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Once thought to be a quiescent organ, we now know the lung demonstrates an incredible capacity for
regeneration in response to injuries. However, there is also a growing appreciation for impairments in
these processes such as ageing and the diseased niche. https://bit.ly/3hJgAAS
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ABSTRACT  Most chronic and acute lung diseases have no cure, leaving lung transplantation as the only
option. Recent work has improved our understanding of the endogenous regenerative capacity of the lung
and has helped identification of different progenitor cell populations, as well as exploration into inducing
endogenous regeneration through pharmaceutical or biological therapies. Additionally, alternative
approaches that aim at replacing lung progenitor cells and their progeny through cell therapy, or whole
lung tissue through bioengineering approaches, have gained increasing attention. Although impressive
progress has been made, efforts at regenerating functional lung tissue are still ineffective. Chronic and
acute lung diseases are most prevalent in the elderly and alterations in progenitor cells with ageing, along
with an increased inflammatory milieu, present major roadblocks for regeneration. Multiple cellular
mechanisms, such as cellular senescence and mitochondrial dysfunction, are aberrantly regulated in the
aged and diseased lung, which impairs regeneration. Existing as well as new human in vitro models are
being developed, improved and adapted in order to study potential mechanisms of lung regeneration in
different contexts. This review summarises recent advances in understanding endogenous as well as
exogenous regeneration and the development of in vitro models for studying regenerative mechanisms.

Introduction

The lung is continuously exposed to different environmental insults such as dust, aerosols, smoke and
pathogens, which can cause cellular damage. Despite its normally quiescent nature, the lung possesses a
potent reparative capacity, in which the resident progenitor cell populations proliferate and differentiate
into diverse cell types after injury [1, 2]. Recent findings support the existence of several stem or
progenitor cells that are spatially and temporally restricted in the lung, rather than a single progenitor cell
able to give rise to all the different pulmonary cells [1, 2]. However, the enormous cellular diversity in the
adult lung and the low cell turnover rate have hindered the identification of human lung progenitor cells
and most of the available data come from mouse models of lung injury [1, 2]. Despite the similarities in
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lung development among mammals, there are significant differences in structure, cellular composition,
molecular mechanisms and responses between mouse and human lungs [3, 4]. This highlights the need
for new human models to study lung regeneration and disease. Here, we will describe the main progenitor
populations, their niches and how alterations in these populations in ageing and disease compromise their
capacity to regenerate the lung. We will further describe models that might be helpful to understand these
processes in the human lung.

Endogenous regeneration

The human respiratory system consists of several epithelial, mesenchymal and immune cells with a defined
distribution along the respiratory tract [5]. In the proximal airways of mice and humans, basal epithelial
cells act as progenitor cells, giving rise to either secretory or ciliated cells [1, 6, 7]. Studies in mice and
humans have shown that the Notch signalling pathway is crucial for basal cell differentiation under
physiological conditions or after injury [8-10]. Other progenitor populations, such as club cells and
variant club cells, support the homeostasis and repair responses in the rodent lung [1, 5, 6].

More distally, the human epithelium is predominantly composed of club cells and fewer basal and goblet
cells [5]. Moreover, single neuroendocrine cells (NECs) are found along the airway and clustered in
neuroepithelial bodies (NEBs) at the airway branch points [11]. NECs proliferate, self-renew and replenish
club and ciliated cells after injury. Although NECs are not essential for epithelial repair, the NEB
microenvironment supports the maintenance of progenitor cell populations in the lung [11, 12].
Conversely, rodent bronchioles are lined by a simple epithelium composed mainly of ciliated and club cells
[3]. Furthermore, bronchioalveolar stem cells contribute to the replenishment of both bronchial epithelial
and alveolar cells after injury in mice [5, 13, 14]. However, the existence of these cells in human lungs, as
well as of other potential progenitor cells, remains to be elucidated.

The alveoli are covered by a thin, single layer of squamous alveolar epithelial type 1 (AT1) cells that are
the main site for gas exchange [1, 2, 6] and cuboidal alveolar epithelial type 2 (AT2) cells that have a
critical role in the synthesis of surfactant lipids and serve as progenitor cells [1, 2, 5, 6, 15]. In early
developmental stages in mice, AT1 and AT2 cells are derived from a bipotent alveolar progenitor [16, 17],
while a subset of AT2 cells with active Wnt signalling (Axin2") serve as progenitor cells during
homeostasis and upon injury in adult mice [18]. In line with this, single-cell sequencing revealed a keratin
(KRT)8" intermediate progenitor population derived from AT2 and club cells after injury in mice; KRT8
populations in human lungs showed an enrichment of Wnt signalling [19]. In the alveolar regions, niche
fibroblasts maintain the stemness and determine the fate of AT2 cells via paracrine Wnt signalling [18].
This demonstrates the importance of epithelial-mesenchymal crosstalk in regeneration of the lung.
Moreover, immune cells are believed to influence progenitor cell function; however, our understanding of
immune-progenitor cell crosstalk in the lung is in its infancy.

The response after injury varies along the pulmonary tract and depends not only on the persistent
exogenous insults but also on endogenous factors such as genetic alterations or ageing. Given the fact that
most chronic lung diseases are related to ageing [6, 20], a better understanding of the changes in
regeneration processes in the ageing lung is critical for the development of new therapeutic options.

Regeneration of the ageing lung

Ageing is a natural process composed of physiological and molecular changes leading to progressive
impairment of organ function [2, 6, 20]. In the lung, ageing diminishes pulmonary remodelling and
regeneration capacity. Age-associated hallmarks include telomere shortening, mitochondrial dysfunction,
cellular senescence and stem cell exhaustion [2, 20]. Most hallmarks are interconnected and drive each
other, thereby contributing to the inability of the lung to respond to injuries [2].

Accordingly, aged mice are more susceptible to lung injury caused by cigarette smoke or bleomycin [21-
23]. For example, aged bleomycin-treated mice showed increased transforming growth factor (TGF)-B1
secretion, excessive extracellular matrix (ECM) deposition and increased recruitment of circulating
fibrocytes [2, 21, 24]. Notably, bone marrow-derived mesenchymal stromal cells (B-MSCs) derived from
young mice have a protective role against fibrosis, whereas aged B-MSCs had a lower regenerative capacity
[21, 24, 25].

Cellular senescence is characterised by an irreversible cell cycle arrest along with a pro-inflammatory
senescence-associated secretory phenotype (SASP) [26]. Under physiological conditions, accumulating
senescent cells are readily cleared to promote tissue regeneration [27, 28]. However, upon chronic damage
or ageing, senescent cells persist in the tissue, contributing to impaired regeneration [2, 26, 29, 30].
Evasion of clearance mechanisms is potentially mediated by a change in SASP [31] or by age-related
immune system dysfunction (immunoageing) [32]. Accordingly, increased autoimmunity, reduced
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pathogen clearance, and chronic low-grade sterile inflammation (inflammageing) are characteristics of the
ageing lung [33-35]. Increased DNA damage and mitochondrial dysfunction induce senescence in
B-MSCs, which show a reduced protective ability in idiopathic pulmonary fibrosis (IPF) patients [36] and
induce senescence and collagen deposition in fibroblasts via their SASP [2]. Similarly, fibroblasts derived
from IPF patients show increased cellular senescence markers and differentiation rate towards
myofibroblasts and a lower response to TGF-B [37-39]. In line with these findings, bleomycin-treated mice
display an accumulation of senescent myofibroblasts [23], with an increased expression of the
nicotinamide adenine dinucleotide phosphate oxidase-4 (Nox4) and impaired NFE2-related factor 2 (Nrf2)
antioxidative responses in the lung. Thus, elevated levels of Nox4 and reduced levels of Nrf2 in IPF lungs
might contribute to nonresolving fibrosis.

In the alveolar region, the main progenitor cells (AT2 cells) become senescent in older mice, losing their
progenitor capacity [40]. Under physiological conditions, the Wnt signalling pathway is required for AT2
progenitor cell function and tissue homeostasis [40, 41], while aberrantly activated Wnt/B-catenin
signalling in AT2 cells has been related to IPF pathogenesis and cellular senescence [40, 42]. Moreover,
AT2 cells in older mice exhibit higher Nrf2-mediated oxidative stress responses and mammalian target of
rapamycin (mTOR) activity [43]. This suggests that aberrant activation of developmental pathways might
drive premature ageing phenotypes, thereby compromising the regenerative potential of the lung.
Age-related changes are also observed in the bronchiolar epithelium, leading to a compromised clearance
capacity in the proximal airways characterised by increased apoptosis, abnormal cilia and altered mucus
[2, 43]. Moreover, as shown for AT2 cells, a redox imbalance indicated by lower Nrf2-mediated oxidative
stress response and higher mTOR signalling has been described for club cells, a main progenitor cell in
proximal airways [43]. In conclusion, inflammageing, cellular senescence and stem cell depletion
contribute to impaired tissue regeneration in the aged lung. Further studies regarding the contribution of
rare progenitor populations in the aged human lung are needed.

Regeneration of a diseased lung

Chronic diseases

Idiopathic pulmonary fibrosis

IPF, a chronic, progressive, irreversible and usually lethal disease, is the most common interstitial lung
disease [44]. Most IPF patients are elderly (median age ~66 years) with a poor survival rate and lung
transplantation is the only curative treatment [44]. Although IPF pathogenesis is not fully understood, it
has been proposed that an abnormal wound healing process after repetitive insults to the epithelium might
compromise the regenerative potential of the lung, thereby promoting fibrotic changes [20, 45].

Age-related cellular changes in IPF patients, such as telomere shortening and increased oxidative stress
and senescence, suggest a strong connection between premature ageing mechanisms and pulmonary
fibrosis [30, 44]. AT2 cells show reduced progenitor potential in aged lungs challenged with influenza [46]
and have been described as the main target of apoptosis and premature senescence in IPF [30, 45, 47].
Additionally, the accumulation of abnormal surfactant proteins inside AT2 cells (or persistent viral
infections) activates the unfolded protein response, thereby promoting apoptosis of AT2 cells and
subsequent fibrogenesis in mice [48]. Moreover, the main regulator of the endoplasmic reticulum (ER)
response in AT2 cells, the chaperone GRP78, is downregulated with ageing, rendering the alveolar
epithelium more prone to ER-dependent apoptosis [49]. Additionally, re-epithelialisation of the lung is
compromised by reprogramming of AT2 cells along with the acquisition of mesenchymal markers partially
induced by ER-dependent TGF-B activation [50]. Furthermore, senescent AT2 cells induce a
fibroblast-to-myofibroblast transition (FMT) in surrounding fibroblasts via TGF-B1 [51], Nanog [52],
mTOR [53] and Wnt [40, 42] pathways, processes that have been related to exaggerated ECM deposition
in IPF lungs [54, 55].

Bronchial epithelial cells can re-epithelialise the alveolar regions after exaggerated loss of alveolar
epithelium [56]. Surprisingly, increased senescence markers and Sirtuin 6 expression have been described
in the aberrantly activated bronchial epithelial cells lining the cystic lesions of IPF patients [56]. These
cells are susceptible to TGF-B-induced senescence and their high interleukin (IL)-1B secretion was
sufficient to induce FMT in vitro [56]. Moreover, several recent studies have utilised single-cell RNA
sequencing to explore the diversity of cell types and aberrant transcriptional programmes in IPE. Despite
the fact that cells were sequenced from small biopsies of individual patients, these studies all identified the
emergence of novel epithelial populations in the lungs of patients with IPF [57-59]. One such novel
population recently identified in two independent studies is a KRT5 /KRT17" population that
co-expresses other basal cell, mesenchymal and senescence markers [58, 59]. This cell population also
expressed elevated levels of profibrotic and ECM genes and is localised on the epithelium overlying fibrotic
foci in IPF lungs (termed aberrant basaloid cells in one study) [58]. While aberrant basaloid cells were not
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initially classified as an independent cell type in the first single-cell RNA sequencing cohort [57], these
cells were observed in a subsequent work by reanalysing the data [58], further reinforcing their existence
with relative abundance in IPF patients. This cell population presumably acts as a secondary progenitor
after AT1 and AT2 depletion, as observed for rodent bronchioalveolar stem cells.

In conclusion, senescence and SASP signals seem to modulate the epithelial-mesenchymal crosstalk in an
unsuccessful attempt at repair in the lung, highlighting their important role in the pathobiology of IPF.
Consistently, depletion of senescent cells using senolytic drugs or genetic models has a beneficial effect
against fibrosis and other age-related diseases in mice [29, 30, 51, 60]. However, some ( pre-)senescent cells
seem to be essential for homeostasis and repair in the mouse [61, 62], highlighting the importance of
understanding how cell-type-specific senescence modulates IPF.

Chronic obstructive pulmonary disease

COPD is a heterogeneous disease affecting both the upper and lower airways and has a poor prognosis
[63, 64]. Similarly to IPF, lung transplantation is the only therapeutic option for end-stage patients. The
main pathogenic features are airway inflammation and remodelling, increased mucus production,
peri-bronchial fibrosis and loss of alveolar architecture, leading to impaired lung function [64]. The
impaired regenerative capacity of the lung observed in COPD patients is linked to a mixture of genetic and
external factors, such as indoor and outdoor pollution, cigarette smoking, respiratory infections and
occupational exposures [64]. Moreover, given the increasing incidence of COPD with age, and the
acceleration of ageing-related processes by smoking, ageing plays a role in COPD pathogenesis [65].
Accordingly, emphysematous changes have been described in multiple accelerated ageing models [65-71],
which also show a higher susceptibility to development of emphysema after acute cigarette smoke exposure
[68, 70]. However, it is important to highlight that these accelerated ageing models do not fully
recapitulate the accumulation of injuries seen during the natural ageing process [64, 72].

COPD patients have significantly shorter telomeres in the lung and in the peripheral circulation compared
to age-matched healthy donors [47, 73]. Moreover, autophagy and proteostasis are impaired in COPD
patients, thereby promoting cellular senescence in alveolar epithelial cells [64, 65]. Increases in senescence
markers have also been observed in mesenchymal populations such as endothelial cells and fibroblasts,
suggesting that the altered parenchymal remodelling observed in COPD might be related to a
senescence-associated mesenchymal dysfunction [74, 75]. Moreover, primary small airway epithelial cells
derived from COPD patients show increased oxidative stress and telomere damage-induced senescence,
along with highly activated pro-inflammatory NF-kB signalling upon cigarette smoke exposure [64, 76—
78]. Furthermore, impaired immune responses characterised by reduced clearance capacity and higher
susceptibility to infections are related to the accumulation of senescent T-lymphocytes and macrophages in
COPD lungs [64]. Although studies depleting senescent cells using genetic models have generated
conflicting results [79-81], the pharmacological depletion of senescent cells using the senolytic drug
ABT-263 conferred resistance to elastase-induced emphysema in both young and aged mice [79].

Contrary to IPF, signalling pathways such as canonical Wnt/p-catenin and Notch are downregulated in the
epithelium in COPD [82]. Alterations in these pathways might reduce proliferation and differentiation
potential of epithelial progenitors in the lung [63, 82, 83]. Notably, an increase in non-canonical WNT5A/
5B signalling in fibroblasts has been observed in aged and COPD lungs, and inhibition of WNT5A/5B
reduces lung tissue destruction and improves progenitor potential of AT2 cells in mouse models [63]. The
role of TGF-B in COPD seems to be cell type specific, with TGF-B expression being activated in the airway
epithelium of smokers, which might explain the fibrotic airway remodelling in these areas and the loss of
alveolar structures in the distal lung [84, 85]. Conversely, alveolar macrophages release lower levels of
TGF-B1 in COPD, suggesting an impaired anti-inflammatory response in the lung [86]. Moreover,
proliferation and elastin production in response to TGF-B1 is impaired in COPD fibroblasts, indicating a
lower repair capacity in COPD (85, 87].

Acute disease

Acute respiratory distress syndrome (ARDS) is the main acute condition to be considered in the context of
lung regeneration. ARDS is a major health concern worldwide [88], exemplified by the current
coronavirus disease 2019 (COVID-19) pandemic. The incidence of ARDS has been estimated at 10-86
cases per 100000; however, it is speculated that the condition is underrecognised [89]. ARDS is a critical
condition associated with a high fatality rate [90], with only moderate improvements during the last
decades and increased mortality in elderly patients [91]. The initial lung injury leading to ARDS may be
caused by numerous factors, such as infection, gastric aspiration, hyperoxia, mechanical stress
(e.g. ventilator-induced) or adverse drug/chemical reactions; however, infection is by far the most common
underlying factor for development of ARDS [92]. In addition, some patients undergoing lung
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transplantation experience acute lung injury within the first 72 h (primary graft dysfunction). While a
distinct clinical entity, primary graft dysfunction shares many clinical features and is radiographically
similar to ARDS [93]. Histologically, patients with ARDS typically display diffuse alveolar damage (DAD)
[94]. On a tissue level, ARDS is characterised by an exudative phase with rapid recruitment of leukocytes,
acute inflammation, pneumocyte/endothelial cell death, hyaline membrane formation and oedema,
followed by an organising/proliferative phase with AT2 hyperplasia and loose organising fibrosis [89].

Around 70% of the COVID-19-related deaths have been due to severe ARDS [95]. Some reports have
additionally reported DAD or DAD-like histological patterns in COVID-19 patients [96-99]. While most
patients surviving the acute phase of ARDS transition to a resolving phase, returning the lung parenchyma
to a (near) normal state, some patients transition into a fibrosing phase [100, 101]. The fact that the lung
tissue is restored in most patients after the massive ARDS-associated damage highlights the regenerative
potential of the lung. There are several mechanisms that are critical in ARDS-associated lung regeneration,
including oedema re-absorption (i.e. re-establishment of effective ion transport by the alveolar epithelium
and re-formation of tight junctions), resolution of inflammation (e.g. regulation of crosstalk between the
innate and adaptive immune systems), cell proliferation/differentiation to re-populate the damaged
epithelium and/or endothelium (e.g. proliferation and differentiation of AT2 cells), and remodelling of the
ECM [102-104]. However, the endogenous repair of the lung on a molecular level after ARDS and why
some patients develop chronic fibrosis is still incompletely understood.

Exogenous regeneration

Bioengineering

The only available treatment for end-stage lung disease remains lung transplantation. There are not enough
donor lungs to meet current or anticipated future needs. Approximately 5000 lung transplants are performed
annually worldwide, including 1000 in Europe, with equal numbers of patients on waiting lists [105].
Transplantation recipients require lifelong immunosuppression and 5-year survival after lung transplantation
remains only ~50%. New options to increase the number of donor lungs are desperately needed.

A promising area of research is the (re)generation of pulmonary tissue using ex vivo bioengineering
methods. In these approaches, cells are combined with a scaffold outside of the body, with the goal of
forming new tissue for transplantation [106]. Scaffolds can be derived from either biological or artificial
materials (or a combination thereof in hybrid approaches) and could be seeded with an appropriate cell
source to regenerate functional lung tissue for subsequent transplantation. While these techniques are still
not fully developed, one of their purported benefits is that scaffolds could be re-cellularised with
autologous cells derived from the eventual transplant recipient, thus minimising the immunological
complications typically accompanying lung transplantation. Similar approaches have already been used
clinically for structurally simpler tissues such as skin and cardiac valves [107].

Early work has focused on proof-of-concept studies in rodents, including transplantation of bioengineered
grafts. Major advances have also been made with regard to deriving biological scaffolds from human and
porcine lungs, while research using synthetic or engineered materials remains at an earlier stage [106].
Protocols to consistently de-cellularise lungs from a variety of species (including rodent, porcine and
human) have been developed, while the development of synthetic and engineered scaffolds is still relatively
in its infancy [106]. Acellular lung scaffolds support the viability of diverse primary stem and progenitor
cells over several weeks. Importantly, bioreactors that support human- and porcine-sized scaffolds have
been developed and used for studying the potential for re-endothelialisation and re-epithelialisation [108,
109]. One of the major challenges of these studies is growing a sufficient number of cells to cover the
endothelial or epithelial surfaces of acellular human or porcine lungs. Several different approaches have
been described recently for growing large amounts of induced pluripotent stem cells for deriving
endothelium [109] as well as primary basal epithelial progenitor cells from the proximal [110] and distal
lung [108], which retain the potential for differentiation into multiple cell types found in the lung
epithelium. Furthermore, porcine scaffolds re-cellularised with human cells have been transplanted into
porcine recipients (left lung only) [111, 112] and animals survived for up to 1 month [111], demonstrating
the potential of this approach. However, transplanted grafts were not fully functional and there was
evidence of aberrant remodelling over time [111]. While these are important advances, we are still far
away from generating tissue for clinical translation. As the lung is composed of over 40 cell types, further
advances are needed to generate tissue that contains the diversity of cell types seen in normal lung tissue
and that can function over time.

Cell therapy
Cell therapy approaches seek either to replace damaged tissue through delivery and engraftment of
administered cells or to stimulate endogenous repair and regeneration via immunomodulation. A variety
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of cell types and cell-derived products are currently being explored, with many showing a remarkable
capacity to contribute to lung repair in pre-clinical small and large animal models [113-117]. Owing to
their success in pre-clinical models, several different cell types have been explored in clinical trials for lung
diseases. B-MSCs have been the most widely explored in clinical trials for ARDS and COPD and their
potential for immunomodulation, but there have been no reports of clear efficacy in human trials [118].
One area of intense discussion is the suitability of the pre-clinical animal models and the timing of MSC
administration [119]. To date, most animal studies have been performed in young animals, which are
known to have a high capacity for regeneration. Clinically, the overwhelming majority of patients with
acute and chronic lung disease are older and the baseline capacity for repair is known to be different. In
addition, there are open questions with regard to how best to scale cell-dosing strategies for human trials
and the effect of manufacturing, including cell freezing and thawing [120].

In addition to MSCs, endogenous progenitor cells and induced pluripotent derived endogenous progenitor
cells (e.g. epithelial, endothelial and alveolar macrophage) are being explored for replacing damaged
resident lung cells [118, 119, 121]. These cell types have been explored to a more limited extent in
pre-clinical models than MSCs, but some have shown promise in different acute and chronic lung disease
animal models. AT2 cells have been explored in a small cohort of patients with IPF [122], and basal
epithelial progenitor cells in bronchiectasis [123]. While no adverse side-effects were reported in either of
these clinical studies, cells were administered to a small number of patients and the studies therefore
provide limited insight into the potential for efficacy. More mechanistic studies in relevant pre-clinical
models showing efficacy, including in humanised models, are critical for moving cell therapy safely into
the clinic.

Models of lung disease and regeneration

A variety of in vitro models have emerged in recent years to better understand the biology associated with
lung regeneration as well as to evaluate potential therapies. Major biological and physiological differences
exist in the lungs between species. Thus, development of humanised models is critical. While isolated
primary human cells can be used to study lung disease and regeneration in vitro, these studies do not
mimic the complexity and communication between cell types found in vivo. Several different
three-dimensional models have emerged in the last few years and each have different strengths and
weaknesses that are important to consider when using them to study lung regeneration. Here we will focus
on organoids, acellular lung scaffolds and precision-cut lung slices (PCLS), as these have been most
extensively used to study lung disease and regeneration. However, other models such as air-liquid
interface cultures, lung-on-a-chip and engineered systems on the macro scale, which use human tissue or
cells, have also shown promise and have been reviewed elsewhere [124, 125].

Organoids

Organoids have been widely used to characterise stem cell function and regenerative potential of different
progenitor cells in human and rodent lungs. Typically, primary cells are isolated by cell sorting using
specific cell markers and seeded in the presence or absence of mesenchymal cells on an anti-adherent
substrate such as Matrigel [126]. Recently, human induced pluripotent stem cell-derived organoids were
developed, allowing the modelling of several diseases including cystic fibrosis [127], cancer or pulmonary
fibrosis [128]. Depending on the application, different epithelial progenitor cells can be used for organoid
formation. Rodent basal cells can self-renew and give rise to differentiated ciliated cells by cultivation
without stromal cells to obtain bronchospheres [129]. Moreover, human airway organoids can be derived
by isolating primary airway basal cells and obtaining human bronchospheres composed of ciliated, goblet
and basal cells [110, 130] or a mixture of human adult primary bronchial epithelial cells, lung fibroblasts
and lung endothelial cells [131]. These culturing methods show a high efficiency in obtaining and
expanding the organoids, allowing high-throughput screening for regenerative applications [110, 130].
Furthermore, the progenitor capacity and their response to injury of mouse cell populations in the
proximal airways, such as club cells, was determined using organoid assays [132]. Additionally, organoid
platforms have been used to study rare bipotent bronchial alveolar progenitors, highlighting the
importance of the epithelial-mesenchymal or epithelial-endothelial crosstalk in progenitor activation and
tissue repair after injury [133, 134].

AT2 cells isolated using either genetic lineage tracing [126] or antibody labelling of surface markers for
mice [132, 133, 135] or humans generally require the presence of mesenchymal cells to form organoids
[132, 133, 135]. Additionally, the fact that AT2 cells cannot currently be expanded without losing their
progenitor phenotype limits their application in high-throughput studies [126]. However, murine alveolar
organoids have been very useful to study age-related changes [40, 63, 136] and how they impair progenitor
cell potential and epithelial-mesenchymal crosstalk [137]. Recently, organoid assays led to the discovery of
a murine epithelial progenitor population that requires low Wnt/B-catenin signalling, which is impaired in

https://doi.org/10.1183/16000617.0222-2020 6



LUNG REGENERATION | M.C. MELO-NARVAEZ ET AL.

emphysema [41]. Likewise, transient inhibition of the retinoic acid pathway followed by histone
deacetylase inhibition was identified as a potential therapeutic option for regenerative treatments [138].
Alveolar organoids derived from human pluripotent cells have also been used as a model for pulmonary
fibrosis, identifying the role of the pro-inflammatory cytokine IL-11 [128]. In general, organoid assays
allow the discovery of progenitor populations and the study of regenerative mechanisms. However, the
isolated populations are typically heterogeneous, making it challenging to attribute organoid formation
capacity to a specific subpopulation, especially under conditions of disease that might change cell
composition or cell fates. Moreover, even with advances in organoids, they fail to recapitulate the
complexity of the distal lung, as immune cells and endothelial cell interactions mostly remain absent.

Acellular lung scaffolds and cell-derived ECM

The role of the ECM and local stem cell niche in regulating repair and regeneration under homeostatic
and diseased conditions has recently received increased attention. Historically, this has been challenging to
study due to a lack of experimental techniques to study interactions between cells and the ECM in
disease-relevant contexts. Acellular scaffolds have recently emerged as a valuable model and can be derived
by de-cellularising normal and diseased lungs across species, including human lungs [139], or alternatively
derived from de-cellularisation of monocultures [140]. In contrast to scaffolds that include only one or two
ECM components or ECM-mimicking binding sites, acellular scaffolds derived at the tissue or cell level
retain diverse ECM components and associated growth factors that represent the complexity of the in vivo
environment [46, 141, 142]. Scaffolds can be re-cellularised with one or more cell types derived from
normal or diseased lung tissue and studied for up to 1 month. Thus far, a variety of different cell types
have been seeded onto acellular scaffolds, including distal and proximal epithelial cells, macrophages,
fibroblasts, MSCs derived from different tissues and induced pluripotent stem cell-derived endothelial and
epithelial cells [139].

While some studies have included multiple cell types in re-cellularised acellular scaffolds, the majority of
studies have only included one or two cell types and it remains challenging to direct re-cellularised
populations to the exact location where they are found in the lung (eg. interstitial fibroblasts).
Incorporation of more cell populations in these models, as well as directing them to their native locations
to reconstruct the appropriate cell-niche interactions, are important challenges to overcome in order to
mimic more closely the native tissue environment. Nonetheless, these studies have outlined the critical role
that the environment and niche play in directing repair and regenerative processes in several chronic lung
diseases, including IPF, COPD and pulmonary hypertension, as well as ageing [143]. The majority of these
studies indicate that changes in the microenvironment are major drivers of disease and may play a role in
inhibiting normal regeneration. Normal cells seeded into diseased environments change their phenotype
and lose function, mimicking changes seen in diseased patients [140-142, 144]. Conversely, cells isolated
from diseased patients and seeded into environments mimicking normal lung lose some disease-like
phenotypes [144]. These studies and others point to a previously underrecognised degree of cellular
plasticity in patients with chronic lung disease, whereby diseased cells can reacquire a more normal state if
placed in the right environment. To date, the majority of drugs explored for repair or regeneration have
focused on modulating cell behaviour. Targeting the environment may be a more promising approach and
the use of de-cell and re-cell systems could play an important role for drug discovery as they are readily
amenable to high-throughput studies [141] and can be performed using human tissue that mimics patient
disease, including patient heterogeneity.

Precision-cut lung slices

PCLS derived from several species have recently attracted increased attention as models of disease [145],
due to the fact that they conserve the architecture and cellular diversity of the lung and remain viable
ex vivo for several days [145]. One major disadvantage of PCLS is the absence of recruited immune cells.
However, some immune cells, such as alveolar macrophages, dendritic cells or mast cells, are still present
and their interaction with the residing cells could be studied in mouse and human PCLS [145, 146]. This
suggests that this model could be adapted to study certain immune-structural cell crosstalk upon viral,
bacterial or fungal infections in the future. Notably, post-natal alveologenesis can be monitored and
manipulated ex vivo using PCLS derived from mice [147], highlighting the potential of this ex vivo model
to study regenerative processes in real time [148]. Moreover, fibrotic changes in the lung can be studied on
PCLS derived from mice and rats previously treated with bleomycin, or PCLS generated from IPF patients,
which both maintain fibrotic changes in ECM components as well as soluble mediators, as observed
in vivo [149, 150]. These PCLS models have helped in the identification and characterisation of potential
novel therapeutic compounds, such as a mTOR/phosphoinositide 3-kinase (PI3K) inhibitor, or in
identifying previously unknown effects of known drugs such as nintedanib or pirfenidone (e.g. on the
alveolar epithelium) [149, 150]. Notably, specific depletion of senescent cells using senolytic drugs reduced
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FIGURE 1 Therapeutic strategies to repair the diseased lung. Functional progenitor cells and instructive niche
promote repair and regeneration in the healthy lung (green). Conversely, progenitor cell dysfunction and
inhibitory factors in the niche impair proper lung regeneration and promote disease in the aged/diseased lung
(red). Novel therapeutic strategies based on tissue regeneration and/or replacement aim to cure acute and
chronic lung diseases by recovering progenitor cell function and/or reprogramming the niche environment.
Tissue regeneration could be stimulated with cell therapy, extracellular vesicles or through pharmaceutical
approaches targeting the niche or progenitor cells. Alternatively, diseased or damaged cells could be
replaced via cell therapy or through bioengineering new tissue or niches. Reproduced and modified from
Servier Medical Art with permission.

SASP factor secretion and ECM markers in fibrotic mouse PCLS [30]. A potential role of canonical Wnt/
B-catenin and WNT5A/5B in fibrosis and COPD, respectively, was also investigated using PCLS [40, 83].

The induction of fibrotic-like changes ex vivo has recently been achieved with a “fibrotic cocktail”
composed of several cytokines and growth factors present in the IPF disease milieu that was used to treat
PCLS derived from tissue without interstitial lung disease, resulting in increased expression of fibrotic
markers of the mesenchyme, losses in phenotypic markers of epithelial progenitor cells, and deposition of
ECM proteins (e.g. collagen) [151]. Similar to IPF, PCLS isolated from COPD patients maintain their
phenotype in culture and pharmacological activation of Wnt/B-catenin signalling induces repair [152].
Altogether, PCLS are emerging as a tool to bridge the gap between target identification and translation,
allowing for future precision medicine approaches.

Challenges and future directions

Promising approaches, both in the field of bioengineering and exogenous lung regeneration as well as in
the activation of endogenous regenerative potential, have been put forward in recent years. The ongoing
COVID-19 pandemic highlights the need for a better understanding of lung regeneration in the face of
overwhelming acute viral injury. Specific challenges in these approaches are not only the impaired
progenitor cell function but the destructive niche and ECM in aged and diseased lung (figure 1).
Reprogramming of the niche by removing prematurely aged cells or reverting the immunoageing
phenotype in the aged or diseased lung, employing either cell therapy or pharmacological compounds, will
be essential for allowing efficient regeneration and might be efficient in combination with other cell
therapy and bioengineering approaches. In order to achieve this goal, (human) models recapitulating the
complexity of cell-cell interactions, ECM and the instructive niche are promising tools for furthering our
understanding of activating lung regeneration and developing strategies to therapeutically activate and
support these processes to target chronic and acute lung diseases.
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