05 M pH 9.6 (Sigma Aldrich C3041). For
MUC5AC, a 1/5 dilution was applied (10 uL Apical Wash + 40 uL PBS calcium- magnesium-). For MUC5SB,
a 1/2 dilution was applied (25 uL Apical Wash + 25 pL PBS calcium- magnesium-). The plate was
incubated overnight at 37°C until complete evaporation. Wells were then washed 3 times with 300 pL
PBS Tween 20 0.05% (wash buffer), incubated in 300 uL PBS 2% BSA, 0.05% Tween 20 (blocking buffer)
for 1h at room temperature. Wells were washed 3 times with 300 pL wash buffer before being
incubated with 100 uL of primary antibody in PBS 2% BSA, for 1 h at room temperature. Wells were
washed 3 times with 300 pL wash buffer then incubated with 100 of secondary antibody in PBS BSA 2%,
for 1h at room temperature. Wells were washed 3 times with 300 uL wash buffer then 100 pL of
tetramethylbenzidine substrate (TMB) was added to each well and the plate was incubated in the dark
for 10 min at room temperature while monitoring color change. The reaction was stopped by adding

100 pL of H2S04 2N (stop solution). The plate was read at 450 nm with reference.
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Immunofluorescence microscopy

Epithelia were fixed for 15 min at room temperature in 4% paraformaldehyde and permeabilized for
5 min in 0.5% PBS Triton X100 and saturated with 3% PBS-BSA for 45 min. They were then incubated
overnight at 4°C, with primary antibodies against acetylated alpha-tubulin (AcTub) and MUC5AC
(Table 5). Secondary antibodies (Table 6) and ALEXA594-coupled phalloidin (1/500) and DAPI (1/500).
were incubated for 2h at RT in the dark. Images were acquired with a Zeiss Axioplan2 epifluorescence
microscope using a x10 objective and a Leica TCS SP5 MP confocal microscope (Leica) using a x63 oil

objective (HCX PL APO 63x/1.40-0.60 Qil, 11506192). Images were processed via OMERO and analyzed

with Fiji.
Table 5: Primary antibody references and dilutions.
Target Clone Supplier Catalog number Dilution | Host species/ Isotype
Acetylated Alpha-tubulin | 6B11 Merck T7451 1/1000 | Mouse/1gG2b
MUC5AC 45M1 Abnova MAB11324 1/250 Mouse / 1gG1
EHF Antibody kindky provided by Dr Antonio Tugores (Tugores 1/250 Mouse
et al,, 2001).
GATA3 D13C9 Cell Signaling 13411 1/250 Rabbit / IgG
GAPDH 1E6D9 Proteintech 60004-1 1/20000 | Mouse / 1gG2b
Table 6: Secondary antibody references and dilutions.
Antibody Supplier Catalog number | Dilution | Application
Anti-mouse IgG1 - Alexa Fluor 488 Invitrogen | A-21121 1/500 Immunofluorescence
Anti-mouse 1gG2b - Alexa Fluor 647 | Invitrogen | A-21242 1/500 Immunofluorescence
Anti-mouse -HRP Dako P0447 1/5000 | Western blot / Dot Blot
Anti-Rabbit -HRP Dako P0448 1/5000 | Western blot

CRISPR Cas9 RNP

Invalidation of target genes by CRISPR Cas9 RNP
Proliferating BCi cells were transiently transfected, with recombinant Cas9, using an electroporator and

following the instructions of the Amaxa P3 primary Cell 4D-Nucleofector X Kit S (Lonza Catalog #V4XP-
3032). For each targeted gene, we used a mixture of 3 SgRNAs supplied by Synthego. Briefly, 150,000
BCi basal cells per condition were resuspended in 15 pL of nucleofector P3 buffer. To this cell suspension
was added 15 pL of Cas9 mix (Recombinant Cas9 2NLS nuclease, 20 uM, Synthego #Cas9 2NLS nuclease)
and 3 plL of guide SgRNA per targeted gene (FOXJ1, SPDEF, EHF or GATA3; 100 uM, Knockout kit V2,
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Synthego) or scrambled control (Scrbl; negative control SgRNA #1, #2, Synthego). Cells were then
placed in cuvettes for transfection by electroporation/nucleofection (DC-100 -Nucleofector program,
Lonza). The transfected cells were resuspended in Pneumacult Ex+ proliferation medium in one well of
a 6-well plate. Three days later, a second identical round of nucleofection was performed, to maximize
invalidation efficiency. After this second round, cells were directly seeded on Transwell™ inserts

(Experiment #1) or expanded on flask for three passages before seeding (Experiment #2).

Quality control

DNA extraction
DNAs from mature epithelia were extracted by cell lysis directly on inserts with QuickExtract™

(QuickExtract™ DNA Extraction Solution, Epicentre). Extracts were heated to 68°C for 6 minutes,

vortexed and heated to 97°C before being frozen at -20°C until analysis.

Genomic PCR

Presence of deletions was analyzed by PCR amplification of a region encompassing the sequence of the
SgRNAs used for each CRISPR condition (Table 7). Amplification was performed with Primestar
polymerase (Primestar GXL DNA Polymerase, Takara). PCR cycles were: 10 s at 98°C, 35 cycles at 98°C
for 10 s, 55°Cfor 15 s, 68°C for 60 s, followed by 5 min at 68°C. For each gene, the scrambled condition
was used as a reference for absence of deletion. PCR amplicons were quantified by Qubit fluorometric
assay (Qubit™ 1X high sensitivity (HS) and wide range (BR) dsDNA assay kits (Q33231, ThermoFisher
Scientific). Finally, amplicon size was confirmed by high-sensitivity capillary electrophoresis using a

Bioanalyzer (Bioanalyzer High Sensitivity DNA Analysis, 5067-4626, Agilent).

Nanopore sequencing
To better characterize genomic DNA cuts, 150 ng of PCR product from each condition was sequenced

by Nanopore using the “Native Barcoding Genomic DNA” kit (Nanopore Technologies, Ref: SQK-
NBD114.24), on a Flongle cell (Nanopore Technology, Ref: FLO-FLG114). Base calling was carried out
using MinKnow software on a Promethion sequencer. Read alighments were done on the Human

GRCh38/hg38 reference genome using MiniMap2 software.

Quantitative RT-PCR

All-differentiated epithelia were lysed in QIAzol Lysis Reagent (Qiagen), and RNA was extracted using
the miRNeasy Mini kit (Qiagen, 217004). Total RNA purification was automated on the QlAcube
Connect robot. RNA concentration was quantified by Qubit fluorometric assay and spectrometry with
a NanoDrop. RNA integrity was checked by Bioanalyzer (RNA 6000 Nano Kit & Reagents, Agilent, 5067-
1511). RNAs were retro-transcribed using the RNA-to-cDNA™ high-capacity kit (ThermoFisher
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Scientific, 4387406). Retro-transcription was performed in three successive steps: 10 minutes at 25°C,
followed by 1 hour at 37°C and 5 minutes at 85°C. Quantitative PCRs were performed using SYBR Green
reagent (FastStart SYBR Green Master) and the primers detailed in Table 8, on a lightcycler 40 (Roche).

Expressions were normalized using the TBP housekeeping gene.

Table 7: Primer sequences used for genomic PCR.
Target gene Primer sequences

SPDEF 5'- CCATCCGCCAGTATTACAAG - 3'
5'- GGGTGCACGAACTGGTAGAC - 3'

FOXJ1 5'- GCTGCGGGGATGATGTTAGA - 3
5'- CTTGTAGATGGCCGACAGGG - 3'

EHF 5'- TGACCTGTTCCAGTCCACAC- 3'
5'- GGGTTCTTGTCTGGGTTCAA - 3'

GATA3 5'- GCGGGCTCTATCACAAAATGA- 3'
5'- GCCTTCGCTTGGGCTTAAT- 3'

Table 8: Primer sequences used for gPCR.

Target gene Primer sequences

SPDEF 5'- GTCTGACTTCCTCCCAGCAC - 3!
5'- CTTGGAGGACTGGGTCTGTG - 3'

FOXJ1 5'- TGGATCACGGACAACTTCTG - 3'
5'- GAGGCACTTTGATGAAGCAC - 3'

MUCSAC 5'- CCAAATACGCCAACAAGACC- 3
5'- ATTCCATGGGTGTCAGCTTG- 3'

TBP 5'- ACGCCAGCTTCGGAGAGTTC - 3'
5'- CAAACCGCTTGGGATTATATTCG -3'

Western blot

Proteins were extracted by lysing differentiated epithelia in a RIPA solution containing protease and
phosphatase inhibitors (1/100) and EDTA (1/100) (Pierce™ BCA Protein Assay Kits, ThermoFisher
Scientific, Ref: 23225). Protein extracts were sonicated and assayed with protein assay dye reagent
concentrate (BioRad, 5000006) and a luminometer at 595 nm. After migration and transfer to PVDF
(polyvinylidene difluoride) membranes, amido Black staining was performed to check the homogeneity
of the deposits (Staining Solution 2X, Sigma, A8181). After wash, membranes were saturated in 5% TBS-
milk and incubated with primary antibodies overnight at 4°C (Table 5). HRP-coupled secondary

antibodies were incubated for 2h at room temperature (Table 6). Revelation was performed with the
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Fusion FX Imager using the Immobilon Western kit (Chemiluminescent HRP Substrate, Millipore,

WBKLS0500).

Dot Blot

Secreted proteins were collected by incubating the apical compartment of the inserts in 200 pL of PBS
for 20 min. Supernatants were collected and deposited on a Hybond-C-extra nitrocellulose membrane.
Once saturated in 5% TBS-milk, the membrane was incubated with an anti-MUC5AC primary antibody
(Table 5). After wash, the membrane was incubated with an HRP-coupled secondary antibody (Table 6).

Revelation was carried out identically as for Western blotting.

Single-cell RNA-sequencing of primary cells

IL-13 experiment sequencing approach

To perform single-cell analysis, cells grown on Transwell™ inserts were harvested by O/N at 4°C with
0.1% protease type XIV Streptomyces griseus in HBSS. Then, cells were gently detached from the
Transwell™ by pipetting and transferred into a microtube. Two inserts were pooled per condition. An
excess of HBSS containing 2% BSA was added. Cells were centrifuged at 150 g for 5 min and

resuspended in 100 pL of supplemented HBSS containing 1% BSA.

To reduce cost and optimize experiments (increased cell throughput, reduction of sample-specific batch
effects), we multiplexed samples before applying the single-cell protocol. This was made possible by
cell-hashing technologies which uses oligo-tagged antibodies against ubiquitously expressed surface
proteins (TotalSeq™, BioLegend) (Stoeckius et al., 2018) or Cell Multiplexing Oligo (CMO) that are
tagged lipids designed to bind to cell membranes (10x Genomics CellPlex technology) to uniquely label
cells from distinct samples (Fig.94). Later we moved to single nucleotide polymorphisms (SNP) based
multiplexing, which consists in pooling samples from different donors and demultiplexing them based

on their individual SNPs.

Cells were hashed either by hashtag antibody (TotalSeq™, BioLegend), CellPlex CMO (10X Genomics)
or nothing (SNP). Cell concentration of each cell suspension was determined, and 500 000 cells of each
were centrifuged and resuspended in 100 pL of HBSS containing 2% BSA. Each cell suspension was then
incubated with 0.5 pg of a distinct hashtag antibody (TotalSeq™-A0251, A0252, A0253 and A0254,
BioLegend) or CMO (CMO 301, 302, 303, 304, 305, 306, 307, 308, 309, 310, 311, 312, 10X Genomics)
or nothing if pool based on SNP. Each cell suspension was washed thrice with HBBS + 1% BSA with 5
min of centrifugation at 300 g in between, and cell concentration was measured again. For hashtag

antibody or CMO hashing, cells from different conditions of one donor (CTRL, IL13 and ILRV) were
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pooled together. For SNP based hashing, cells from the same condition but of different donors were
pooled together. In all cases pool were prepared to obtain a final cell suspension containing identical
cell concentrations of each condition. Cell suspensions were then filtered with either a 40 um porosity
Flowmi™ Cell Strainer (Bel-Art) or a 15 um UberStrainer (pluriSelect) and centrifuged at 150 for 5 min
and resuspended in 50-100 uL of HBSS. Cell concentration and viability were measured with a
Countess™ automated cell counter (ThermoFisher Scientific), after incubation with NucGreen to detect
dead cells (ThermoFisher Scientific). All steps were performed on ice. We aimed at reaching a total
concentration of 1000 cells/uL in HBSS for the cell capture by 10X genomics Chromium, to capture 10

000 cells by a droplet-based approach.

Sample Chromium GEM Well Library Sequencing = ------------- Cell Ranger --------------

Samples Labeling | Cell Pooling
—
7 - cMO
™ =
[

demultiplex
BCLs*

BCL FASTQ

FASTQ

| Output

o

88888888
» 00000000 GEX T 1
*mkfastq, BCL convert
U L4 o bel2fastq

Figure 94: 10x Genomics multiplexing workflow.
From 10x Genomics.

We followed the manufacturer’s protocol (Chromium™ Single Cell 3° Reagent Kits, v3.1 Chemistry) to

obtain single cell 3’ libraries for [llumina sequencing. Libraries were sequenced with either a

e NextSeq 500/550 High Output v2 kit (75 cycles):
o Read 1 (R1) had a length of 28 bases that included the cell barcode (10 bases) and the

UMI (12 bases);
o Read 2 (R2) had a length of 55 bases that contained the cDNA insert;

o Single index read of 8 bases.
e Ora NextSeq 2000 P2 (100 cycles) or P3 Reagents (100 cycles) in paired-end mode at length of
28 bases for R1 (cell barcode [10 bases], and UMI [12 bases]) and 90 bases for R2 with 2 index

reads of 10 bases.
Raw sequencing data were processed using the 10x Cell Ranger count pipeline v7.0.0 with default

parameters and aligned to the GRCh38 human reference genome (Gencode Release 38).

RVA experiment sequencing approach

As the rhinovirus infections were done by our collaborators in Marseille but our sequencing platform

is in Nice, we decided to use the Evercode™ Wild Type (WT) (Parse Biosciences) sequencing technology

153



that allows single-cell RNA sequencing on fixed samples, therefore allowing us to process samples in
Marseille and sequence them in Nice, without having to worry about transporting live cells from one
site to another. Moreover, this technology uses a two-level split-pool combinatorial barcoding system
to multiplex cells and allows the processing of a large number of cells in a single experiment. Cells are
first labeled with one set of barcodes, and then split and re-labeled with another set, creating a unique

combination for each cell.

Cells were harvested identically to the IL-13 experiment cells. Then cells were fixed and prepared
according to the Evercode™ WT v2 protocol (Parse Biosciences) to obtain single cell 3’ libraries for
Illumina sequencing. Libraries were sequenced on a NextSeq 2000 P3 (100 cycles) or P3 Reagents (100

cycles) in paired-end mode at length of 98 * 8 * 8 * 86 bases.

Preprocessing, integration, normalization and clustering

We have generated a dataset from 54 experiments that included 122 samples (divided by donors,

health status, treatment, day of sequencing, and locations), summarized in Table 9.

154



Table 9: Summary of samples sequenced.

Sample Donor ID| Day | Location |Timepoint|Treatment | Condition| Status | Organ | Sampling| Multiplexing| ID_Multiplexing
D486_D08 NTUR CTRL D486 | D08 NTUR 1 CTRL CTRL 1 |Healthy| Nose NTUR HTO B1,B2
D486 D08 NTUR IL13 D486 | D08 NTUR 1 IL13 IL13 1 |Healthy| Nose NTUR HTO B3,B4
D486 D22 NTUR CTRL D486 | D22 NTUR 2 CTRL CTRL 2 | Healthy| Nose NTUR HTO B1,B2
D486 D22 NTUR IL13 D486 | D22 NTUR 2 IL13 IL13 2 | Healthy| Nose NTUR HTO B5,B6
D486 D22 NTUR ILRV D486 | D22 NTUR 2 ILRV ILRV 2 | Healthy| Nose NTUR HTO B3,B4
D487 D08 NTUR CTRL | D487 | D08 NTUR 1 CTRL CTRL1 | Asthma| Nose NTUR HTO B3,B4
D487 D08 NTUR IL13 D487 | D08 NTUR 1 IL13 IL13 1 |Asthma| Nose NTUR HTO B5,B6
D487 D22 NTUR CTRL | D487 | D22 NTUR 2 CTRL CTRL 2 | Asthma| Nose NTUR HTO B1,B2
D487 D22 NTUR IL13 D487 | D22 NTUR 2 1113 IL13 2 | Asthma| Nose NTUR HTO B5,B6
D487 D22 NTUR ILRV D487 | D22 NTUR 2 ILRV ILRV 2 | Asthma| Nose NTUR HTO B3,B4
D497_D08 B10D CTRL D497 | D08 |B10D/B10OR 1 CTRL CTRL 1 | Healthy| Bronchi BBIO HTO B1,B2
D497 D08 B10D HDMM | D497 | D08 |B1OD/B10R 1 HDMM | HDMM 1 | Healthy| Bronchi BBIO HTO B3,B4
D497 D08 B10D IL13 D497 | D08 |B10D/B10R 1 113 IL13 1 | Healthy| Bronchi BBIO HTO B5,B6
D497 D22 B10D CTRL D497 | D22 |B10OD/B10R 2 CTRL CTRL 2 | Healthy| Bronchi BBIO HTO B1,B2
D497 D22 B10D HDMM| D497 | D22 |B10D/B10R 2 HDMM | HDMM 2 | Healthy| Bronchi BBIO HTO B3,B4
D497 D22 B10D HDRV | D497 | D22 |B10D/B1OR 2 HDRV HDRV 2 | Healthy| Bronchi BBIO HTO B5,B6
D497 D22 B10D IL13 D497 | D22 |B10D/B10R 2 1113 IL13 2 | Healthy| Bronchi BBIO HTO B7,B8
D497 D22 B10D ILRV D497 | D22 |B10OD/B10R 2 ILRV ILRV 2 | Healthy| Bronchi BBIO HTO B9,B10
D501_D08 BO9R CTRL D501 | D08 BO9R 1 CTRL CTRL 1 | Healthy| Bronchi BBIO HTO B1,B2
D501 D08 BOSR HDMM| D501 | D08 BO9R 1 HDMM | HDMM 1 | Healthy| Bronchi BBIO HTO B3,B4
D501 D08 BO9R IL13 D501 | DO8 BO9R 1 1113 IL13 1 | Healthy| Bronchi BBIO HTO B5,B6
D501 D23 BO9R CTRL D501 | D23 BO9R 2 CTRL CTRL 2 | Healthy| Bronchi BBIO HTO B1,B2
D501 D23 BOOSR HDMM| D501 | D23 BO9R 2 HDMM | HDMM 2 | Healthy| Bronchi BBIO HTO B3,B4
D501 D23 BOSR HDRV | D501 | D23 BO9R 2 HDRV HDRV 2 | Healthy| Bronchi BBIO HTO B5,B6
D501 D23 BO9R IL13 D501 | D23 BO9R 2 1113 IL13 2 | Healthy| Bronchi BBIO HTO B7,B8
D501 D23 BO9R ILRV D501 | D23 BO9R 2 ILRV ILRV 2 | Healthy| Bronchi BBIO HTO B9,B10
D534 D08 B0O8D CTRL D534 | D08 | BO8S8D/BO8SR 1 CTRL CTRL 1 | Healthy| Bronchi BBIO CMO CMO307
D534 D08 BO8D 1L13 D534 | D08 |BO8BD/BOSR 1 1113 IL13 1 | Healthy| Bronchi BBIO CMO CMO308
D534 D23 BO8D CTRL D534 | D23 |BO8B8D/BO8SR 2 CTRL CTRL 2 | Healthy| Bronchi BBIO CMO CMO309
D534 D23 B08D 1L13 D534 | D23 |BO8BD/BOSR 2 HDMM | HDMM 2 | Healthy| Bronchi BBIO CMO CMO310
D534 D23 B08D ILRV D534 | D23 |BO8BD/BO8SR 2 1113 IL13 2 | Healthy| Bronchi BBIO CMO CMO311
D534 D23 BOS8D HDMM | D534 | D23 | BOB8D/BO8R 2 ILRV ILRV 2 | Healthy| Bronchi BBIO CMO CMO312
D535 D09 BBIO_CTRL D535 | D09 BBIO 1 CTRL CTRL 1 | Asthma| Bronchi BBIO CMO CMO309
D535 D09 BBIO IL13 D535 | D09 BBIO 1 113 IL13 1 | Asthma| Bronchi BBIO CMO CMO310
D528 D03 BO2RCTRL | D528 | D03 | BO2R 1 CTRL | CIRL1 [Healthy|Bronchi| BBIO NO
D528 D03 BO2R HDMM| D528 | D03 BO2R 1 HDMM | HDMM 1 | Healthy| Bronchi BBIO NO
D554 D08 BBRUCTRL | D554 | D08 | BBRU 1 CTRL | CIRL1 [Healthy|Bronchi| BBRU CMO CMO301
D554 D08 BBRU IL13 D554 | D08 BBRU 1 113 IL13 1 | Healthy|Bronchi| BBRU CMO CMO302
D554 D08 NBRU CTRL | D554 | D08 NBRU 1 CTRL CTRL 1 |Healthy| Nose NBRU CMO CMO309
D554 D08 NBRU _IL13 D554 | D08 NBRU 1 113 IL13 1 |Healthy| Nose NBRU CMO CMO310
D554 D23 BO3R CTRL D554 | D23 BO3R 2 CTRL CTRL 2 | Healthy| Bronchi BBIO CMO CMO301
D554 D23 BO3R IL13 D554 | D23 BO3R 2 113 IL13 2 | Healthy| Bronchi BBIO CMO CMO302
D554 D23 BO3R ILRV D554 | D23 BO3R 2 ILRV ILRV 2 | Healthy| Bronchi BBIO CMO CMO303
D554 D23 BO3R HDMM| D554 | D23 BO3R 2 HDMM | HDMM 2 | Healthy| Bronchi BBIO CMO CMO304
D554 D23 NBRU CTRL | D554 | D23 NBRU 2 CTRL CTRL 2 | Healthy| Nose NBRU CMO CMO310
D554 D23 NBRU IL13 D554 | D23 NBRU 2 113 IL13 2 | Healthy| Nose NBRU CMO CMO311
D554 D23 NBRU ILRV D554 | D23 NBRU 2 ILRV ILRV 2 | Healthy| Nose NBRU CMO CMO312
D554 D24 BOSR CTRL D554 | D24 BO5R 2 CTRL CTRL 2 | Healthy| Bronchi BBIO CMO CMO305
D554 D24 BO5R IL13 D554 | D24 BO5R 2 1113 IL13 2 | Healthy| Bronchi BBIO CMO CMO306
D554 D24 BOSR ILRV D554 | D24 BO5R 2 ILRV ILRV 2 | Healthy| Bronchi BBIO CMO CMQO307
D554 D24 BOSR HDMM| D554 | D24 BO5R 2 HDMM | HDMM 2 | Healthy| Bronchi BBIO CMO CMO308
D554 D24 BBRU CTRL | D554 | D24 BBRU 2 CTRL CTRL 2 | Healthy| Bronchi| BBRU CMO CMO311
D554 D24 BBRU IL13 D554 | D24 BBRU 2 113 IL13 2 | Healthy| Bronchi| BBRU CMO CMO312
D554 D24 BBRU ILRV | D554 | D24 | BBRU 2 ILRV ILRV 2 | Healthy| Bronchi| BBRU CMO CMO303
D555 D08 BO2R CTRL D555 | D08 BO2R 1 CTRL CTRL 1 | Healthy| Bronchi BBIO CMO CMO307
D555 D08 BOZ2R IL13 D555 | D08 BO2R 1 113 IL13 1 | Healthy| Bronchi BBIO CMO CMO308
D555 D08 BO9L_CTRL D555 | D08 BO9L 1 CTRL CTRL 1 | Healthy| Bronchi BBIO CMO CMO305
D555 D08 BO9L IL13 D555 | D08 BOSL 1 113 IL13 1 | Healthy| Bronchi BBIO CMO CMO306
D555 D08 BBRU CTRL D555 | D08 BBRU 1 CTRL CTRL 1 | Healthy|Bronchi| BBRU CMO CMO303
D555 D08 BBRU IL13 | D555 | DOS | BBRU 1 IL13 IL13 1 |Healthy| Bronchi| BBRU CMO CMO304
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D555 D08 NBIO CTR_ | D555 | D08 | NBIO 1 CIR. | CIRL1 |Healthy| Nose | NBIO CMO CMO0307
D555 D08 NBIO IL13 | D555 | D08 | NBIO 1 IL13 IL13 1 |Healthy] Nose | NBIO CMO CMO0308
D555 D08 NBRU CTRL | D555 | D08 | NBRU 1 CIRL | CIRL1 |Healthy] Nose | NBRU CMO CMO309
D555 D08 NBRU IL13 | D555 | D08 | NBRU 1 IL13 IL13 1 |Healthy] Nose | NBRU CMO CMO310
D555 D23 BOOL CTR. | D555 | D23 | BO9L 2 CIR. | CIRL2 |Healthy|Bronchi| BBIO CMO CMO301L
D555 D23 BO9L IL13 | D555 | D23 | BO9L 2 IL13 IL13 2 | Healthy| Bronchi| BBIO CMO CMO302
D555 D23 BOOL ILRV | D555 | D23 | BO9L 2 ILRV | ILRV2 |Healthy|Bronchi| BBIO CMO CMO303
D555 D23 BOOL HDMM | D555 | D23 | BO9L 2 HDMM | HDMM 2 | Healthy| Bronchi| BBIO CMO CMO304
D555 D23 NBIO CTRL | D555 | D23 | NBIO 2 CIR. | CIRL2 |Healthy| Nose | NBIO CMO CMO310
D555 D23 NBIO IL13 | D555 | D23| NBIO 2 IL13 I132 |Healthy] Nose | NBIO CMO CMO311
D555 D23 NBIO ILRV | D555 | D23 | NBIO 2 ILRV | ILRV2 |Healthy] Nose | NBIO CMO CMO312
D555 D23 NBRU CTRL | D555 | D23 | NBRU 2 CIR.L | CIRL2 |Healthy| Nose | NBRU CMO CMO301
D555 D23 NBRU IL13 | D555 | D23 | NBRU 2 IL13 I13 2 |Healthy| Nose | NBRU CMO CMO302
D555 D23 NBRUILRV | D555 | D23 | NBRU 2 IRV | ILRV2 |Healthy] Nose | NBRU CMO CMO309
D555 D24 BBRU CTRL | D555 | D24 | BBRU 2 CIR. | CIRL2 |Healthy|Bronchi| BBRU CMO CMO304
D555 D24 BBRU IL13 | D555 | D24 | BBRU 2 IL13 IL13 2 | Healthy| Bronchi| BBRU CMO CMO305
D555 D24 BBRU ILRV | D555 | D24 | BBRU 2 ILRV | ILRV2 |Healthy|Bronchi| BBRU CMO CMO306
D569 D08 BBIO CTR. | D569 | D08 | BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO NO
D569 D08 BBIO IL13 | D569 | D08 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO NO
D569 D23 BBIO CTR. | D569 | D23 | BBIO 2 CIRL | CIRL2 |Asthma|Bronchi| BBIO NO
D569 D23 BBIO IL13 | D569 | D23 | BBIO 2 IL13 IL13 2 | Asthma| Bronchi| BBIO NO
D569 D23 BBIO IRV | D569 | D23 | BBIO 2 LRV | ILRV2 |Asthmal|Bronchi| BBIO NO
D551_D09 BBIO CTR. | D551 | D09 | BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO NO
D568_D09 BBIO CTR. | D568 | D09 | BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO NO
D551 D08 BBIO IL13 | D551 | D08 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\NP
D568 D08 BBIO IL13 | D568 | D08 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\NP
D551 D23 BBIO CTR. | D551 | D23| BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO S\NP
D568_D23 BBIO CTR. | D568 | D23| BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO S\NP
D551 D23 BBIO IL13 | D551 | D23 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\P
D568 D23 BBIO IL13 | D568 | D23 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\NP
D551 D23 BBIO ILIRV | D551 | D23| BBIO 1 IRV | ILRV1 |Asthma|Bronchi| BBIO S\NP
D568 D23 BBIO ILIRV | D568 | D23| BBIO 1 IRV | ILRV.1 |Asthmal|Bronchi| BBIO S\NP
D552 D08 BBIO CTR. | D552 | D08 | BBIO 1 CIR.L | CIRL1 |Asthma|Bronchi| BBIO S\P
D576 D08 BBIO CIR. | D576 | D08 | BBIO 1 CIR.L | CIRL1 |Asthma|Bronchi| BBIO S\P
D552 D08 BBIO IL13 | D552 | D08 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO SNP
D576 D08 BBIO IL13 | D576 | D08 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\NP
D552 D22 BBIO CTR. | D552 | D22| BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO NP
D576 D22 BBIO CIR. | D576 | D22| BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO S\P
D552 D22 BBIO IL13 | D552 | D22| BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\P
D576 D22 BBIO IL13 | D576 | D22| BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO S\NP
D552 D22 BBIO LRV | D552 | D22| BBIO 1 IRV | ILRV1 |Asthma|Bronchi| BBIO SNP
D576 D22 BBIO ILRV | D576 | D22| BBIO 1 LRV | ILRV1 |Asthmal|Bronchi| BBIO S\P
D577 D08 NBRU CTRL | D577 | D08 | NBRU 1 CIR.L | CIRL1 |Asthma| Nose | NBRU SNP
D578 D08 NBRUCTRL | D578 | D08 | NBRU 1 CIR. | CIRL1 |Asthma| Nose | NBRU S\NP
D577 D08 NBRU IL13 | D577 | D08 | NBRU 1 IL13 I3 1 |Asthma| Nose | NBRU SNP
D578 D08 NBRU IL13 | D578 | D08 | NBRU 1 IL13 I131 |Asthma| Nose | NBRU S\P
D577 D23 NBRUCIRL | D577 | D23| NBRU 2 CIR.L | CIRL2 |Asthma| Nose | NBRU S\P
D578 D23 NBRUCIRL | D578 | D23| NBRU 2 CIR. | CIRL2 |Asthma| Nose | NBRU SNP
D577 D23 NBRUIL13 | D577 | D23| NBRU 2 IL13 132 |Asthma| Nose | NBRU S\P
D578 D23 NBRU IL13 | D578 | D23 | NBRU 2 IL13 132 |Asthma| Nose | NBRU SNP
D577 D23 NBRUILRV | D577 | D23 | NBRU 2 LRV | ILRV2 |Asthma| Nose | NBRU S\NP
D578 D23 NBRUILRV | D578 | D23 | NBRU 2 IRV | ILRV2 |Asthma| Nose | NBRU SNP
D577 D08 BBRU CTRL | D577 | D08 | BBRU 1 CIR. | CIRL1 |Asthma|Bronchi| BBRU SNP
D578 D08 BBIO CTR_ | D578 | D08 | BBIO 1 CIR. | CIRL1 |Asthma|Bronchi| BBIO S\NP
D577 D08 BBRU IL13 | D577 | D08 | BBRU 1 IL13 IL13 1 | Asthma| Bronchi| BBRU S\P
D578 D08 BBIO IL13 | D578 | D08 | BBIO 1 IL13 IL13 1 | Asthma| Bronchi| BBIO SNP
D577 D23 BBRU CTRL | D577 | D23 | BBRU 2 CIR. | CIR.L2 |Asthma|Bronchi| BBRU S\NP
D578 D23 BBIO CTR. | D578 | D23| BBIO 2 CIR. | CIRL2 |Asthma|Bronchi| BBIO S\NP
D577 D23 BBRU IL13 | D577 | D23 | BBRU 2 IL13 IL13 2 | Asthma| Bronchi| BBRU S\P
D578 D23 BBIO IL13 | D578 | D23| BBIO 2 IL13 IL13 2 | Asthma| Bronchi| BBIO S\P
D577 D23 BBRUILRV | D577 | D23| BBRU 2 ILRV | ILRV2 |Asthma|Bronchi| BBRU SNP
D578 D23 BBIO ILIRV | D578 | D23| BBIO 2 IRV | ILRV2 |Asthma|Bronchi| BBIO S\NP
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Sequencing, alignment, demultiplexing and count table
generation

Library preparation and sample multiplexing of IL-13 experiments

Fastq files are obtained as output of the sequencer. These raw sequencing data were processed using
the 10x Cell Ranger count pipeline (v6) and multi pipeline (v6) according to the following explanation
on multiplexing data. This pipeline was used with default parameters and aligned to the Genome

Reference Consortium Human Build 38 (GRCh38) (Gencode Release 38).

Sample multiplexing

Samples were multiplexed, enabling several samples to be multiplexed together and run in a single
experiment. The main approach that was used was feature barcoding technology which uses either: (i)
hashtag oligos (HTOs) which are antibodies against ubiquitously expressed surface proteins and that
are covalently linked to a sample barcode sequence (feature barcode) (BioLegend TotalSeq™-B
Antibodies) or (ii) Cell Multiplexing Oligos (CMOs) which contain a proprietary lipid that inserts in the

membrane of all cells and that are conjugated to feature barcodes (10x genomics 3’ CellPlex).

Another approach that we used for some sample was the pooling of cells from 2 distinct donors without
any HTO or CMO labeling. Assignment of cells to each donor was performed using the Single Nucleotide

Polymorphisms (SNP) that are specific to each donor.

Library preparation was always performed according to the manufacturer’s instructions. For both
approaches, 2 libraries were built: one for the gene expression (GEX), which is similar to libraries for
non-multiplexed samples and another library for the cell multiplexing (PLEX). This PLEX library contains
read 1 (R1) which is similar to that of the GEX library, to get a correspondence between both libraries;
and read 2 (R2) on which the first 15 bases correspond to the feature barcode, thus identifying the

sample of origin of each cell.

1. Analysis using feature barcoding with Hashtag Oligos (HTOs):

We used the 10x Cell Ranger count pipeline (v6) with the following parameters:
e id: name of the sample

e libraries: csv (Comma Separated Values) which indicate the path where both libraries fastq are

located (Gene Expression and Antibody Capture)

o feature-ref: csv which indicates the association sample-barcode (Table 10)
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The output is a count matrix of the tags found for each HTO barcode in each cell.

Table 10: TotalSeqTM-B barcodes.

Id Name Read Pattern Sequence Feature type
B1 B1 R2 SPNNNNNNNNNN(BC) GTCAACTCTTTAGCG Antibody
B2 B2 R2 SPNNNNNNNNNN(BC) TGATGGCCTATTGGG Antibody
B3 B3 R2 SPNNNNNNNNNN(BC) TTCCGCCTCTCTTTG Antibody
B4 B4 R2 SPNNNNNNNNNN(BC) AGTAAGTTCAGCGTA Antibody
B5 B5 R2 SPNNNNNNNNNN(BC) AAGTATCGTTTCGCA Antibody
B6 B6 R2 SPNNNNNNNNNN(BC) GGTTGCCAGATGTCA Antibody
B7 B7 R2 SPNNNNNNNNNN(BC) TGTCTTTCCTGCCAG Antibody
B8 B8 R2 SPNNNNNNNNNN(BC) CTCCTCTGCAATTAC Antibody
B9 B9 R2 SPNNNNNNNNNN(BC) CAGTAGTCACGGTCA Antibody
B10 B10 R2 SPNNNNNNNNNN(BC) ATTGACCCGCGTTAG Antibody

2. Analysis using feature barcoding with Cell Multiplexing Oligos (CMOs):

We used the 10x Cell Ranger multi pipeline (v6) with the following parameters:

e id: name of the sample

e csv: the multi config file containing the path to both libraries fastq files, the reference genome

and the association sample-CMO ids (specific to 10x genomics) (Table11)

The output is a count matrix of the tags found for each CMO barcode in each cell.

Table 11: 10x genomics CellPlex CMO barcodes.

Id Name Read Pattern Sequence Feature type
CMO0301 CMO0301 R2 5P(BC) ATGAGGAATTCCTGC Multiplexing
CMO0302 CMO0302 R2 5P(BC) CATGCCAATAGAGCG Multiplexing
CMO0303 CMO0303 R2 5P(BC) CCGTCGTCCAAGCAT Multiplexing
CMO0304 CMO0304 R2 5P(BC) AACGTTAATCACTCA Multiplexing
CMO305 CMO305 R2 5P(BC) CGCGATATGGTCGGA Multiplexing
CMO306 CMO306 R2 5P(BC) AAGATGAGGTCTGTG Multiplexing
CMO0307 CMO0307 R2 5P(BC) AAGCTCGTTGGAAGA Multiplexing
CMO0308 CMO308 R2 5P(BC) CGGATTCCACATCAT Multiplexing
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CMO0309 CMO0309 R2 5P(BC) GTTGATCTATAACAG Multiplexing

CMO0310 CMO0310 R2 5P(BC) GCAGGAGGTATCAAT Multiplexing
CMO0311 CMO0311 R2 5P(BC) GAATCGTGATTCTTC Multiplexing
CMO0312 CMO0312 R2 5P(BC) ACATGGTCAACGCTG Multiplexing

3. Analysis using SNP demultiplexing:

We used the 10x Cell Ranger count pipeline (v6). Secondly, for donor demultiplexing, we used demuxafy
pipeline (Neavin et al., 2024). This pipeline uses several tools to find a consensus on the cell donor
based on SNP genotype and doublet detection. We chose to combine Vireo (Huang et al., 2019),
Souporcell (Heaton et al., 2020) and Scds (Bais & Kostka, 2020) with the MajoritySinglet mode,
following the software selection tool. Finally, after cell assignment to each donor, some cells remain
annotated as “unknown” by demuxafy, meaning that no donor could be assigned based on the

detected SNPs.

Library preparation and sample multiplexing for the rhinovirus experiments

For the rhinovirus experiments, we used the combinatorial Split-seq (Rosenberg et al., 2018) approach
(Parse Biosciences technology). This technology allows to combine 48 samples in the same experiment
without any cell labeling. We followed the manufacturer’s protocol for “Evercode™ WT v2 Kits” (Parse
Biosciences) to obtain single cell 3’ libraries for lllumina sequencing. The libraries were sequenced with
NextSeq 2000 P3 Reagents (200 cycles) in paired-end mode at the length of 98 bases for R1 (10 bases
barcode and 12 bases UMI) and 86 bases for R2 with dual index reads of 8 bases. Fastq files are obtained
as the output of the sequencer. These raw sequencing data were processed using the Parse Biosciences
pipeline “split-pipe” (v1.0.3). This pipeline was used with default parameters and aligned to the GRCh38
(Ensembl Release 108). We added the Rhinovirus A 16 sequence in the annotation file to count the

number of reads that map the virus in each cell.

Quality control and cell filtering

Each individual dataset was preprocessed using Seurat standard analysis pipeline v4.3.1 (Hao et al.,

2021).

1. Filtering

For each experiment, cells were filtered out based on:

e nFeature_RNA: number of expressed genes (features) in each cell
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e dropouts: percentage of genes with 0 counts in a cell, ie. inverse of the nFeature_RNA
e nCount_RNA: number of reads/transcripts in each cell, ie. library size
e percent.mito: percentage of mitochondrial genes in a cell

Thresholds were selected by visually inspecting violin plots to remove the most extreme outliers (for

sample details and filtering see Table 12).

2. Cell assigments to each sample

Cell hashing (HTO + CMO)

Demultiplexing separate cells according to the feature barcodes that were used for each sample. After
cell quality control and filtering, each cell then gets assigned to each sample of origin. We used the
function “demuxmix_calls_all” (default parameters) from demuxmix R package (Klein, 2023) to assign
antibody tags for each cell based on the antibody count matrices. Cellranger multi performs the
demultiplexing step and returns a csv file ‘assignment_confidence_table.csv’. However, for some
experiments, very low CMO barcode assignments were found. So, to overcome this problem, we used

demuxmix to rescue some unassigned cells.

SNP demultiplexing

The Demuxafy tool returns a ‘combined_results_ w_combined_assignments.tsv’ file containing the
assignment of each cell to a “generic” donor, or alternatively to a doublet, or left unassigned. The next
step is to make the correspondence between the “generic” donors and the actual donors. To improve
donor assignment, we have multiplexed 1 woman and 1 man together, so that we can identify donors

based on the expression of the sexual chromosomal genes.
We have used the following sex specific genes:
- Xchromosome : XIST

- Y chromosome : RPS4Y1, ZFY, ZFY-AS1, LINC00278, PCDH11Y, USP9Y, DDX3Y, UTY, TMSB4Y,
TTTY14, KDM5D, EIF1AY, RPS4Y2

For the Y chromosome, we calculated the number of reads aligning to this chromosome by summing
all counts assigned to the above genes. We created a function to rescue some cells that were not
assigned to a donor based on SNP demultiplexing. A cell was assigned as a "XIST cell" if it expressed
XIST but did not express Y chromosome genes. Conversely, we assigned a cell as a "chrY cell" if it
expressed Y chromosome genes but did not express XIST. Next, we could assign cells annotated "cell

XIST" to the female donor and those annotated "cell chrY" to the male donor.
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3. Cell cycle score

We also use the CellCycleScoring function from Seurat to assign each cell to a phase of the cell cycle

between “G1”, “S” and “G2M”.

4. Doublet detection

Single-cell separation does not guarantee that 2 or more cells cannot be labeled with the same cell
barcode. These doublets can be due to imperfect cell dissociation of can be generated during

separation in the droplets (10x), or by the combinatorial barcoding (Parse Biosciences).
We used 2 distinct functions to detect doublets:
- scDblFinder (default parameters) from scDblFinder R package (Germain et al., 2022)

- cxds_bcds_hybrid (default parameters) from scds R package which combines both annotations
into a hybrid annotation (Bais & Kostka, 2020) [8]. We considered as a doublet a cell with a

score > 1.

To increase robustness, we labeled cells as doublets if at least one of the methods above labeled a cell
as a doublet. As our dataset may contain transitionary cell types that express genes from 2 distinct
canonical cell types, we chose to use this stringent method in order to preclude the labeling of doublets

as transitionary cells.

Integration / Annotation

After the preprocessing step, the data from the experiments were merged in a single dataset through
an integration step that corrects batch effects. We performed integration with the package “scVI”
integration on raw counts from all the individual datasets (latent space of 50 dimensions) (v0.14.6)
(Gayoso et al., 2022). Then, we used the package “scanpy” from Python to construct the nearest
neighbor graph on the space latent from scVI, and visualize it in two dimensions with the Uniform
Manifold Approximation and Projection (UMAP) (Wolf et al., 2018). To obtain the UMAP, we used
“min_dist=0.1" and “spread=0.5" as parameters. We chose these parameters to optimize inter-cluster
and intra-cluster distances. Clustering was performed by using the Leiden function from scanpy
package. We performed the clustering using several resolution levels, which were generally 0.4, 0.8, or
1.2. Then, we manually annotated each cluster based on known marker genes and we re-run scVI on
each cluster for better resolution at the subcluster level. We also used Seurat FindAlIMarkers function
based on non-parametric Wilcoxon rank sum test, to find gene markers for each cluster previously
established. Finally, after having carefully examined and validated the annotation, we ran scANVI to

improve the accuracy of the final integration, and better suited latent space for downstream tasks like
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visualization (Xu et al., 2021). We normalized and log-transformed our data using the normalize_total
(target_sum = 10000) and the loglp functions from the scanpy package. Finally, we have reached 4
annotation levels. After the filtering and integration steps, our dataset comprised 208,156 cells for the

IL-13 experiment, and 61,913 cells for the rhinovirus experiment.
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Table 12: scRNA-seq sample metrics and cut offs used.

Sample

D486 D08 NTUR CTRL
D486 D08 NTUR IL13
D486 D22 NTUR CTRL
D486 D22 NTUR IL13
D486 D22 NTUR ILRV
D487 D08 NTUR CTRL
D487 D08 NTUR IL13
D487 D22 NTUR CTRL
D487 D22 NTUR IL13
D487 D22 NTUR ILRV
D497 D08 B10D CTRL
D497 D08 B10D HDMM
D497 D08 B10D IL13
D497 D22 B10D CTRL
D497 D22 B10D HDMM
D497 D22 B10D HDRV
D497 D22 B10D IL13
D497 D22 B10D ILRV
D501 D08 BO9R CTRL
D501 D08 BO9R HDMM
D501_D08 BO9R IL13
D501 D23 BO9R CTRL
D501_D23 BO9R HDMM
D501 D23 BO9R HDRV
D501 D23 BO9R IL13
D501 D23 BO9R ILRV
D534 D08 B08D CTRL
D534 D08 BO8D IL13
D534 D23 B08D CTRL
D534 D23 BO8D IL13
D534 D23 B08D ILRV
D534 D23 BOSD HDMM
D535 D09 BBIO CTRL
D535 D09 BBIO IL13
D528 D03 BO2R CTRL
D528 D03 BO2R HDMM
D554_D08_ BBRU CTRL
D554 D08 BBRU IL13
D554 D08 NBRU CTRL
D554 D08 NBRU IL13
D554 D23 BO3R CTRL
D554 D23 BO3R IL13
D554 D23 BO3R ILRV
D554 D23 BO3R HDMM
D554 D23 NBRU CTRL
D554 D23 NBRU IL13
D554 D23 NBRU ILRV
D554 D24 BOSR CTRL
D554 D24 BOSR IL13
D554 D24 BOSR ILRV
D554 D24 BOSR HDMM
D554 D24 BBRU CTRL
D554 D24 BBRU IL13
D554 D24 BBRU ILRV
D555 D08 BO2R CTRL
D555 D08 BO2R IL13
D555 D08 BO9L CTRL
D555 D08 BOIL 1113
D555 D08 BBRU CTRL
D555 D08 BBRU IL13

Mean Reads
Per Cell

24458
24458
13443
13443
13443
47586
47586
30794
30794
30794
30794
30794
30794
27874
27874
27874
27874
27874
45604
45604
45604
31831
31831
31831
31831
31831
21190
21190
17377
17377
17377
17377
38570
38570
21613
19819
15290
15290
28383
28383
28923
28923
28923
28923
26394
26394
26394
20929
20929
20929
20929
26474
26474
26474
21689
21689
21235
21235
20145
20145

viedian
Genes Per

Cell
2726

2726
1965
1965
1965
3512
3512
2985
2985
2985
3060
3060
3060
454

454

454

454

454

1228
1228
1228
656

656

656

656

656

2537
2537
2350
2350
2350
2350
2030
2030
3373
2972
2055
2055
2740
2740
2055
2055
2055
2055
2624
2624
2624
2770
2770
2770
2770
2713
2713
2713
1755
1755
1945
1945
2413
2413

percent.mito< dropouts<

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

0.99
0.99
0.99
0.99
0.99
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98
0.98
0.98

0.98
0.98
0.97
0.97
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.97
0.97
0.97
0.99
0.99
0.99
0.99
0.97
0.97

nFeature RNA> nCount_RNA<

3000
3000
1000

800

25000
25000
15000
15000
15000
40000
40000
30000
30000
30000
40000
40000
40000
60000
60000
60000
60000
60000
60000
60000
60000
75000
75000
75000
75000
75000
20000
20000
20000
20000
20000
20000
70000
70000

30000
20000
20000
30000
30000
30000
30000
30000
30000
30000
30000
30000
30000
30000
30000
30000

15000
15000
20000
20000
25000
25000

Nb cells after
filtering
1736
1933
2515
2465
2277
2530
1648
2523
1952
2717
1165
1082
954
565
626
580
453
676
502
799
411
82
105
107
68
94
1951
1849
1163
917
1144
1382
1158
1673
3750
2901
1932
1772
2540
2127
1444
558
665
1087
1793
977
1602
1148
1288
894
1257
776
701
1160
2382
1604
2195
2353
1884
2327
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D555 D08 NBIO CTRL
D555 D08 NBIO IL13
D555 D08 NBRU CTRL
D555 D08 NBRU IL13
D555 D23 BO9L CTRL
D555 D23 BOOL IL13
D555 D23 BO9L ILRV
D555 D23 BO9L HDMM
D555 D23 NBIO CTRL
D555 D23 NBIO IL13
D555 D23 NBIO ILRV
D555 D23 NBRU CTRL
D555 D23 NBRU IL13
D555 D23 NBRU ILRV
D555 D24 BBRU CTRL
D555 D24 BBRU IL13
D555 D24 BBRU ILRV
D569_D08 BBIO CTRL
D569 D08 BBIO IL13
D569 D23 BBIO CTRL
D569 D23 BBIO IL13
D569 D23 BBIO ILRV
D551_D09 BBIO CTRL
D568 D09 BBIO CTRL
D551 D08 BBIO IL13
D568 D08 BBIO IL13
D551 D23 BBIO CTRL
D568 D23 BBIO CTRL
D551 D23 BBIO IL13
D568 D23 BBIO IL13
D551 D23 BBIO ILRV
D568 D23 BBIO ILRV
D552 D08 BBIO CTRL
D576_D08 BBIO CTRL
D552 D08 BBIO IL13
D576 D08 BBIO IL13
D552 D22 BBIO CTRL
D576_D22 BBIO CTRL
D552 D22 BBIO IL13
D576 D22 BBIO IL13
D552 D22 BBIO ILRV
D576_D22 BBIO ILRV
D577 D08 NBRU CTRL
D578 D08 NBRU CTRL
D577_DO8 NBRU IL13
D578 D08 NBRU IL13
D577 D23 NBRU CTRL
D578 D23 NBRU CTRL
D577 D23 NBRU IL13
D578 D23 NBRU IL13
D577 D23 NBRU ILRV
D578 D23 NBRU ILRV
D577 D08 BBRU CTRL
D578 D08 BBIO CTRL
D577_D08 BBRU IL13
D578 D08 BBIO IL13
D577 D23 BBRU CTRL
D578 D23 BBIO CTRL
D577 D23 BBRU IL13
D578 D23 BBIO IL13
D577_D23 BBRU ILRV
D578 D23 BBIO ILRV

21255
21255
20206
20206
25414
25414
25414
25414
21838
21838
21838
21679
21679
21679
21237
21237
21237
35349
52417
34156
42143
32127
34081
18966
46284
46284
62904
62904
55165
55165
30990
30990
32184
32184
44095
44095
61235
61235
48196
48196
36644
36644
36469
36469
36251
36251
32172
32172
39913
39913
29359
29359
39924
39924
27253
27253
48759
48759
45073
45073
65780
65780

2102
2102
2496
2496
3120
3120
3120
3120
1793
1793
1793
2834
2834
2834
2117
2117
2117
3701
3996
864

905

950

1804
2309
1301
1391
1424
1424
1438
1438
3198
3198
2507
2507
3540
3540
2322
2322
3332
3332
2352
2352
2345
2345
2154
2154
1358
1358
2792
2792
2673
2673
3149
3149
2154
2154
2800
2800
3603
3603
1405
1405

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

0.97
0.97
0.97
0.97
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.99
0.99
0.99
0.98
0.98
0.98
0.97
0.97
0.97
0.96
0.97
0.97
0.98
0.95
0.95
0.95
0.95
0.95
0.95
0.96
0.96
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.98
0.98
0.97
0.97
0.97
0.97
0.96
0.96
0.95
0.95
0.96
0.96
0.96
0.96
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95

40000
40000
40000
40000
40000
40000
40000
40000
30000
30000
30000
30000
30000
30000
30000
30000
30000
50000
50000
40000
50000
40000
40000
30000
60000
60000
40000
40000
60000
60000
40000
40000
40000
40000
50000
50000
40000
40000
50000
50000
30000
30000
60000
60000
60000
60000
50000
50000
50000
50000
40000
40000
40000
40000
40000
40000
40000
40000
50000
50000
60000
60000

1938
1136
2386
1130
1031
811
842
1242
877
393
803
1329
1003
1327
1210
712
724
4006
3247
1451
1753
2370
2233
4186
1305
1395
786
1262
1462
940
1957
3510
2102
2282
949
2267
1183
1302
2610
2395
1413
3523
2646
2602
3430
2047
2449
3168
2513
2406
3678
4118
1954
3097
2798
2367
2672
2852
3650
2022
622
1471
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Differential expression analysis

We performed differential expression analysis by using the run_de function from Libra package (v1.0.0)

(https://github.com/neurorestore/Libra) and using the pseudobulk method with edgeR.

Analysis of cell type proportions

We used the propeller function (with asin transformation) from the “speckle” package (v0.0.3) to
compare cell type proportions between the different conditions and timepoints (Phipson et al., 2022).
We also used miloR, a tool for differential abundance on K-Nearest Neighbors (KNN) graph (Dann et al.,
2022). A mixed cell type is defined as a heterogeneous neighborhoods (ie. a mix of cell types) with a

"celltype_fraction" smaller than 0.7.

Enrichment analysis

Enrichment analysis was performed with EnrichR online (https://maayanlab.cloud/Enrichr/).

Cell trajectory inference pipeline

Cell trajectories were inferred for the conditions of interest that are displayed in Table 13. Only bronchi

samples were included in this analysis.

Table 13: Conditions selected for trajectory inference analysis.

CTRL_1 IL13_1 CTRL_2 IL13_2 ILRV_2

Healthy | Healthy CTRL_1 | Healthy_IL13_1 | Healthy CTRL 2 | Healthy IL13_2 | Healthy ILRV_2

Asthma Asthma_CTRL_1 Asthma_IL13_1 Asthma_CTRL_2 Asthma_IL13_2 Asthma_ILRV_2

The pipeline contains all the scripts from pre-processing of data to the inference of trajectories. All
scripts were launched in a conda (v.22.9.0) environment specially created for the pipeline. The codes
were written in Python for the majority of the steps, and in bash for a smaller part. To interactively see
the results of each step and work on the choice of the parameters, the Python scripts were launched

in .ipynb notebook files.

The input of the pipeline was a .h5ad file containing cells from all conditions to analyze. Each condition
was analyzed independently, so we performed one subset per condition at the very beginning of the
pipeline. We kept the global annotation and the coordinates of the global Uniform Manifold
Approximation and Projection (UMAP) in each condition for comparison. Originally, counts data
contained 199606 cells for 36602 genes. This data was already normalized, and log transformed, this is
essential for the majority of the functions of the pipeline to work. Trajectories were calculated in

Python, for this reason data was manipulated as an AnnData object. These objects can be treated using
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the library of the same name Anndata. The package handles annotated data matrices. For each
condition separated, in this paragraph, we will refer to this AnnData object as “adata” (Virshup et al.,

2021).
The pipeline is composed of the following steps:

Verifying and subsetting data
Velocyto for RNA velocity calculation
scVelo

CellRank kernels

m o 0O w >

CellRank estimators

A. Verifying and subsetting data

This step consisted in exploration of the input data, and verification that the count matrixes were
normalized, and log transformed. Then we filtered cells to separate the 10 conditions. The pipeline,
from this step on, was run separately on each subset. In order to set the optimal parameters and
establish a standard pipeline, we started from the subset healthy CTRL_2, to verify which parameters

corresponded better to the expected cell trajectory.

B. Velocyto for RNA velocity calculation
The first step is to run Velocyto, a package to analyze RNA velocity.

RNA velocity can be defined as the time derivative of the gene expression state. This velocity can be
estimated using the ratio of spliced and unspliced mRNAs. RNA velocity is particularly useful because
it can predict the future state of each cell (La Manno et al., 2018). We chose Velocyto because it is the
golden standard for RNA velocity calculation and because its results are directly usable by the CellRank
pipeline, for trajectory inference. We used the CLI (Command Line) tool from Velocyto(La Manno et al.,
2018), and then directly analyzed the Velocyto output with the scVelo Python package (v.0.3.2)(Bergen
et al., 2020), as described in “C. scVelo”.

Velocyto CLI

This command line tools performs read counting and generates .loom files with spliced and unspliced

counts separated. We ran Velocyto in a for loop, for all the experiments in adata, as follow:

velocyto run \

"SDATAPATH"/"Ssample"/outs/possorted_genome_bam.bam \
/data/analysis/data_porracciolo/2023_2024/SAHARRA/data/gtf/ucagenomix_cellranger_refdata-gex-
GRCh38-release-104-gencode.v38/genes/genes.gtf \
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--bcfile S{sample_folder}/outs/filtered_gene_bc_matrices/barcodes.tsv.gz \

--outputfolder SOUTPUTPATH/"Ssample" \

-vwv \

--mask /data/analysis/data_porracciolo/2023_2024/SAHARRA/data/gtf/GRCh38_hg38_rmsk.gtf

In detail:

BAMFILE. "SDATAPATH"/"Ssample"/outs/possorted_genome_bam.bam: bam file with sorted
reads from which velocyto extracted read counts.

GTFFILE.
/data/analysis/data_porracciolo/2023_2024/SAHARRA/data/gtf/ucagenomix_cellranger_refd
ata-gex-GRCh38-release-104-gencode.v38/genes/genes.gtf: the genome annotation file.
--bcfile. S{sample_folder}/outs/filtered_gene_bc_matrices/barcodes.tsv.gz: the barcode file to
filter the bam.

--outputfolder. SOUTPUTPATH/"Ssample": the output folder to store the loom file.

-vvv : Verbosity level: (warnings, info and debug)

--mask.
/data/analysis/data_porracciolo/2023_2024/SAHARRA/data/gtf/GRCh38 hg38 rmsk.gtf : .gtf
file containing intervals to mask. : Elements to mask (5683690 in our case), like expressed

repetitive elements, since they can be a confounding factor in downstream analysis.

The output .loom files contain the spliced and unspliced count data.

C. scVelo

From spliced and unspliced counts obtained by the Velocyto CLI, we estimated RNA velocity to study

the cellular dynamics of the differentiation. The first step consisted in merging the loom files into a

single one using the function loompy.combine(). Then we read the merged loom file as an AnnData

object. We preprocessed the .obs_names (the name of the cell entries, containing the barcodes), to

make sure they matched between the adata and the merged loom. We merged the adata and the

merged loom using scvelo.utils.merge(). To visualize the proportions of spliced and unspliced counts,

we used the function scvelo.pl.proportions(). For each cell, for each gene, 3 matrices (spliced, unspliced

and ambiguous counts) are stored in adata.

scVelo preprocessing

The first step to obtain data ready for velocity calculation, is:

The filtering of genes that do not have enough spliced and unspliced counts.

The normalization of each cell by total counts over all genes.
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We used the following function: scvelo.pp filter_and_normalize(), with default parameters used in the

tutorial from CellRank (Lange et al., 2022), available at :

https://github.com/theislab/CellRank notebooks/blob/main/tutorials/kernels/200 rna velocity.ipyn
b

The function was launched as follow:

scvelo.pp.filter_and_normalize (adata, min_shared_counts = 20, n_top_genes = 2000,

subset_highly variable = False, log = False)

where:

e min_shared_counts: is the minimum number of counts required for a gene (both unspliced
and spliced), before normalization.

e n_top_genes: the number of top genes to keep.

e subset_highly_variable: whether to subset adata keeping only n_top_genes, or to store the
information of the n_top_genes in adata.var[“highly_variable”].

e log: wheter adata.X is to logarithmize or not.

Then we computed principal components and moments for velocity estimation. Using the functions

scanpy.tl.pca(adata), where all parameters were those by default.

Based on the pca, we calculated the nearest neighbors distance matrix and a neighborhood graph of
observations, using the function scanpy.pp.neighbors(). The parameters were the same as those from
the CellRank tutorial, which correspond to the default parameters of the same function from scVelo

library:

scanpy.pp.neighbors(adata, n_pcs=30, n_neighbors=30)

where:
e n_pcs: are the number of principal components from the PCA to use.
e n_neighbors: are the neighbor data points.

From the connectivities calculated by the previous function, we computed moments of un/spliced
abundances for velocity estimation. For each cell, we computed the mean (first-order moments) and

variance (second-order moments) of its neighboring cells (https://nbisweden.github.io/single-

cell sib scilifelab 2021/project velocity/RNA velocity group2.html). We used scvelo.pp.moments

using the full space of the precomputed PCA, with all default parameters:

scv.pp.moments(adata)
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scVelo velocity calculation

At first, we recovered the splicing kinetics of specified genes, using the function

scvelo.tl.recover_dynamics(), as follow:
scvelo.tl.recover_dynamics(adata, n_jobs=8)
where:

e n_jobs: specifies the number of parallel jobs.

Since we did not specify genes to use for the fitting, the function estimated velocity genes, these genes
are used for modeling the cell fate transition probabilities. In particular, this function infers:

transcription rates, splicing rates, degradation rates, cell-specific latent time and transcriptional states.

All the information gathered, and in particular the fitted parameters for splicing dynamics, was used to

compute the actual velocities using the function scvelo.tl.velocityscv.tl.velocity(), as follow:
scvelo.tl.velocity(adata, mode="dynamical")
where:

e mode: indicates the model for the estimation of the transcriptional dynamics. Compared to
the other modes, the “dynamical” mode do not rely on a linear assumption, but a more
complex set of information: the gene rates of transcription, splicing and degradation. In

addition to that, it considers transient cell-states.

D. CellRank kernels

The connection between scVelo and CellRank is that the resulting calculated velocity is the input of
CellRank, to generate a transition matrix. This transition matrix can be defined as matrix of dimensions
nb_cells x nb_cells, where each row represents a cell, and the values are the assumed transition
probabilities of that cell to the others. The transition matrix is then used as input of the CellRank
estimators (see next paragraph) to perform the trajectory inference. To generate the transition matrix,
CellRank supplies different methods, called « kernels » by the authors, referring, in essence, to units of
calculation. All the kernels give a transition matrix as output, what differs is the input information to

calculate it.
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Figure 95: CellRank2 general pipeline.
From Weiler et al., 2024.

Choice of the CellRank kernels
Among the kernels available (Velocity Kernel, Connectivity Kernel, Real-time Kernel, CytoTRACE Kernel,

and the Pseudotime Kernel), we used the Pseudotime Kernel.

In particular, this kernel is based on the calculation of the pseudotime, which can be defined as the
ranking of cells along an inferred transition path. To generate a transition matrix with this kernel, it is
necessary to provide the results of pseudotime algorithms as input. This is the kernel that worked the
best with the healthy CTRL dataset, reflecting the biological truth as best as possible. For this reason,

we decided to use this kernel for the generation of the matrix.

Pseudotime Kernel

The first steps before calculating the pseudotime itself are the selection of the high variable genes, and
the calculation of the PCA, which had already been performed before. The second step is the
determination of the diffusion maps to estimate the low dimensional space of the data with the Palantir
algorithm (Setty et al., 2019), using the function palantir.utils.run_diffusion_maps() as follow:
palantir.utils.run_diffusion_maps (adata, n_components=5)

where:

e n_components: indicates the number of principal components.
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Afterwards, we used the palantir.utils.determine_multiscale_space() function to find the best low-
dimensional version of the data space with default values. By observing the violin plots showing the
order of the cell types based on the calculated pseudotime and the pseudotime representation on the
umap, we decided to calculate the transition matrix based on the Palantir pseudotime, using the

function CellRankkernels.PseudotimeKernel():
CellRankkernels.PseudotimeKernel(adata, time_key="palantir_pseudotime")
where:

e time_key: indicates the key in the adata where we can find the pseudotime values to generate

the transition matrix.

E. CellRank estimators

CellRank estimators are used to quantitatively analyze the transition matrix to mainly detect initial and

terminal states, compute fate probabilities and gene expression trends.

Computing Initial and Terminal States

Computing initial and terminal states involves the determination of macrostates, which are groups of
stable cells. The first step is to initialize the estimator, by providing the transition matrix obtained from
the Pseudotime kernel as input. The pyGPCCA - Generalized Perron Cluster Cluster Analysis method
was adapted to identify the most stable macrostates from the transition matrix. We launched the

method using the function CellRank.estimators.GPCCA() as follow:
CellRank.estimators.GPCCA(pk)
where:

e object: the input to recover cell dynamics, here: pk was the name of the variable containing

the result of the Pseudotime Kernel transition matrix calculation.

Afterwards, as an advanced use, we computed a Schur decomposition of the transition matrix, to
obtain an indication of the optimal number of stable macrostate. We used the function
g.compute_schur() with default parameters, and to plot the results we used the function
g.plot_spectrum(), where “g” is the variable containing the results of CellRank.estimators.GPCCA(pk).
However, the choice of the number of macrostates can be manual, aiming to choose macrostates as
stable as possible. The number of macrostates, and of the terminal states are the only parameters in
this section that were not set automatically for all conditions, but that had to be adapted for each
condition.

The functions used to define the macrostates was g.fit(), employed as follow:
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g.fit(cluster_key="Celltype_Ivl 2", n_states=[n, 11])
where:

o cluster_key: cluster labels can be given (macrostate labels will be based on these labels)
e n_states: is either the precise number of states to identify, or a range of numbers. Here n was

set as the optimal given by the calculated Schur decomposition.

To predict the initial and terminal macrostates, we employed the functions: g.predict_initial_states()
and g.predict_terminal_states(), where we can define the most n stable macrostates as terminal states.
These functions are based on the stability of the macrostates, where the most stable are the terminal

states and the least is the initial state.

Estimating Fate Probabilities and Driver Genes

In this step, ran right after computing macrostates, we estimated fate probabilities, as the probability
of any cell that is not in a terminal state, towards this last. This involves the use of the function
g.compute_fate_probabilities(), we tested all the solvers, but we found no difference, hence we
launched the function with default parameters. When multiple terminal states are present, we
explored the probabilities towards each state separately. We defined the terminal states as the most 2
stable  ones, separately for  each condition. We employed the  function
CellRank.pl.aggregate_fate_probabilities(), to investigate how likely a cluster goes towards a terminal
state. Afterwards, we used the g.compute_lineage_drivers(), specifying each time the terminal state
and the cluster key to uncover putative driver genes. The method does that by correlating fate
probabilities with gene expression. For 2 terminal states at a time (each time we have only 2), it was
possible to plot the best drivers for a terminal state against those of the other terminal state, to see

their correlation by using the function g.plot_lineage_drivers_correlation().

Visualizing and Clustering Gene Expression trends

In this step, the aim was the computation of gene expression trends through differentiation
trajectories. These trends were then clustered to detect those genes with similar dynamics. The first
step is the initialization of a model of the type Generalized Additive Models (GAMs), using the function
CellRank.models.GAMR() as follow:

CellRank.models.GAMR(adata, smoothing_penalty=10.0)
where:

o smoothing_penalty: indicates the penalty for smoothing the fitting curve (the higher the

smoother).
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By selecting the putative driver genes previously calculated and a pseudotime (for us the Palantir
pseudotime), we could plot the trends by using the function CellRank.pl.gene_trends(), separately for
each terminal state. It was then possible to cluster gene trends by using the function
CellRank.pl.cluster_trends(), plotting the GAMR model for the high variable genes. By finding in which
cluster/clusters we had the majority of the genes, we could select the best of those genes, and replot

their trends by using again CellRank.pl.gene_trends().

Flex single-cell RNA sequencing (BCi cells)

™ inserts (3 per experimental condition)

To perform single-cell analysis, cells differentiated on Transwel
were harvested by incubating with 0.1% protease type XIV Streptomyces griseus in HBSS at 4°C
overnight. Then, cells were gently detached from the inserts by pipetting and transferred into a
microtube, pooling cells from 3 inserts. An excess of HBSS containing 2% BSA was added. Cells were
centrifuged at 150 g for 5 min and resuspended in 1 mL of PBS containing 0.04% BSA and filtered
through a 20 pum mesh filter (miltenyi). Cell concentration and viability were measured with a
Countess™ automated cell counter (ThermoFisher Scientific), after incubation with NucGreen to detect
dead cells (ThermoFisher Scientific). Cells were centrifuged at 150 g for 5 min and resuspended in 1 mL
fixation buffer from the “Chromium Next GEM Single Cell Fixed RNA Sample Preparation” (PN-
1000414). Fixation procedure was performed following manufacturer’s instructions. All steps were
performed on ice. Fixed cells were frozen and conserved at -80°C for 3 days before using the “Chromium

Fixed RNA Kit, Human Transcriptome” kit (PN1000475) for single-cell library preparation. Libraries were

sequenced to achieve a minimum of 10 000 paired reads per cell, on a P2 100 cycles Flowcell (Illumina).

CUT&Tag chromatin analysis

In order to identify the chromatin modifications that differ between asthmatic vs healthy patients, we
performed a CUT&Tag analysis of a selection of histone marks (H3K27me3, H3K4me3 and H3K4me1l).
CUT&Tag is a technique to identify genome-wide chromatin regions bound to specific histone marks,
in cells or nuclei, with low background noise. It uses a Tn5 transposase fused to a protein A, enabling it
to bind to the secondary antibody targeting the marker of interest (histone modification or
transcription factor) and to cut and insert indexes into the chromatin regulated by this marker. The

indexed reads are then sequenced and analyzed by bio-computational analysis.
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Sample preparation

The CUT&Tag experiments were carried out on healthy and severe asthma CTRL basal cells from the IL-
13 experiment and four conditions were observed: H3K27me3, H3K4me3, H3K4mel and rabbit anti-
mouse IgG (negative control). At the passage from flask to inserts basal cells were set aside and frozen
in preparation for the CUT&Tag experiment. | adapted the Bench top CUT&Tag V.3 protocol of

Dr. Henikoff to our samples (https://www.protocols.io/view/bench-top-cut-amp-tag-

kadg34qdpl25/v3) (Kaya-Okur et al., 2019). Aliquots of one million cells per donor were thawed in

Pneumacult-Ex+ and resuspended into wash buffer (20 mM HEPES pH 7.5; 150 mM NacCl; 0.5 mM
Spermidine; 1x Roche Complete Protease Inhibitor EDTA-Free tablet [Sigma-Aldrich, cat. no.
5056489001]). CUTANA™ Concanavalin A Conjugated Paramagnetic Beads (Epicypher, 21-1401) were
washed and resuspended in binding buffer (20 mM HEPES pH 7.9; 10 mM KCl; 1 mM CaCl;; 1 mM
MnCl,) and 10 pL of activated beads per sample were added and incubated for 15 min at RT to bind
cells to the beads. Bead and cells suspension was divided into four and immobilized on a magnetic rack.
Supernatant were removed and bead-bound cells were resuspended into 200 L antibody buffer (wash
buffer + 1% digitonin + 2 mM EDTA + 0.01% BSA) with 1 pL of the corresponding primary antibody (anti-
H3K27me3 rabbit monoclonal antibody [EpiCypher, Inc. 19-1002], anti-H3K4me3 rabbit monoclonal
antibody [EpiCypher, Inc., 13-0041] and anti-H3K4me1l rabbit monoclonal antibody [EpiCypher, Inc.,
13-0057]) or a negative control (CUTANA™ IgG Negative Control Antibody for CUT&RUN and CUT&Tag,
EpiCypher, Inc., 13-0042). Incubation was performed on a rotating platform overnight at 4 °C. After
clearing on a magnetic rack, beads were resuspended in 100 uL secondary antibody solution (wash
buffer + 0.05% digitonin + 1/50 anti-rabbit guinea pig secondary antibody [Antibodies online cat. no.
ABIN101961] and cells were incubated at RT on a nutator for 1h. Then cells were washed using the
magnet stand 3x in 2 mL dig-dash buffer (wash buffer + 0.05% digitonin) and 100 mL of pre-loaded pA-
Tn5 adapter complex (CUTANA™ pAG-Tn5 for CUT&Tag; EpiCypher, Inc. 15-1017) diluted 1/20 in dig-
300 buffer (20 mM HEPES pH 7.5; 300 mM NaCl; 0.5 mM Spermidine; 0.01% digitonin; 1x Roche
Complete Protease Inhibitor EDTA-Free tablet) was added to each sample and incubated at RT for 1 h
on a nutator. Beads were washed 3x times with dig-300 buffer and resuspended in 300 pL tagmentation
buffer (dig-300 buffer + 10 mM MgCl2) and incubated at 37 °C for 1 h. To stop tagmentation, 2.5 uL of
0.5 M EDTA, 3 pL of 10% SDS and 0.5 pL of 20 mg/mL Proteinase K was added directly to each sample.
Samples were then incubated un a dry bath 1 h at 55°C to solubilize DNA fragments. DNA was purified

by phenol-chloroform extraction and quantified using a Bioanalyzer and Qubit.

174


https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3
https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3

Sequencing

Samples were indexed using the primers described by Buenrostro, J.D. et al. (Buenrostro et al., 2015),

with a common i5 and individual i7 indexes. The indexes used are summarized in Table 14:

Table 14: Indexes used for the CUT&Tag experiment.
Index Sequence
i7_2.1 TAAGGCGA
i7_2.2 CGTACTAG
i7_2.3 AGGCAGAA
i7.2.4 TCCTGAGC
i7_2.5 GGACTCCT
i7_2.6 TAGGCATG
i7.2.7 CTCTCTAC
i7.2.8 CAGAGAGG
i7.2.9 GCTACGCT
i7_2.10 CGAGGCTG
i7_2.11 | AAGAGGCA
i7_2.12 GTAGAGGA
i7_2.13 TGGATCTG
i7_2.14 CCGTTTGT
i7_2.15 TGCTGGGT
i7_2.16 | AGGTTGGG
i7_2.17 GTGTGGTG
i7_2.18 | TGGGTTTC
i7_2.19 | TGGTCACA
i7_2.20 | TTGACCCT
i7_221 CGCGGACA
i7_2.22 | TTCCATAT
i7_2.23 AATTCGTT
i7_2.24 GGCGTCGA
i5 TAGATCGC

PCR amplification was performed with the following parameters:

e Cycle 1: 72 °C for 5 min (gap filling)
e (Cycle 2:98 °Cfor 30 sec

e [Cycle 3:98 °C for 10 sec

e Cycle 4:63 °Cfor 10 sec]

e Repeat Cycles 3-4 13 times

e 72°Cfor 1 min

Samples were sequenced on a NextSeq 2000 P1 (100 cycles) in paired-end mode with a length of

28*10*10*90 bases.

Analysis

1. Input
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The input consisted in 24 samples, 12 healthy and 12 asthmatics. For each condition, 3 patients were

sequenced and for each patient, 3 histone marks were targeted: H3K4me3, H3K4mel and H3K27me3.

2. Steps of the pipeline

After sequencing, the libraries were analyzed using a bioinformatics pipeline we set up. First the
analysis started with peak identification (calling). This step included: pre-processing, alignment and
peak calling (identification of genomic regions that are significantly enriched), using the nf-

core/cutandrun pipeline (DOI 10.5281/zenodo.5653535).
The command was run with the following parameters:

o nextflow : the nf-core pipeline was written using the Nextflow workflow language.

e -bg run /export/apps/nf-core/cutandrun: to launch the background pipeline, indicating the
location of the program.

e —input
/export/data2/porracciolo/SAHARRA/cutandrun/samplesheet/240409 samplesheet.csv: to
specify the samplesheet file which indicates the location of the samples.

e -profile singularity: to specify configuration presets.

e —-outdir seacr_macs2_RPKM_macs2narrowpeakfalse: to specify the output folder for analyses.

e --genome GRCh38: the reference genome.

e --peakcaller seacr, macs2: the peak calling methods.

e --normalisation_mode RPKM: reads normalization method, here : Reads Per Kilobase per
Million mapped reads.

e --macs2_narrow_peak false: for peak calling macs2 determines whether wide or narrow mode

is used. Wide peaks we chosen as they are more suitable for histone marks.

Genomic annotation of the peaks (identification of the gene closest to the peak), was done using the R
ChlPseeker library (G. Yu et al., 2015). Differential analysis of peaks to test, for each mark, whether
regions were more enriched in one condition compared to the other, was performed using the R
DESeq2 library (Love et al., 2014). Regions were considered differentially enriched in a condition if

adjusted p-value < 0.05 and log2FoldChange > 0 (enriched in asthmatic) or < 0 (enriched in healthy).
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