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Abstract

The main physiological function of the lung is gas exchange, mediated at the interface between the
alveoli and the pulmonary microcapillary network and facilitated by conducting airway structures
that regulate the transport of these gases from and to the alveoli. Exposure to microbial and
environmental factors such as allergens, viruses, air pollution, and smoke contributes to the
development of chronic lung diseases such as asthma, chronic obstructive pulmonary disease
(COPD), idiopathic pulmonary fibrosis (IPF), and lung cancer. Respiratory diseases as a cluster
are the commonest cause of chronic disease and of hospitalization in children and are among

the three most common causes of morbidity and mortality in the adult population worldwide.
Many of these chronic respiratory diseases are associated with inflammation and structural
remodelling of the airways and/or alveolar tissues. They can often only be treated symptomatically
with no disease-modifying therapies that normalize the pathological tissue destruction driven by
inflammation and remodelling. In search for novel therapeutic strategies for these diseases, several
lines of evidence revealed the WNT pathway as an emerging target for regenerative strategies
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in the lung. WNT proteins, their receptors, and signalling effectors have central regulatory roles
under (patho)physiological conditions underpinning lung function and (chronic) lung diseases and
we summarize these roles and discuss how pharmacological targeting of the WNT pathway may
be utilized for the treatment of chronic lung diseases.
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1 Introduction

The main physiological function of the lung is gas exchange of O, and CO,, mediated at
the interface between the alveoli and the pulmonary microcapillary network and facilitated
by conducting airway structures that regulate the transport of these gases from and to the
alveoli. Being in direct contact with the outside world, the lung needs to be resilient against
microbial and environmental exposures such as bacteria, viruses, fungi, air pollution, and
many other factors. Unfortunately, microbial exposures not seldomly trigger respiratory
infections, whereas exposure to environmental factors such as allergens, air pollution, and
smoke contributes to asthma, chronic obstructive pulmonary disease (COPD), idiopathic
pulmonary fibrosis (IPF), and lung cancer. Respiratory diseases as a cluster are the
commonest cause of chronic disease and of hospitalization in children and are among the
three most common causes of morbidity and mortality in the adult population. Many of these
chronic respiratory diseases are associated with inflammation and structural remodelling

of the airways and/or alveolar tissues and can often only be treated symptomatically

with no disease-modifying therapies that are able to stop or even reverse the pathological
inflammation and remodelling of lung tissue.

In search for novel therapeutic strategies for these diseases, the WNT pathway is
increasingly in the focus as a major contributor to physiological repair but further to
pathophysiological lung inflammation and remodelling (Skronska-Wasek et al. 2018; Vladar
and Konigshoff 2020; Burgy and Konigshoff 2018). WNT signalling is explained in more
detail elsewhere in this handbook. Briefly, the WNT family of secreted glycoproteins
consists of 19 members, some of which with (partially) overlapping binding and signalling
characteristics involving both the FZD family of G protein coupled receptors and non-

FZD receptors such as the receptor tyrosine kinases ROR2, RYK, and PTK7 (Burgy and
Konigshoff 2018). The WNT pathway is classically subdivided in a branch dependent on
WNT/FZD-mediated stabilization of the intracellular signalling effector p-catenin through
mechanisms involving the co-receptors LRP5/6 and inactivation of the p-catenin destruction
complex composed of Axin2, APC, GSK-3, and CK1. p-catenin is a cofactor of several
transcription factors, leading to the activation of transcriptional programs in cell-type
specific manners. In addition, B-catenin-independent signalling functions exist, involving
activation of Ca2* signalling, ROCK signalling, JNK signalling among other pathways
associated with cytoskeletal rearrangements and gene transcription (Baarsma et al. 2013a).
These two branches are often referred to as p-catenin-dependent and p-catenin-independent.
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Here we summarize the central regulatory roles that WNT proteins, their receptors, and
signalling effectors have in the physiological and pathophysiological processes underpinning
lung function and (chronic) lung disease (Skronska-Wasek et al. 2018; Baarsma and
Konigshoff 2017; Lehmann et al. 2016) and discuss how pharmacological targeting of the
WNT pathway may be utilized for the treatment of these diseases. In view of the detailed
descriptions of the biochemistry and intracellular signalling of these WNT/FZD interactions
elsewhere in this handbook, our focus will be on the (patho)physiological roles of WNT
signalling in the lung across all stages of life, and in the major respiratory diseases including
asthma, COPD, IPF, lung cancer, as well as pulmonary vascular diseases.

2 Physiology of the Lung: Role of WNT Signalling

2.1 Anatomy of the Lung

The human respiratory system is a complex ensemble which guarantees intake of
oxygenated air through inhalation and expulsion of CO»-enriched air through exhalation.

It can be generally divided into upper and lower respiratory tract. The upper respiratory tract
serves as point of entry, conduction and later exit for the air through the nose, pharynx,
larynx, and trachea.

The lungs are part of the lower respiratory tract. The human left lung is comprised

of two lobes — superior and inferior, while the right lung includes a middle lobe and
therefore comprises three lobes. The lungs start from a bifurcation of the trachea into two
primary bronchi. These extend into bronchial trees, branching into progressively smaller
ramifications defined as secondary and tertiary bronchi, and bronchioles which lead through
the alveolar ducts to the prime site for gas exchange, the alveoli (Fig. 1a).

Starting from the upper conductive airways into the bronchi and the bronchioles, we observe
a pseudostratified epithelium with distinct spatial composition and function. Together with
neuroendocrine and basal cells, the airways comprise of multi-ciliated and secretory cells
that have the important role of maintaining mucociliary clearance. Among the secretory
cells, goblet cells are predominantly found in the upper larger airways, while club cells are
mainly found in the smaller airways. Separated from the epithelium by a basal membrane,
the mesenchyme contains submucosal glands, fibroblasts, smooth muscle cells, nerves, and
blood and lymphatic vessel (Wansleeben et al. 2013; Hogan et al. 2014; Nikolic et al. 2018;
Tirouvanziam et al. 2009). The terminal bronchioles are defined as the respiratory airway,
a region with a monolayer of cuboidal epithelium that leads into the alveoli (Hogan et al.
2014; Basil et al. 2020).

The alveoli represent the most distal part of the lung and are characterized by a specific
lobular structure surrounded by a network of capillaries that maximizes the surface available
for gas exchange. Here we find a thin epithelium comprised of at least two key cell types:
alveolar type | (ATI) and alveolar type Il (ATII) cells. ATl are flat and elongated cells
specialized in gas exchange; they share the basal lamina with the underlying pulmonary
capillary endothelial cells (PCEC) to optimize the efficiency of gas exchange. ATII cells are
cuboidal cells which produce and secrete pulmonary surfactant, thereby reducing the surface
tension of the alveolar surface area to prevent the lungs from collapsing while breathing.
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Further, ATII cells serve as progenitor cells for ATI cells (Nikolic et al. 2018; Tirouvanziam
et al. 2009; Basil et al. 2020; Ruaro et al. 2021).

There are several types of stromal cells in the interstitial region, including mesenchymal
cells, pericytes, endothelial cells, and immune cells. These cells constitute the alveolar
niche, a supporting microenvironment for epithelial progenitor cells which plays a major
role during both homeostasis and injury (Ruaro et al. 2021; Hogan 2020). The mesenchyme
is comprised of different cell types involved in a cross-talk with the epithelium through
secretion of growth factors and other key signalling pathways, including WNT. Several
types of fibroblasts have been described mainly in mouse, including myofibroblasts, matrix
fibroblasts, and lipofibroblasts-like alveolar niche fibroblasts (MANCS); these niche cells
produce WNT proteins, which act mainly through WNTp-catenin signalling to replenish
the AXIN2+ epithelial progenitor pool during development and repair (Frank et al. 2016;
Lee et al. 2017; Zepp et al. 2017; Nabhan et al. 2018; Ushakumary et al. 2021). Our
knowledge of the cell types that populate the various sections of the human respiratory
system is continuously evolving, as new subtypes of cells are discovered through single-cell
RNA-sequencing of the lung in steady state and disease.

2.2 Cell Type: Specific Expression Patterns of WNTs/FZDs

WNT signalling is a key mediator of cellular cross-talk in the lung. Specific interactions
between epithelial, mesenchymal, immune, and endothelial cells have been described in
development, homeostasis, and disease, and in the recent years, the advent of single-cell
RNA-sequencing has allowed us to identify cell-specific expression of WNT proteins and
receptors (Adams et al. 2020; Habermann et al. 2020; Reyfman et al. 2019; Travaglini et al.
2020).

While some WNT proteins and receptors are widely expressed in all cell types, it is
important to highlight the ones that seem rather tissue- or cell-specific or have been
described to be involved in signalling in specific cellular compartments: Expression of
[-catenin-dependent WNT proteins such as WNT-7B or WNT-3A is mostly restricted to the
epithelium, with WNT-3A highly enriched in ATI cells (Adams et al. 2020; Habermann et
al. 2020; Reyfman et al. 2019; Travaglini et al. 2020). Recently, it was described that ATI
cells in the early lung express WNT-3A, WNT-7A, and WNT-7B, which interact with FZD1
and LRP6 on transient secondary crest myofibroblast (Zepp et al. 2021).

In the mouse alveoli, a specific WNT niche has been proposed comprising of a single
fibroblast constitutively expressing WNT-5A (and potentially other WNT proteins) to
provide juxtacrine signals to the neighboring ATII cell, thereby maintaining stem cell
homeostasis and cell fate (Nabhan et al. 2018). In human, within the ATII population, a
WNT-responsive lineage has recently been identified to be positive for the WNT target gene
AXxin2. These cells, named alveolar epithelial progenitors (AEP), comprised 29% of the
human ATII population and contributed to functional alveolar epithelial regeneration after
injury (Zacharias et al. 2018).

WNT-5A and WNT-5B expression has been primarily linked to fibroblasts, although recent
human single-cell data suggest further expression in other cell types in healthy lungs as well,

Handb Exp Pharmacol. Author manuscript; available in PMC 2022 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 5

e.g. some epithelial cells (Adams et al. 2020; Habermann et al. 2020); for example, a subset
of ATII cells expressing, among others, WNT-5A, LRP5, TCF4, was identified in the adult
human lung (Travaglini et al. 2020). WNT-5A and WNT-2 were further identified in subsets
of mesenchymal cells at postnatal day 1 in mouse, including smooth muscle and fibroblasts
(Guo et al. 2019).

Notably, it has been observed that secretion of WNT proteins and activation of WNT

target genes can be mutually exclusive in some cells. For example, a recent study showed
through single-cell RNA-seq and in situ RNA hybridization that in both human and mouse,
expression of the WNT7B gene is abundant in small airway epithelial cells, such as club
cells, but expression of the WNT target gene AX/N.2was not found in these cells, while

it was detected only in the alveolar region (Reyfman et al. 2019). In human, among FZDs,
FZD appears to be mostly expressed in the mesenchyme, FZDy is highly expressed in the
vascular compartment, but also, similarly to FZDg and FZDg, enriched in AT1 and ATII cells
(Habermann et al. 2020; Travaglini et al. 2020). Additionally, co-receptors LRP5 and LRP6
are widely expressed in the human lung epithelium, mesenchyme, and endothelium; ROR1
and ROR2 are co-expressed in several subtypes of human lung fibroblasts, while ROR1 is
also enriched in ATI cells (Habermann et al. 2020; Reyfman et al. 2019; Travaglini et al.
2020).

LGR5 and LGR6 have been identified as markers of mesenchymal cells in the adult

murine lung. LGR6+ cells, including a sub-population of smooth muscle cells in the

airway epithelium, promote airway differentiation of epithelial progenitors via WNT-FGF10
cooperation. In the alveoli LGR5+ cells are found, which produce WNT-3A and WNT-5A,
promoting alveolar differentiation of both club and ATII cells (Lee et al. 2017; Raslan and
Yoon 2020).

2.3 Lung Development

While our understanding of the homeostatic role of WNT signalling in the adult lung is
limited, our knowledge about its involvement in orchestrating lung development in mouse
has been extensively documented. Numerous WNT genes, including Wnt2, Wnt2b, Wnit5a,
Whnt7b, and Wnt11 are expressed at various stages in the developing lung (Harris-Johnson et
al. 2009; Lako et al. 1998; Li et al. 2002; Rajagopal et al. 2008). WNT signalling interplays
with other key developmental signalling pathways, such as fibroblast growth factor (FGF),
bone morphogenetic protein (BMP), and sonic hedgehog (SHH), in a spatial-temporal
manner that allows lung specification and full formation of the respiratory system (Rock
and Hogan 2011).

Lung development is historically divided into five stages which are similar in human and
rodents, although they have been more extensively defined in mouse. Today, these stages are
condensed into two main ones: a branching stage that corresponds to the pseudoglandular
stage, which in mouse starts at embryonic day (E) 9.5 and ends around E16.5, during which
distal epithelial progenitors give rise to the conducting airway epithelium, and an alveolar
differentiation stage that starts around E16.5 until several weeks after birth in mouse, and 2—
3 years in human, during which distal epithelial progenitors give rise to bipotential alveolar
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epithelial progenitors that will differentiate directly into alveolar type | (ATI) and ATII cells
(\Volckaert and De Langhe 2015).

Lung specification begins before the embryonic stage, around E9 in mouse and gestation
week 5 in human, from a respiratory primordium which is comprised of endodermal

cells that start expressing the respiratory lineage factor Nkx2.1 (Chen 2015; Herriges

and Morrisey 2014). These cells are localized in the ventral wall of the anterior foregut
endoderm, and by E9.5 in mouse and around 28 days in human, they evaginate and form
the two primary lung buds, leading into the embryonic stage (Herriges and Morrisey 2014;
Morrisey and Hogan 2010). These buds are comprised of three cell layers: in addition

to the inner endoderm-derived epithelial layer, there is a thin outer mesothelium, and a
mesoderm layer which will give rise to the mesenchyme and is in continuous cross-talk with
the endoderm to direct branching and cell differentiation (Volckaert and De Langhe 2015;
Herriges and Morrisey 2014; Hines and Sun 2014; Rawlins 2011).

At this initial stage, p-catenin-dependent WNT signalling is required to define the
respiratory fate in the anterior foregut: in fact, mutant mice with combined loss of the
Whnt2and Wnt2b genes lose the Nkx2.1+ lung endoderm progenitors population which
leads to impaired branching of the lung buds and trachea formation; at the same time,
specification of other foregut derived tissues is not affected, indicating that WNT-2 and
WNT-2B regulation is specific to lung (Goss et al. 2009). A similar result is achieved with
conditional inactivation of Ctrninbl (B-catenin) in mouse foregut endoderm (Harris-Johnson
et al. 2009).

During the pseudoglandular stage, the lung buds undergo a process defined as “branching
morphogenesis,” to create a tree-like structure. At this stage there’s a differential expression
of specific markers which will control the proximal-distal axis and cell fate; WNT/B-
catenin signalling is also involved in this axis determination, as inactivation of CtnnbZin
the mouse pseudoglandular stage causes enhanced formation of the conducting airways
while restricting formation and differentiation of the peripheral lung (Mucenski et al.

2003). Furthermore, WNT signalling is required for bud formation by inducing apical
constriction, while loss of WNT signalling is necessary for air sac formation in the
canalicular-saccular stages (Fumoto et al. 2017). Additionally, WNT/p-catenin signalling

is involved in the upstream regulation of other essential pathways including N-myc, BMP4,
and FGF signalling, acting as a regulator of a molecular hierarchy that promotes distal
while repressing proximal airway development (Shu et al. 2005). Interestingly, specific
combinations of WNT proteins, such as the interaction between mesenchymal WNT-2 and
epithelial WNT-7B, play an essential role in branching morphogenesis, proximal-distal
patterning, and development of distal lung progenitors (McCulley et al. 2015; Miller et al.
2012). WNT-7B is also involved in regulating mesenchymal proliferation, late epithelial
maturation, and pulmonary vascular smooth muscle differentiation and/or survival (Shu et al.
2005).

During the branching morphogenesis phase, the p-catenin-independent WNT planar cell
polarity (PCP) pathway is also involved, as mice mutant for PCP proteins such as Vangl2
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(Van Gogh homolog) and Celsrl (Flamingo homolog) form hypoplastic distal lungs with
reduced airway branching (Vladar and Konigshoff 2020; Yates et al. 2010).

Recently, an active role for ATI cells in lung development has been described, with several
WNT proteins, such as WNT-7A and WNT-3A, produced primarily by ATI cells that are
required for myofibroblasts and alveolar formation (Zepp et al. 2021).

Other WNT proteins which signal through the B-catenin-independent pathway cause
aberrant lung development in mutant mice: for example, in Wnt5a(—/-) mice there’s an
increased proliferation of both epithelial and mesenchymal cell compartments, causing
overexpansion of the distal airways and thickened intersaccular interstitium that leads to
delayed lung maturation and causes alterations in the FGF-10, BMP4, and SHH signalling,
once again proving the interplay between different epithelial-mesenchymal signalling
pathways (Skronska-Wasek et al. 2018; Li et al. 2002; Li et al. 2005; Yin et al. 2008).
Furthermore, WNT-5A signalling through ROR1/ROR?2 is essential for the later stage of
alveologenesis, as postnatal WNT-5A inactivation in mice results in hypoalveolarization of
the lungs, due to myofibroblast defects (Li et al. 2020).

In conclusion, a vast array of WNT proteins and receptors are expressed in specific cells
and phases of lung development and promote epithelial-mesenchymal cross-talk with other
signalling pathways, initiating key steps in the developmental process; our knowledge of
these interactions provides a precious insight into the understanding of how these same
processes may be involved in regeneration of the adult human lung.

2.4 Epithelial Cell Specification/Regeneration in Adulthood

Unlike organs with high epithelial turnover, such as skin and intestine, the lung is relatively
quiescent with slow turnover at homeostasis, however, it exhibits a potential rapid repair
upon acute injuries (Rawlins and Hogan 2006; Leeman et al. 2014). Mounting evidence
showed that multiple regional specific lung epithelial progenitor cells can differentiate to
other epithelial cells to maintain homeostasis or repair in response to injuries (Rawlins

and Hogan 2006; Leeman et al. 2014). Remarkably, collective data demonstrated that

both WNT/B-catenin and p-catenin-independent WNT signalling pathways are crucial for
the functions of nearly all of these progenitor cell function, including self-renewal and
differentiation, at homeostasis and during regeneration (Raslan and Yoon 2020) (Fig. 1).

Basal cells, marked by expressions of transcription factor TRP63, cytokeratin 5 (KRT5),
and the nerve growth factor receptor (NGFR), are found in human airways proximal to the
respiratory airways, and in murine airways proximal to main bronchi (Basil et al. 2020).
They maintain airway epithelial structure by self-renewing and differentiating to goblet
cells, club cells, or ciliated cells (Fig. 1b). Previous studies demonstrated that activation

of WNT/B-catenin signalling was required for basal cell proliferation and promoted their
differentiation to ciliated cells, instead of secretory cells (goblet and club cells) (Brechbuhl
et al. 2011; Giangreco et al. 2012). In the submucosal gland, a population of basal like
progenitor cells called myoepithelial cells were identified to regenerate basal cells and
subsequently differentiate to other epithelial cell types upon activation of transcription factor
Lefl/TCF7 of WNT/B-catenin signalling pathway (Lynch et al. 2018). Therefore, WNT/p-
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catenin signalling controls the stemness and differentiation of the proximal airway epithelial
progenitor cells. The role of p-catenin-independent WNT signalling in basal cells, however,
remains unknown.

In the distal airways, club cells are dome-shaped airway epithelial progenitor cells, which
represent ~20% of the bronchiolar epithelium in humans and 50-70% in mice (Okuda et

al. 2019; Ito et al. 2000; Boers et al. 1999). Club cells can be identified by expression of

a secreted protein called CCSP (also known as CC10, secretoglobin 1A1, or uteroglobin).
They possess host defense, barrier maintenance, and progenitor functions (Zuo et al. 2018).
In homeostasis, club cells maintain airway epithelial structure by self-renewing followed by
differentiation to daughter club cells and ciliated cells (Rawlins et al. 2009). In addition,
several studies demonstrated that the club cells formed alveolar organoids expressing ATII
cell marker Surfactant Protein C (SPC) in vitro, suggesting the potential of murine club cells
to differentiate to ATII cells at homeostasis.

Furthermore, the functional heterogeneity of murine proximal and distal airway club cells
has been confirmed in several disease models (Chen et al. 2012; Kim et al. 2005; Liu

et al. 2019). Club cells in the trachea are able to differentiate to ciliated cells upon

tracheal injury (Rawlins et al. 2009). Cells at the bronchioalveolar-duct junction that express
CCSP and SPC were identified as bipotential progenitor cells (Kim et al. 2005). These
CCSPPOS/SPCPOs bronchioalveolar stem cells (BASCs) contribute to airway epithelial repair
by replenishing club cells after naphthalene treatment, and they also contribute to alveolar
repair by replacing ATII cells after bleomycin challenge (Kim et al. 2005; Liu et al. 2019).
In addition, a distinct sub-population of Uroplakin3a+ club cells are resistant to naphthalene
and regenerate both airway and alveolar epithelia after bleomycin-induced injury (Guha et
al. 2017). Hence, there is strong support for critical club cell functions in lung repair.

The role of WNT signalling in the progenitor function of club cells remains largely
unknown. With deficiency of a WNT/B-catenin co-receptor RYK, the club cells were shown
to contribute to goblet cell hyperplasia following airway injury, suggesting a potential role of
WNT/RYK signalling in the airway repair by club cells (Kim et al. 2019). However, another
study showed that deletion of B-catenin did not affect airway regeneration by club cells,
arguing whether RYK controls club cell fate through B-catenin pathway or other unrelated
signalling pathways. Importantly, using organoid culture, two studies showed that activating
WNT/B-catenin signalling with WNT-3A and the GSK3p inhibitor CHIR99021 promoted
alveolar but not bronchiolar differentiation of club cells (Lee et al. 2017; Hu et al. 2020).
Intriguingly, a study showed that overexpression of an active form of p-catenin leads to
abnormal ATII cell differentiation in the conducting airways (Mucenski et al. 2005). These
data suggest the critical role of WNT/p-catenin signalling in fate decision of club cells (Lee
etal. 2017; Hu et al. 2020). Future studies are need to dissect the potential heterogeneous
roles of WNT signalling pathways in different subsets of club cells in homeostasis and
diseases.

In the alveoli, ATII cells function as progenitor cells to proliferate and differentiate into
ATI cells in vivo, however, infrequently at steady state (Barkauskas et al. 2013; Desai et al.
2014). Importantly, most of ATII cells do not show active WNT signalling at homeostasis.
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Upon alveolar injury, several distinct ATl sub-populations were reported to be activated

to repair the damaged alveolar tissue, including the aforementioned BASC cells, a sub-
population of Axin2-positive ATII cells, and an integrin a6B4-positive SPC-negative cell
(Nabhan et al. 2018; Zacharias et al. 2018; Kim et al. 2005; Liu et al. 2019; Chapman et
al. 2011). Among these progenitor sub-populations, the Axin2-positive ATII cells require
activation of WNT/B-catenin signalling for proliferation but not for differentiation into ATI
cells (Nabhan et al. 2018). Further, a study showed that ATII progenitor cells required
WNT/B-catenin signalling for cell survival and migration post bleomycin-induced injury
(Flozak et al. 2010; Tanjore et al. 2013). For ATII-AT]I trans-differentiation, both WNT/B-
catenin and p-catenin-independent WNT signalling were demonstrated to be critical. The
B-catenin-independent WNT-5A/protein kinase C (PKC) signalling enhances p-catenin/p300
interactions to promote ATII cell differentiation (Rieger et al. 2016). Furthermore, both
WNT-5A and WNT-5B were recently shown to inhibit WNT/B-catenin signalling and
repress proliferation of ATII cells. Unlike WNT-5A, WNT-5B also inhibits ATII-ATI trans-
differentiation (Wu et al. 2019). These studies suggested that a fine-tuned temporal control
of WNT/B-catenin and p-catenin-independent WNT signalling balance is required during
alveolar progenitor proliferation and differentiation.

2.5 Mesenchymal Cell Specification/Differentiation in Adulthood

Airway and alveolar mesenchymal cells such as smooth muscle cells and fibroblasts express
high levels of particularly WNT-5A and WNT-5B, which appear to contribute to the
maintenance of mesenchymal features such as contractility and ECM production (Koopmans
et al. 2016a). These WNT proteins cooperatively interact with TGF-f in the regulation

of these functions, in part because TGF-p augments the expression of both WNT-5A

and WNT-5B in airway smooth muscle and in lung fibroblasts (Kumawat et al. 2013).

The effects of TGF-p on WNT-5A expression are mediated by TGF-B-activated kinase

1 (TAK1), which regulates recruitment of the transcription factor SP1 to the WNT-5A
promoter to induce gene expression (Kumawat et al. 2013).

WNT-5A/B and TGF-B subsequently regulate expression of mesenchymal marker proteins
such as sm-a.-actin, by cooperating at the level of actin polymerization in a RhoA/ROCK
controlled manner (Koopmans et al. 2016a). In turn, actin polymerization drives the
expression of contractile apparatus genes via myocardin-related transcription factor A
(MRTFA) (Wang et al. 2002). In addition to WNT-5A, WNT-11 has similar functions
(Kumawat et al. 2016).

Although these effects of WNT-5A/5B/11 are not mediated by classical p-catenin-dependent
pathways (Kumawat et al. 2013), this does not mean that -catenin signalling does not

play a role in mesenchymal cells. In fact, p-catenin expression is inducible in response

to TGF-p and plays a role in ECM production by TGF-p (Baarsma et al. 2011; Lam

et al. 2011). This is not mediated by FZD/AXIN2-dependent p-catenin stabilization, but
rather by GSK-3 phosphorylation-dependent activation of B-catenin, redirecting p-catenin
to SMAD and CBP dependent gene expression (Gottardi and Konigshoff 2013; Koopmans
et al. 2016b) and in that respect, distinct from “classical” WNT/B-catenin signalling. A
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similar role for p-catenin-dependent, yet WNT/FZD independent signalling was described
for PDGF-induced cell proliferation of airway smooth muscle cells (Nunes et al. 2008).

Mesenchymal cells exert important secretory functions with important roles in physiology
and disease. The proinflammatory cytokines IL-6 and IL-8 are secreted from lung fibroblasts
in a WNT-5B dependent manner through interactions with the FZD, and FZDg (van Dijk et
al. 2016), whereas smooth muscle derived WNT-5A contributes to Th2 cytokine production
and allergic inflammation (Koopmans et al. 2020). Moreover, mesenchymal cells contribute
secreted growth factors such as WNTs and FGFs, which support epithelial plasticity and
repair. Crucially, there appears to be a distinct segregation of mesenchymal cell functions
based on WNT-responsiveness and -activity. In line with what has been outlined above,
mesenchymal cells that do not express high levels of “classical” WNT/B-catenin signalling
markers are TGF-p responsive and typically enriched in smooth muscle markers such as
sm-a-actin and ECM-markers such as collagen 1 (Zepp et al. 2017). In contrast, there
appears to be a sub-population co-expressing the WNT/p-catenin marker AXIN2 at high
levels along with PDGFR-a with supportive roles in epithelial cell plasticity and repair
(Zepp et al. 2017). A distinct segregation of mesenchymal cells supportive of repair can

also be made on the basis of expression of LGR subtypes with LGR5+ cells preferentially
supporting alveolar epithelial repair and LGR6+ cells preferentially supporting airway repair
(Lee et al. 2017). In fact, singlecell sequencing of mouse lung mesenchymal cells identified
at least five sub-populations of cells each with distinct WNT and LGR expression profiles
(Lee et al. 2017). We lack a good understanding at present of the distinct features of each of
these mesenchymal lineages, their functions and dependence on WNT, which will need to be
addressed in future studies.

3 Pathology: Role of WNT Signalling

3.1 Normal Lung Ageing

Ageing is characterized by cellular changes that are summarized by nine hallmarks (L6pez-
Otin et al. 2013), many of which are influenced by the WNT pathway. Several studies
suggest that WNT/B-catenin signalling actively contributes to ageing: Mice deficient for the
negative WNT regulator klotho demonstrated increased cellular senescence in skin, intestine,
and testis accompanied by reduced stem cell numbers leading to an accelerated ageing
phenotype (Liu et al. 2007). Similarly, Brack et al. detected active WNT/B-catenin signalling
in aged myogenic progenitors and showed a critical role for WNT signalling in lineage
conversion from a myogenic to a fibrogenic lineage (Brack et al. 2007).

While WNT signalling has been investigated in the context of chronic lung disease (see
later paragraphs), detailed studies on WNT signalling during normal Auman lung ageing

are scarce. There are a couple of reports describing a change of WNT expression in the
aged lung, many of which focused on mouse tissue. The expression of WNT-3A decreased
along with increased WNT inhibitor, FRZB in ageing mouse lung (Hofmann et al. 2014).
Moreover, WNT-2 exhibited reduced expression in lung mesenchymal stromal cells isolated
from older mice (12 months old) when compared to young mice (3 months old) (Paxson

et al. 2013). In contrast to this, airway epithelial cell isolated from aged mice showed
higher expression of WNT-2 and lower expression of WNT-7A (Aros et al. 2020). Wu et al.
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describe an upregulation of the p-catenin-independent WNT-5A and WNT-5B in aged whole
mouse lungs (Wu et al. 2019). In contrast to the initial studies discussed above that linked
active p-catenin signalling to ageing, these latter studies suggest a (potentially cell-type
specific) shift from p-catenin-dependent to p-catenin-independent WNT proteins in the aged
lung. In addition to the shift of WNT proteins in lung ageing, there is also evidence showing
ageing-associated dysregulation of WNT target genes. Several WNT target genes including
Tlel, Lefl1, Nkd1 (Hofmann et al. 2014), Ccnd2 (Cyclin D2), Ccnal (Cyclin Al) (Watson
et al. 2020) were found to be reduced in the ageing mouse lung, while c-Myc (Zhang

et al. 2012a) and Wisp-1 (Chanda et al. 2021) show increased expression. Another study
exploring differential expression of WNT target genes in the ageing mouse lung (Hofmann
et al. 2014) also observed a decrease in WNT/p-catenin signalling with age on a whole

lung level. However, these studies focus on whole lung tissue, and thus cell-specific changes
might be diluted. Along these lines, Lehmann et al. described an increased population of
epithelial cells displaying high p-catenin activity in the ageing lung (Lehmann et al. 2020a).
In contrast, Paxson et al. reported declined p-catenin gene expression in mesenchymal
stromal cells from murine aged lungs (Paxson et al. 2013). Data on normal human lung
ageing is even more scarce but some reports suggest a regulation similar to the mouse
(Kovacs et al. 2014; Zhou et al. 2018). Interestingly, Baarsma et al. demonstrated enhanced
expression of B-catenin-independent WNT-5A in senescent primary human lung fibroblasts
linked to impaired endogenous lung repair in COPD (Baarsma et al. 2017). These current
data indicate a spatiotemporally controlled shift in WNT signalling during ageing, similar
to what has been described in other ageing processes, such as in hematopoietic stem cells
(Florian et al. 2013).

Ageing-related alterations in cells and cell niches trigger stem cell exhaustion, one hallmark
of lung ageing (Meiners et al. 2015), leading to impaired regenerative capacity of the

lung. As mentioned above, WNT signalling has been implicated as a contributor to cellular
senescence: WNT-5A is found in senescent lung fibroblasts (Baarsma et al. 2017), while
WNT/B-catenin is able to induce lung epithelial senescence (Lehmann et al. 2020a).
Additionally, Kovacs et al. reported WNT-5A and WNT-11 expression to be reduced in
epithelial (EpCAM1+) and increased in nonepithelial (EpCAM1-) cells during senescence,
further highlighting a potential WNT signal shift and cellular senescence (Kovacs et al.
2014).

Mitochondrial dysfunction and metabolic distress along with increased ROS production

is another hallmark of ageing implicated in lung diseases (Bueno et al. 2015; Braidy et

al. 2011). Active WNT/B-catenin signalling during ageing has been linked to increased
production of reactive oxygen species (ROS) in mesenchymal stem cells (Zhang et al. 2013;
Zhang et al. 2011). Inhibition of the WNT signalling pathway via overexpression of the
secreted frizzled-related protein 2 (SFRP2) in A549 (a human lung epithelial cell line) led to
mitochondrial dysfunction (Li et al. 2019). The cofactor nicotinamide adenine dinucleotide
(NAD+) and its reduced form NADH are key regulator of metabolism, and an age-dependent
decline in NAD+ levels and NAD+/NADH ratio was detected in the lung (Braidy et al. 2011,
Massudi et al. 2012).
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Telomere shortening, believed to drive ageing phenotypes, is associated with lung function
decline (Birch et al. 2018) and lung alveolar integrity depends on proper telomere
maintenance (Lee et al. 2009). Even though it is not clear how WNT signalling in the

lung contributes to telomere length, a regulatory loop connecting WNT signalling and
telomerase activity has been suggested in other organs (Zhang et al. 2012b; Park et al.
2009). On the one hand, transient activation of the WNT/B-catenin pathway might induce
telomerase reverse transcriptase expression and elevates telomerase activity in different cell
lines (Zhang et al. 2012b). On the other hand, telomerase, by serving as a cofactor, might
directly modulate WNT/B-catenin in mouse embryonic stem cells (Park et al. 2009).

In summary, although reports of WNT signalling activity in the ageing (human) lung are still
limited, there is an emerging concept of a cell-type specific regulation and shift in WNT
signalling probably contributing to multiple hallmarks of lung ageing. These findings further
warrant cell-type specific studies of p-catenin-dependent and independent WNT signalling
in the aged human lung and the modulation of WNT signalling as a potential therapeutic
option to target/reverse cellular ageing processes.

3.2 Asthma

Asthma is an obstructive airways disease that affects around 300 million people worldwide.
Characteristic clinical features of asthma include airway hyperresponsiveness to specific
(e.g., histamine, methacholine) and non-specific (e.g., allergens, cold air) stimuli, and
associated with airway inflammation and remodelling. Asthma is a highly heterogeneous
disease. Whereas most asthma patients experience symptoms resulting from Th2 dependent
eosinophilic inflammation associated with allergies, additional inflammatory phenotypes of
asthma exist, often resulting in severe disease. A detailed literature review on the role of
WNT signalling in asthma was published previously (Koopmans and Gosens 2018). Here,
we will focus on key findings and on findings contributed since this review was published.

Genetic association studies have often been used to predict the functional involvement of
genes or pathways of genes in the etiology of asthma. Genomewide association studies have
identified two single nucleotide polymorphisms in the WN/T11 gene region (El-Husseini et
al. 2020). Candidate gene approach studies identified additional roles for genetic variations
in the FAM13A gene in asthma (Kerkhof et al. 2014), which was originally identified

to associate with COPD (Cho et al. 2010). Additional genetic associations were found

for WNT-1-inducible-signalling pathway protein-1 (W/SP-I) and WNT inhibitory factor-1
(WIF-1) in children diagnosed with mild to moderate persistent asthma, though both of
these were identified on the basis of candidate gene approaches (Sharma et al. 2010).

The nature and pathophysiological roles of these WNT pathway genes in asthma are not
fully elucidated. WNT-11 is expressed in airway smooth muscle and regulates contractile
genes (Kumawat et al. 2016), whereas FAM13A is a protein that supports the degradation
of B-catenin (Jiang et al. 2016). WISP1 and WIF1 are both secreted proteins capable of
modulating WNT signalling directly. The exact roles of these genes could well reach beyond
direct functional effects on airway inflammation or remodelling, however, as these genetic
associations may also be explained on the basis of changes in lung development with
subsequent impact on asthma susceptibility (Sharma et al. 2010).
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Nonetheless, evidence does point to a direct role for WNT signalling in asthmatic
inflammation and remodelling. In line with what has been outlined above in the section

on mesenchymal cells, WNT-5A appears to play a role in remodelling of the airway
smooth muscle as smooth muscle-specific overexpression of WNT-5A aggravates sm-a.-
actin expression in combination with allergen exposure. Smooth muscle-specific WNT-5A
overexpression augments the expression of Th2 cytokines as well, and in fact direct
application of WNT-5A to Th2 cells obtained from asthma patients revealed regulation

of the Th2 cytokine IL-31 by this WNT protein (Koopmans et al. 2020). Moreover,
eosinophils isolated from asthma patients activate W/NT5A gene expression in airway
smooth muscle more than eosinophils obtained from healthy subjects (Januskevicius et al.
2016). In contrast, whole lung application of recombinant WNT-5A does not impact on
allergic inflammation, whereas application of recombinant WNT-1 represses Th2 dependent
inflammation in a mouse model of asthma (Beckert et al. 2018), possibly indicating

distinct roles for WNT/p-catenin-dependent (protective) and WNT/B-catenin-independent
(detrimental) signalling in the development of asthma, or for cell-specific roles of WNT
signalling in individual features of the disease. The latter possibility seems most likely as
WNT/B-catenin-dependent signalling is not protective towards all features of asthma and
induces both p-catenin stabilization and the secretion of proinflammatory cytokines such as
IL-8 and CCL8 from human mast cells.

Chronic Obstructive Pulmonary Disease (COPD) is the third leading cause of mortality
worldwide (Barnes et al. 2015; Anne et al. 2015). Although preventable and treatable,
COPD remains incurable in part because of an incomplete understanding of its cellular
mechanisms driving the disease. COPD comprises two major clinical conditions: chronic
bronchitis (CB) and emphysema. CB is characterized by chronic inflammation, airway
epithelial remodelling, and mucus obstruction. It is typically thought of as condition
affecting the central airways even though small airways with internal diameters of <2 mm
serve as the main site of airflow limitation (Hogg et al. 1968). With more recent advances
in high resolution computed tomography, small airway disease (SAD) is now recognized
as an event in early COPD, with 40-56% of terminal airways in early GOLD I and 1l

stage patients (Capron et al. 2019; Higham et al. 2019; Burgel et al. 2011). On the other
hand, emphysema is characterized by irreversible destruction of parenchymal lung tissue
and airspace enlargement associated with abnormal inflammation and subsequent protease/
antiprotease imbalance. COPD is caused by several stressors, such as tobacco smoke and air
pollution (Barnes et al. 2015; Tuder and Petrache 2012). In both CB and emphysema, the
WNT/B-catenin signalling is generally found to be down-regulated, whereas the B-catenin-
independent WNT signalling is upregulated (Qu et al. 2019). These data suggest a similar
WNT signal shift as observed in the ageing lung, which is in line with an emphysema
phenotype developing in the normal human lung upon ageing.

In CB, B-catenin was shown to be reduced in the small airway epithelial cells (Wang et
al. 2011), while several components of the p-catenin-independent WNT signalling pathway
were found to be increased in CB patients, including WNT-4, WNT-5B, and Frizzled-8
(FZDg) (Qu et al. 2019; Wang et al. 2011; Durham et al. 2013; Spanjer et al. 2016a; Heijink
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et al. 2016). In addition, a WNT inhibitor, secreted frizzled-related protein 2 (SFRP2), was
found to be increased in both healthy smokers and COPD patients (Qu et al. 2019; Wang
et al. 2011). Similarly, previous studies have demonstrated that WNT-3A and FZD,4 were
down-regulated in the alveolar epithelium in murine and human emphysema, associated
with elevated B-catenin-independent WNT protein WNT-5A expressed by lung fibroblasts
(Baarsma and Konigshoff 2017; Desai et al. 2014; Qu et al. 2019; Kneidinger et al. 2011,
Skronska-Wasek et al. 2017; Beers and Morrisey 2011; Stabler and Morrisey 2017).

Notably, ectopic activation of WNT/B-catenin signalling using GSK3p inhibitors induced
intrinsic alveolar repair in mouse models of emphysema and human precision cut lung

slices derived from COPD patients (Kneidinger et al. 2011; Uhl et al. 2015). These studies
demonstrated that tissue regeneration can be initiated in adult human emphysematous lungs
and that WNT/B-catenin signalling pathway serves as a potential therapeutic target to
initiate tissue regeneration in emphysema. However, the identity of the progenitor cells

that respond to WNT/B-catenin activation upon chronic injury to regenerate alveoli, and the
role of WNT/B-catenin signalling during their transition from quiescence to activation in
homeostasis and disease remains largely unknown. Studies using transgenic mouse models
with WNT activity reporters have identified a sub-population of ATII cells labeled by
WNT/B-catenin target gene Ax/nZthat can be activated to regenerate alveolar tissue after
acute injuries (Nabhan et al. 2018; Zacharias et al. 2018). Whether these cells can be
activated in emphysema to repair lung tissue is unknown. Furthermore, another study

has identified a distal lung epithelial progenitor population containing club cells and a

small population of ATII cells, which respond to ectopic WNT activation to form alveolar
organoids in mouse emphysema model induced by porcine pancreatic elastase, suggesting a
potential role of both club and ATII cells in WNT/p-catenin induced tissue repair in COPD
(Hu et al. 2020). In a more recent study, using a cigarette smoke induced mouse COPD
model, Conlon et al. identified lymphotoxin p-receptor (LTBR) on epithelial cells interacts
with TNF superfamily members expressed by the immune cells of a tertiary lymphoid
structure in COPD known as inducible bronchus-associated lymphoid tissue (iBALT). LTPR
signalling functions as an inhibitor of WNT/p-catenin signalling by activating non-canonical
NF-xB signalling. Strikingly, blockade of LTBR activated WNT/B-catenin signalling in the
alveolar epithelial progenitor cells and promoted tissue repair (Conlon et al. 2020). Although
these studies support the notion that activating WNT/B-catenin signalling is beneficial for
tissue regeneration in COPD, it is important to point out that WNT/p-catenin signalling was
found upregulated in idiopathic lung fibrosis and lung cancer, as discussed below. Therefore,
further studies are needed to identify disease-specific targeting WNT/B-catenin driven tissue
repair. The recent development of “WNT agonist surrogates” that allows the functional study
of WNT signalling and the delineation of FZD subtype specific effects can serve as an
important tool in our understanding of cell-type specific WNT signalling outcomes in the
lung (Janda et al. 2017).

3.4 Lung Cancer

Lung cancer is the second most commonly diagnosed cancer and the leading cause of
mortality among all cancer types, which accounts for 18% of the total cancer death
worldwide (Sung et al. 2021). The 5-year survival rate of lung cancer patients post
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diagnosis is only about 10-20% (Sung et al. 2021). Lung cancer is classified into two

major types: small cell lung cancer (SCLC, 15% of all lung cancers) and non-small cell

lung cancer (NSCLC, 85%) (Leeman et al. 2014; Herbst et al. 2008; Travis et al. 2013).
Regardless of its smaller proportion, SCLC is one of the most aggressive and lethal forms

of malignant diseases, which is characterized by aberrant neuroendocrine marker expression,
genomic instability, rapid tumor growth, and high metastatic potential (Schwendenwein

et al. 2021). Unfortunately, most SCLC patients already showed metastatic spread at the
time of diagnosis, due to lack of early detection strategy (Schwendenwein et al. 2021).

On the other hand, the most common lung cancers, NSCLCs, are further classified into
three distinct histological subtypes: adenocarcinoma (ADC; 50% of NSCLC), squamous cell
carcinoma (SCC; 40% of NSCLC), and large cell carcinoma (10% of NSCLC) (Leeman et
al. 2014; Chen et al. 2014). ADC:s are identified by glandular histology and expression of
thyroid transcription factor 1 (TTF1; also known as NKX2-1) and keratin 7 (KRT7), which
are markers found in the distal lung (Leeman et al. 2014; Travis et al. 2013; Chen et al.
2014; Imielinski et al. 2012). However, SCCs are characterized by expression of markers

of pseudostratified epithelial cells in the proximal airways, including cytokeratin 5 (CK5),
cytokeratin 6 (CK®6), transcription factors SRY-box 2 (SOX2), and p63. Lastly, large cell
carcinoma does not express either markers of ADC or SCC and remains largely unstudied
(Leeman et al. 2014; Travis et al. 2013; Chen et al. 2014; Imielinski et al. 2012).

Studies using single-cell RNA-sequencing and numerous genetically engineered mouse
models of specific lung cancer subtypes have suggested that distinct lung epithelial
progenitor cells may undergo malignant transformation in lung cancer subtypes. For
instance, neuroendoctrine cells were shown to form SCLC tumor with 7p53and Rb
knockout (Leeman et al. 2014; Song et al. 2012; Noguchi et al. 2020). Further, both BASC
and ATII cells were demonstrated to contribute to Kras-activated ADC (Leeman et al.
2014; Kim et al. 2005; Xu et al. 2012). For SCC, basal cells were proposed to be the
cellular origin (Giangreco et al. 2012; Lu et al. 2010). Genetic mutations in the progenitor
cells were believed to contribute to cancer initiation. High-throughput NGS studies have
identified multiple oncogenic mutations in NSCLC, including KRAS and epidermal growth
factor receptor (EGFR) in ADCs, discoidin domain-containing receptor 2 (DDR2), FGFRI,
FGFRZ, FGFR3and genes in the PI3K pathway for SCC (Chen et al. 2014; Cancer Genome
Atlas Research Network 2014). Many clinical inhibitors targeting these oncogenes have
been used and significantly improved the treatment of NSCLC in the past decade, however,
many patients developed resistance to these inhibitors within 9-12 months of treatments
(Chen et al. 2014).

Intriguingly, mutations in genes of WNT/B-catenin signalling are predominant in many
cancer types but rarely found in lung cancers (Skronska-Wasek et al. 2018; Stewart 2014).
However, overexpression of B-catenin, WNT proteins, and receptors, as well as inactivation
of B-catenin destruction complex components, such as APC and AXIN2, was commonly
identified in resected NSCLC samples (Stewart 2014; Garcia Campelo et al. 2011). Nguyen
et al. suggested that activation of WNT/B-catenin/TCF pathway was a determinant of
metastasis to brain and bone during lung adenocarcinoma progression (Nguyen et al. 2009).
Moreover, accumulating evidence demonstrated that abnormal activation of WNT signalling
was associated with increased resistance factors, and that inhibiting WNT signalling can
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overcome the resistance to certain drugs against NSCLC (Song et al. 2019). Single-cell
RNA-sequencing analysis revealed that samples from patients exhibiting drug resistance
under therapy showed relative low expression of WNT/p-catenin-associated pathway genes
SUSDZand CAVI (Travis et al. 2013). Altogether, these data indicate that aberrant
activation of WNT/B-catenin signalling plays a role in both, lung tumorigenesis and drug
resistance under anti-cancer therapies. However, whether inhibiting -catenin is beneficial
to lung cancer treatment remains controversial. Some studies indicated that activation of -
catenin may inhibit metastasis through regulating E-cadherin and increase cell—cell contact
(Skronska-Wasek et al. 2018; Schwendenwein et al. 2021). In addition to WNT/B-catenin
signalling, overexpression of B-catenin-independent WNT protein WNT-5A was found to
elevate cell proliferation predominantly in SCC, which is highly associated with cigarette
smoke (Skronska-Wasek et al. 2018; Janda et al. 2017; Chen et al. 2014). Importantly,
WNT-5A was shown to activate p-catenin signalling in the stromal cells and to induce
vascularization, and therefore enhance the tumor-stromal interaction (Chen et al. 2014).

In contrast, another WNT protein, WNT-7A functions as an tumor suppressor, and was
found down-regulated in NSCLC (Janda et al. 2017). Therefore, dysregulation of p-catenin-
dependent and independent WNT signalling plays a pivotal role in NSCLC. The precise
mechanisms regulating the functions of specific WNT proteins and their interactions with
other oncogenes in each subtype of NSCLC remain largely unknown and require more
studies.

3.5 IPF

Idiopathic Pulmonary Fibrosis (IPF) is a chronic, age-associated lung disease with

poor prognosis and limited therapeutic options (Lederer and Martinez 2018). To

date, lung transplantation remains as the only curative treatment and novel therapies,
targeting pathogenic pathways are urgently needed. IPF is characterized by the excessive
accumulation of extracellular matrix which leads to the destruction of functional lung tissue.
Accumulating evidence suggests a role of epithelial cell reprogramming in disease initiation
by inhibiting endogenous repair capacities of stem cells (Selman and Pardo 2020). Unbiased
screening approaches and several follow-up studies unequivocally revealed an aberrant
WNT signature in IPF and experimental lung fibrosis (Konigshoff et al. 2008; Konigshoff
and Eickelberg 2010; Konigshoff et al. 2009; Chilosi et al. 2003; Yang et al. 2007; Lam et al.
2014; Martin-Medina et al. 2018; Vukmirovic et al. 2017). In human as well as experimental
disease, an increase in active WNT/B-catenin signalling was described (Konigshoff et

al. 2008; Konigshoff and Eickelberg 2010; Konigshoff et al. 2009; Chilosi et al. 2003;

Yang et al. 2007; Lam et al. 2014) (Sucre et al. 2018), likely as an early event during
pathogenesis with changes observed already in rather normallooking parenchyma of the
human diseased lung (Rydell-Tormanen et al. 2016). Importantly, low-density lipoprotein
receptor-related protein 5 was discovered as a genetic marker of IPF and furthermore proved
to have a prognostic value (Lam et al. 2014). Recent single-cell sequencing approaches

led to the transcriptional characterization of lung cells in unprecedented detail. These
unbiased approaches further led to the identification of epithelial cells population enriched in
B-catenin-dependent WNT signalling in both experimental and human lung fibrosis (Adams
et al. 2020; Reyfman et al. 2019; Strunz et al. 2020; Xu et al. 2016). In experimental

lung fibrosis, the appearance of transitional stem cell states, such as transitional Krt8+ ATII
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(ADI) cells, has been identified, which exhibit an active p-catenin signature. Further studies
also suggest distinct WNT-expressing versus WNT-responsive epithelial cells in the IPF
lung, suggesting the control of the WNT pathway by distinct niches in the lung (Nabhan et
al. 2018).

Mechanistically, aberrant WNT/B-catenin signalling led to impaired epithelial cell function
such as increased cellular senescence, expression of fibrotic markers, induction of Krt8, and
increased proliferation (Selman and Pardo 2020; Konigshoff and Eickelberg 2010; Chilosi
et al. 2003; Lehmann et al. 2020b; Chilosi et al. 2013). Importantly, also WNT-5A is
upregulated in IPF and experimental lung fibrosis and contributes to increased proliferative
capacity of primary human lung fibroblasts (Martin-Medina et al. 2018). This represents

an important difference to other disease scenarios in the lung, such as COPD or the

ageing lung, where a shift of p-catenin-dependent and independent WNT signalling has
been observed (Baarsma et al. 2017; Kneidinger et al. 2011; Skronska-Wasek et al. 2017).
Importantly, WNT-5A was found on extracellular vesicles in the BALF of IPF patients as
well as secreted by fibrotic primary human lung fibroblasts, suggesting that extracellular
vesicles in the IPF lung function as carriers for WNT proteins thereby extending their ability
for intercellular communication (Parimon et al. 2019).

Targeting WNT/B-catenin pathway has also therapeutic potential in IPF. Inhibition of p-
catenin signalling by pharmacological agents was shown to attenuate bleomycin-induced
lung fibrosis (Henderson Jr. et al. 2010; Ulsamer et al. 2012; Wang et al. 2014). Similarly,
administration of an siRNA directed against p-catenin resulted in reduced bleomycin-
induced fibrosis load (Kim et al. 2011). In addition, the WNT/B-catenin target gene
WNT inducible signalling protein (WISP) 1 has been identified as a profibrotic protein
and inhibition of WISP1 attenuated the development of experimental lung fibrosis in vivo
(Konigshoff et al. 2009; Klee et al. 2016).

As illustrated by these in vivo studies, targeting the WNT pathway and its downstream
mediators might be a promising therapeutic approach. It will be important to develop
treatments that do not interfere with normal wound healing or regeneration, illustrated by
the worsening of lung fibrosis observed after epithelial-specific removal of p-catenin in
murine fibrosis (Tanjore et al. 2013). Additionally, ATII cells display active WNT signalling
needed for regeneration (Nabhan et al. 2018). This underlines that it is crucial to target
disease-specific WNT signalling which is characterized by the involvement of additional
cofactors and interactions with other profibrotic signalling pathways such as TGF/SMAD
(Gottardi and Konigshoff 2013; Ulsamer et al. 2012; Zhou et al. 2012).

In summary, (re-) shifting the disease- and cell-specific parts of the WNT/B-catenin pathway
thereby restoring the “right amount and the right flavor” of WNT signalling is an important
although challenging therapeutic strategy for IPF (Gottardi and Konigshoff 2013).

3.6 Pulmonary Vascular Diseases

Pulmonary vascular disease (PVD) is a medical term for a large and diverse group
of pathologies that affects the blood vessels within the lungs. PVD is characterized
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by remodelling of microvessels and abnormal angiogenesis. WNT signalling has been
implicated in several PVDs.

There are two main types of PVDs: pulmonary embolism (PE) and pulmonary hypertension
(PH). PE is a blockage of an artery in the lungs and causes lung injury due to obstructed
blood flow, decreased oxygen levels in the blood. The majority of PE initials from other
parts of the body and travels through the bloodstream to the lung. Thereby, we will only
discuss the PH here. PH is caused by high blood pressure in the pulmonary arteries. It can be
progressive, even turning to fatal disease if untreated early.

PH is characterized by vascular narrowing and increased pulmonary vascular resistance, due
to pulmonary injury and abnormal pulmonary vascular remodelling (Humbert et al. 2019).
Given the role of WNT signalling in angiogenesis (Olsen et al. 2017) and accumulating
evidence showing WNT signalling involved in PH pathologies, the development of WNT-
based therapeutics becomes amenable. The defection of WNTIless (W//s), a gene that encodes
for a transmembrane protein that mediates WNT protein secretion, impaired pulmonary
vascular differentiation and peripheral lung morphogenesis (Cornett et al. 2013), whereas
embryos and newborn mice with Wni7a knockout exhibit severe defects in mesenchymal
proliferation and vascular development in lung (Shu et al. 2002).

Pulmonary arterial hypertension (PAH), characterized by high blood pressure in the arteries
of the pulmonary artery, is a type of PVD. A study investigating genetic signatures across
multiple cell types in pulmonary arterial hypertension showed the activation of the WNT/p-
catenin pathway in both heritable PAH (HPAH) and idiopathic PAH (IPAH) (West et al.
2014), indicating the role of WNT pathway in maintaining pulmonary vascular homeostasis.
The activation of B-catenin-independent WNT/PCP pathway was demonstrated in IPAH, in
particular in the endothelial layer, with significant upregulation of WNT-11, DAAM1, DSV,
and RHO-kinase (Laumanns et al. 2009). WNT-5A, a known WNT/PCP pathway activating
protein, was further identified as a key mediator for the recruitment of pericyte and for the
establishment of epithelium—pericyte interactions to promote pulmonary angiogenesis (Yuan
et al. 2019). Furthermore, de Jesus Perez et al. demonstrated both p-catenin-dependent

and independent (WNT/RHOA/RAC1) WNT pathways are required in BMP-2—mediated
protection of pulmonary artery endothelial cells (de Jesus Perez et al. 2009). However,
inhibition of WNT/B-catenin signalling by LRP5/6 inhibitors attenuates hyperoxia-induced
PH and decreased pulmonary vascular smooth muscle cell proliferation in neonatal rats
(Alapati et al. 2013). Further study conducted by Sklepkiewicz et al. suggested that
glycogen synthase kinase 3 beta (GSK3p), a member of p-catenin destruction complex,
promoted vascular remodelling processes with proliferation of arterial smooth muscle cells
in pulmonary hypertension (Sklepkiewicz et al. 2011). In conclusion, the regulation of WNT
signalling pathway in vascular remodelling in PA pathologies varies from ligand-receptor
combination, as well as cell types.

Apart from vascular remodelling via endothelial cells and smooth muscle cells, activation
of WNT/B-catenin signalling has been implicated in the suppression of mesenchymal
progenitor cells (MPC) differentiation into functional pericytes, thereby driving a phenotype
of persistent microvascular dysfunction and abnormal angiogenesis (Gaskill et al. 2017).
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Similarly, Summers et al. suggested activation of WNT/B-catenin signalling in MPC induced
emphysema-like distal lung remodelling and exacerbated vascular injury (Summers et al.
2020).

Moreover, proinflammatory activation is another major mechanism involved in PA, which
has been linked to WNT signalling. Various perivascular inflammatory cells including
monocytes, macrophages, T lymphocytes were identified in plexi-form lesion (Tuder et

al. 1994), while several of cytokines including interleukin (IL)-1, IL-1pB, IL-6, connexin
36, fractalkine (FKN) were implicated on the lesion of PAH (Tuder et al. 1994; Itoh

et al. 2006; Simonneau et al. 2013). WNT signalling pathways were suggested in both
proinflammatory and anti-inflammatory process. In general, WNT-5A pathway is a crucial
trigger of inflammatory activation in macrophages, with upregulated expression of the
proinflammatory genes /L6, IL1B, CXCLS, and CCL4 (Pereira et al. 2009). In contrast,
WNT-3A/B-catenin signalling mediates anti-inflammatory effects (Schaale et al. 2011).
There are rare reports linking WNT pathway with inflammation in lung, in particular in

PA pathologies. It is reported that B-catenin-independent WNT-5B signalling induces IL-6
and CXCL8 secretion in human lung fibroblasts (van Dijk et al. 2016). Li et al. suggest
that WNT/B-catenin signalling acts as a negative feedback loop, attenuated cell injury from
excessive inflammatory reactions by suppressing inflammation in alveolar epithelial cells (Li
et al. 2014). However, further in-depth investigations on how WNT pathway contributes to
inflammatory-medicated PA pathologies are needed.

4 Conclusions and Perspectives

The studies summarized above support major roles for WNT signalling in lung physiology
and pathophysiology and highlight a number of emerging key concepts. Probably the

most compelling concept is the WNT signalling switch from WNT/B-catenin signalling

to B-catenin-independent signalling in ageing, in chronic lung disease and in response to
TGF-B. In light of the supportive roles of WNT/B-catenin signalling in epithelial repair

and regeneration, such studies call for approaches to inhibit WNT/B-catenin-independent
signalling or activate WNT/B-catenin-dependent signalling as regenerative pharmacological
approaches towards restoration of lung architecture in these chronic diseases. Such
approaches have been considered, mostly using GSK-3 inhibitors, which successfully
prevent and restore changes in lung remodelling in animal models of LPS-induced lung
injury (Baarsma et al. 2013b), in animal models of elastase-induced emphysema (Kneidinger
etal. 2011), and in lung slices of COPD patients (Uhl et al. 2015). Additional data indicate
that targeted agonism of FZD, (Skronska-Wasek et al. 2017) or antagonism of FZDg
(Spanjer et al. 2016a; Spanjer et al. 2016b) is beneficial in restoration of lung injury. Such
subtype selective FZD agonists and antagonists are not yet widely available but are on the
horizon in view of the recent development of surrogate WNT proteins that function as FZD-
LRP5/LRP6 heterodimers to activate WNT/p-catenin signalling in mammalian cells (Janda
et al. 2017). Furthermore, WNT agonists may be used in concert with in vitro expanded
stem cells for transplantation purposes (Fig. 2). Though not yet demonstrated for lung injury,
organoid transplantation of salivary gland epithelial cells is enhanced by WNT proteins to
functionally restore salivary gland function in response to irradiation injury (Maimets et

al. 2016) thus serving as a promising proof-of-concept study. Finally, it is likely that to
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successfully intervene in these complex diseases, it will be necessary to move away from
the approach to target a singular signalling pathway, but further take into account additional
pathways that drive distinct disease processes. These approaches remain challenging within
the translational pipeline and for potential clinical trials. Thus, integration of these concepts
of early multi-pathway targeting will be essential (Fig. 2).
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Fig. 1.
WNT signalling controls lung epithelial cell differentiation. (a) Mouse lung epithelial

structure and cell types in trachea, bronchiole, and alveolus. (b) Lung epithelial cell
differentiation processes under control of WNT signalling pathways
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Fig. 2.

The nature and therapeutic targeting of the WNT signalling imbalance in chronic lung
diseases. (a) Lung ageing and chronic lung diseases such as asthma, COPD, and

IPF are characterized by reduced WNT/p-catenin-dependent signalling and increased
WNT/B-catenin-inde-pendent signalling, which contributes to impaired epithelial repair,
myofibroblast differentiation, and inflammation. (b) Restoration of this imbalance may
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hold therapeutic promise, either by amplifying WNT/B-catenin-dependent signalling or by
reducing WNT/B-catenin-independent signalling
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