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Abstract

Organoids are derived from stem cells or organ-specific progenitors. They display structures and functions
consistent with organs in vivo. Multiple types of organoids, including lung organoids, can be generated. Organoids
are applied widely in development, disease modelling, regenerative medicine, and other multiple aspects. Various
human pulmonary diseases caused by several factors can be induced and lead to different degrees of lung
epithelial injury. Epithelial repair involves the participation of multiple cells and signalling pathways. Lung organoids
provide an excellent platform to model injury to and repair of lungs. Here, we review the recent methods of
cultivating lung organoids, applications of lung organoids in epithelial repair after injury, and understanding the
mechanisms of epithelial repair investigated using lung organoids. By using lung organoids, we can discover the
regulatory mechanisms related to the repair of lung epithelia. This strategy could provide new insights for more
effective management of lung diseases and the development of new drugs.
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Introduction
Lung injury can be induced by various human pulmon-
ary diseases, and it can damage the crucial physiological
functions of the lung. For example, viruses such as the
influenza virus and certain coronaviruses (including the
recently emerged severe acute respiratory syndrome cor-
onavirus (SARS-CoV)-2) induce strong inflammation,
massive damage, and cell death to the lung epithelium
[1, 2]. Post infection, the impaired epithelium may not
be able resist infection by other pathogens, which may
lead to worse damage and prolong the disease. Lifestyle
habits such as smoking reduce epithelial integrity and
cause dramatic epithelial remodelling that are relevant
to chronic obstructive pulmonary disease (COPD) and

lung cancer [3, 4]. Despite scientific advancement in
terms of the diagnosis and treatment, the 5-year survival
of lung cancer patients is ~ 15% [5].
Asthma leads to changes in the structure and function

of the airway epithelium that affects human health on a
large scale [6]. Idiopathic pulmonary fibrosis (IPF) is a
serious disease characterised by abnormal lung epithelial
cells and aggravated by a deficiency in repair of alveoli
[7]. The prognosis of most patients with IPF is very
poor, with a median survival of 3–5 years after the diag-
nosis [8].
These pulmonary diseases related to different areas of

lung epithelial injury impair lung function, affect the
quality of life of patients, and endanger human health.
Investigating the response to lung epithelial injury can
increase our insight into pulmonary diseases and aid
their treatment. Lung organoids are useful tools for
these investigations.
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The “lung organoids” are one of many kinds of orga-
noids. Like other organoids, the lung organoids can de-
rive from stem cells or organ-specific progenitors
through a self-organisation process [9–13]. The cultured
process of lung organoids in vitro is strikingly different
compared with that of a traditional cell culture. The
lung organoids can simulate the developmental process
of the lung, as well as recapitulate the three-dimensional
(3D) organisational structure (such as alveolars, airways,
and lung buds) and function of the lung in vitro [11–
13]. They are used widely to study pulmonary diseases.
In this review, we focus on the recent methods of deriv-
ing lung organoids, the applications of lung organoids in
epithelial repair after injury, and understanding the
mechanisms of epithelial repair that are investigated by
lung organoids. We can discover the regulatory mecha-
nisms related to the repair of lung epithelia, which could
provide new insights for more effective management of
lung injury and drug development.

Lung organoids
History of lung organoids
The history of lung organoids can be traced back to
1987. Jennings and colleagues cultured alveolar epithelial
type 2 (AT2) cells in vitro, the daughter cells of which
showed the morphological characteristics of the original
cells [14]. In 1991, lung cancer cells were cultured in a
simple system with a gas–medium interface, then reor-
ganised and differentiated into organoid structures simi-
lar to the original tissues with regard to typical
histological characteristics [15]. By 2009, mouse basal
cells and human basal cells had been cultured in a clonal
sphere-forming assay without stroma in vitro. They
could self-renew and generate “tracheospheres” with the
lumen, which included differentiated ciliated cells. Basal
cells were identified as the stem cells of mice and
humans, with two cell-surface markers: integrin alpha 6
and nerve growth factor receptor [16]. In 2013, Barkaus-
kas and colleagues purified and seeded AT2 cells into a
3D co-culture system with primary platelet-derived
growth factor receptor alpha+ (PDGFRα+) lung fibro-
blasts and readily derived self-renewing “alveolospheres”,
which contained AT2 cells and alveolar epithelial type 1
(AT1) cells expressing a new surface marker: homeobox
only protein X (HOPX). Simultaneously, they indicated
that AT2 cells are stem cells in the adult lung [17]. In
2014, Jacob and coworkers identified and differentiated
human alveolar epithelial progenitor cells (AEPs) with
the surface marker carboxypeptidase M into alveolar epi-
thelial spheroids, which showed lamellar body-like struc-
tures inside and expressed surfactant protein C (SFTPC)
on the surface [18]. That method had never been re-
ported previously. In 2015, human lung organoids aris-
ing from human pluripotent stem cells (hPSCs) were

reported for the first time. Their structural features re-
sembled those of the native lung and comprised cell
types with proximal airway epithelium, distal alveolar
epithelium, and mesenchymal lineages [19]. Since then,
the technology of lung organoids has developed rapidly.
To date, human proximal airway and distal alveolar
organoids can be derived successfully [11, 12]. The im-
portant events in the history of the lung organoids are
summarised chronologically in Fig. 1.

Approaches of deriving lung organoids
Deriving lung organoids is an alterable and controllable
process related to the starting cell types and culture mi-
croenvironments including culture media and culture
systems. Organoids are clonal outgrowths of cells that
are formed by the proliferation and differentiation of the
original cells in vitro. They have similar biological char-
acteristics and behaviours to their parent cells. There-
fore, the primary factor in the production of lung
organoids is the starting cell types, which can determine
the final application of the lung organoids. Usually, the
starting cells are pulmonary pluripotent stem/progenitor
cells, adult stem cells, and embryonic stem cells. These
starting cells can be identified and isolated through re-
porter lines and fluorescence-activated cell sorting and
then plated on a culture system in vitro.
The other elements in the production of lung orga-

noids are the culture microenvironments. Use of Matri-
gel in the cultivation environment is a major difference
between organoid cultures and other cell cultures.
Matrigel is an extract of a natural basement membrane
that was first purified from Engelbreth–Holm–Swarm
mouse sarcoma cells and used in early cultures of lung
organoids [14, 20]. After decades of development, Matri-
gel is the most widely used product for generation of 3D
lung organoids [11, 17, 19]. Matrigel contains a complex
extracellular matrix (ECM) to provide cells with a sup-
port framework (just like in an organ) in vivo and pro-
motes the growth and differentiation of cells.
Different research strategies have elicited different cul-

tivation microenvironments for production of lung orga-
noids. Barkauskas and colleagues established a 3D co-
culture system with primary PDGFRα+ lung fibroblasts
to produce more and rounder alveolospheres rapidly due
to the trophic effect of fibroblasts [17]. Jacob and col-
leagues derived monolayered alveolospheres in 3D cul-
tures without the support of mesenchyme [12]. The
absence of stromal cells did not attenuate the compe-
tence of the iPSC-derived AT2 cells to proliferate and
differentiate [12]. That culture system without support-
ing cells could reduce endogenous interference with the
starting cells. de Carvalho and coworkers replaced
Matrigel with collagen type 1 gels in the presence of
other fibroblast growth factors (FGFs) and found the
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derived lung organoids expressed more markers of ma-
ture cells than those produced using Matrigel [21]. That
finding provided additional options for the culture
medium. To drive the stem cell to self-organise in vitro,
signals which can act as development pathways in vivo
are required that should be added to the 3D culture sys-
tem, such as FGF7, FGF10, and bone morphogenetic
protein (BMP)4 [13, 16, 17, 19].
Another culture system—the air–liquid interface (ALI)

culture—can also support the proliferation and differen-
tiation of airway stem cells. It is considered to be closely
related to respiratory physiology, which preferentially

recapitulates the pseudostratified mucociliary epithelial
structure of airways [22], but restricts the spatial struc-
ture of trachea. To obtain lung organoids of realistic
structure and function, these two systems—Matrigel and
ALI—are combined as a “3D-ALI” system. It has been
demonstrated that the function of multi-ciliated airway
cells (MCACs) in lung organoids derived from hPSCs
via the 3D-ALI system is superior to that of MCACs in a
3D culture [23]. If airway organoids must be generated,
the 3D-ALI system can be given priority.
Hence, isolating and seeding starting cells into an ap-

propriate culture system with the requisite signals,

Fig. 1 History of lung organoids. The important events in the history of the lung organoids are showed chronologically [11, 12, 14–19]
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inducing them to undergo sequential developmental
steps from the definitive endoderm to anterior foregut
endoderm [24–26] and, finally, lung organoids, is the
basic process of deriving lung organoids in vitro.
McCauley and colleagues derived proximal airway orga-
noids with the cell-surface markers NK2 homeobox 1+

(NKX2–1+) and tumour protein 63+ from hPSC-
derived NKX2–1+ lung progenitors (Fig. 2). In
addition, they used this strategy to establish airway
organoids from cystic fibrosis patient-specific iPSCs.
Those patient-specific airway organoids with a defect
in forskolin-induced swelling could be adjusted by
gene editing [11]. Moreover, Jacob and coworkers
gave rise to functional alveolar organoids in a similar
way by changing the starting cells and growth signals,
and employed them to model alveolar disease [12]
(Fig. 2). Furthermore, lung bud organoids (LBOs)
containing the mesoderm and lung endoderm were
generated from hPSCs. These LBOs could develop
into branching airway and early alveolar structures in
Matrigel and in vivo and recapitulated infection with
the respiratory syncytial virus and fibrotic lung dis-
ease in vitro [13] (Fig. 2). These types of lung orga-
noids had a near-physiological structure, retained the
functions of the original tissue, and provided a
powerful platform to model pulmonary diseases.

Lung injury
Epithelial repair after lung injury
The lung is composed of two main compartments:
the airways (which include the proximal conducting
airways and respiratory bronchioles) and distal alveoli.
The lung undertakes the conduction and exchange of
gas and communicates with the external environment
continuously. The normal function of the lung is
dependent upon the structural integrity of lung tissue.
The adult lung is composed of multiple types of epi-
thelial cells. The adult lung remains largely quiescent
in homeostasis, and most of the cells that make up
the epithelium display a relatively slow alternation of
senescent cells [27, 28].
Following injury, the lung has a robust ability to repair

and regenerate through distinct cell types. “Repair” is the
process of self-renewing and restoring the damaged cells
and tissues in an organ, including regeneration or fibro-
plasia [29] and, if both can occur, then the structure and
function of the lung can recover [30]. “Regeneration” re-
fers to generation of new cells and organisation into tis-
sues from progenitor cells derived from de-differentiated
tissue-resident cells or cells recruited from the circula-
tion [27–29]. Various cell types (e.g. epithelial, mesen-
chymal) [17, 31–35] participate in regeneration of the
lung epithelium which is controlled by Wnt [11], Notch

Fig. 2 Generation of lung organoids from hPSCs. Different types of lung organoids can be harvested from directed differentiated hPSCs by
controlling the compositions of the medium in a 3D Matrigel culture. For proximal airway organoids, “CFK media” can be chosen, which contains
CHIR99021 (3 μM), recombinant human FGF (rhFGF) 10 (10 ng/mL), and recombinant human keratinocyte growth factor (rhKGF; 10 ng/mL), or
another “2 + 10 media” containing rhFGF2 (250 ng/ml), rhFGF10 (100 ng/ml), DCI (50 nM dexamethasone, 0.1 mM 8-Bromoadenosine 3′,5′-cyclic
monophosphate sodium salt and 0.1 mM 3-Isobutyl-1-methylxanthine), and Y-27632 [11]. For alveolar organoids, cells can be cultured in “CK +
DCI” medium, which comprises CHIR99021 (3 μm) and rhKGF (10 ng/ml), additional Y-27632, and other growth factors or cytokines, such as EGF
and TNFα [12]. Induced hPSCs, undergoing the steps of definitive endoderm (DE) and anterior foregut endoderm (AFE), can be treated with
branching media to develop into lung bud organoids (LBOs). The latter could branch out and simulate lung tissues in Matrigel in 24-well
transwell inserts if branching medium is added [13]
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[36], Hippo [37], and transforming growth factor (TGF)
β signalling [38].

Models of lung injury
Studying cell–cell interactions during repair after lung
injury and the regulatory mechanism of the different sig-
nalling pathways is important. Models which can recap-
itulate processes in the lung from injury to recovery
sensitively and accurately are required.
Mice are used commonly as model animals. The lung

tissue of adult mice (or other model organisms) is re-
moved through unilateral pneumonectomy to simulate
acute lung injury and stimulate formation of the new al-
veoli that can compensate for the missing alveolar sur-
face area [39–42]. Notably, in this model of lung
regeneration, the whole lung and other body organs par-
ticipate synergistically. This phenomenon is not condu-
cive to exploring the details of damage repair because of
several confounding factors.
Another common injury model used widely in experi-

ments is treating mice with chemicals or biological
agents (e.g. bleomycin) [17]. Bleomycin is a chemothera-
peutic used to treat Hodgkin’s lymphoma, and its most
feared side effect is pulmonary toxicity with fibrosis [43].
Over recent decades, bleomycin has been used widely to
mimic lung injury in mice or rats [44]. Although the
lung-fibrotic response can be observed ~ 14 days after
administration of the initial dose (via intratracheal instil-
lation) [45, 46], bleomycin is more appropriate to induce
acute lung injury because fibrosis would resolve spon-
taneously beyond 28 days [45, 47]. To overcome this
limitation, other dosing routes and regimens of bleo-
mycin have been employed. For instance, the duration of
lung damage can be prolonged to 24 weeks by a lower
and repeated intratracheal-instillation dose of bleomycin,
but the long time spent in modelling and dramatic mor-
tality with this dosing regimen are major problems [48].
This model is contrary to the “3R” (reduce, refine, re-
place) theory of animal experiments.
Although mice provide promising opportunities for es-

tablishing a model of lung injury using the methods
stated above due to their ease of handing, there remain
many differences between human lungs and mice lungs.
First, there is huge difference in the volume and weight
of lungs. The human lung has thousand-fold more al-
veolar surface area and tidal volume than those of mice
[49–51]. These remarkable differences present chal-
lenges for the distribution and exchange of gas and tis-
sue repair. Second, the structure and cellular
composition of the distal airways in mice are different
from those in humans. In the latter, the intrapulmonary
airways contain cartilaginous rings, bronchial blood sup-
port, submucosal glands, and pseudostratified epithe-
lium. Within the pseudostratified epithelium of terminal

and respiratory bronchioles, there are cytokeratins 5+

basal cells which constitute a population of pulmonary
stem cells [52]. None of these cells are found in mouse
lungs [30, 53]. In mice, there are no analogous counter-
parts to the respiratory bronchioles or bronchoalveolar
duct junction (BADJ) which contain bronchoalveolar
stem cells (BASCs) [54] that connect distal conducting
airways to alveoli. But the BADJ has not been found in
human lung and BASC-like cells have not been reported
in human airways up to now. Hence, the origins of cells
that take part in repair of the distal airways and alveoli
may be not the same between humans and mice. Fur-
thermore, some treatments that mice respond to may
not work if applied to humans. For example, all-trans
retinoic acid has been shown to promote the differenti-
ation and regeneration of human alveolar epithelial stem
cells in pre-clinical mouse models of COPD. However,
clinical trials using retinoic acid or retinoids for emphy-
sema patients have been unsuccessful [55].
Considering the critical differences between human

lungs and mouse lungs, the latter may not be perfect
models for researching human pulmonary diseases. Es-
tablishing more similar, sophisticated, and effective
models which could narrow the gap from “laboratory
bench to bedside” could be a better way to solve this
problem. Lung organoids could be better choices.

Lung organoids were used to study epithelial
repair-associated cells after lung injury
Lung organoids proved the presence of multiple
dominate stem/progenitor cells during alveolar epithelial
repair after injury
The alveolar epithelium is composed mainly of AT1 cells
and AT2 cells. The former cover ~ 95% of the alveolar
surface area (where gas exchange occurs). AT2 cells
cover ~ 5% of the alveolar surface area and are mainly
responsible for producing alveolar surfactants (which are
irreplaceable in reducing the alveolar surface tension)
[56]. In addition, AT2 cells are stem cells in adult lungs
[17]. Choi and colleagues identified the damage-
associated transient progenitors (DATPs) via lung orga-
noid models. The DATPs are distinct AT2-lineage popu-
lation and are required for AT2 cells differentiating to
mature AT1 cells [57]. Further research indicated that
AT2 cells are undergoing pre-alveolar type-1 transitional
cell state (PATS) during the differentiation. However,
persistence of the PATS was not conducive to alveolar
epithelial repair [58]. In clonal 3D alveolar organoid as-
says, a subset of the human AT2 cells that is Wnt-
responsive, of AEPs lineage, and which expresses the
cell-surface marker transmembrane-4-L-six-family-1,
can give rise to more and large organoids containing
AT1 cells and AT2 cells [59, 60]. They act as primary
functional AEP cells in the distal lung [59]. Recently,
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another team identified a population of adult distal
lung epithelial progenitor cells with low Wnt/β-ca-
tenin activity. Their strong organoid-forming capacity
means that they play an important role in the alveolar
epithelial repair [61]. Moreover, 3D-ALI has been
employed to study lineage-negative epithelial progeni-
tors; these are another type of distal airway progeni-
tor cells that differentiate into AT2 cells and rebuild
the epithelium after epithelial damage [62]. Data on
these alveolar organoids have shown that AT2 cells
can self-renew and regenerate and that they aid alveo-
lar epithelial repair following injury.
The contribution of AT1 cells to alveolar epithelial re-

pair has not been studied in depth, but some studies
have been meaningful. Both clonal 3D culture in vitro
and lineage tracing following lung injury in mice re-
vealed that Hopx+ AT1 cells proliferated and regener-
ated to AT2 cells during alveolar recovery [63]. Wang
and colleagues investigated the clonal-formation capacity
of Hopx+ AT1 cells in a 3D organoid culture system.
They found the cellular plasticity of these Hopx+ and
insulin-like growth factor-binding protein 2− AT1 cells,
which are subtypes of AT1 cells [64]. We postulate that
Hopx+ AT1 cells have the potential of stem cells, they
can renew and differentiate into AT2 cells during post
injury alveolar regeneration, but the regulatory mechan-
ism is poorly understood. Hence, lung organoids can be
used for identifying the cell types and features [65] and
increase insights into alveolar epithelial stem/progenitor
cells during repair.

Lung organoids confirmed that diverse airway epithelial
stem/progenitor cells play important role in airway repair
The human trachea, bronchi, and bronchioles contain a
pseudostratified ciliated columnar epithelium composed
of multiple cell types (e.g. basal, ciliated, goblet, club).
Basal cells constitute the primary stem cell population in
the lung [52]. In mice, basal cells are present only in the
trachea and proximal airways [53]. In vivo studies have
shown that basal cells have self-renewal and pluripotent
potentials and can differentiate into cells (e.g. ciliated,
goblet, club) in the airway epithelium after injury [66].
Montoro and collaborators revealed that basal cells from
mouse tracheas dissociated and differentiated in an ALI
system and that subsequent treatment with recombinant
murine interleukin (IL)-13 led to generation of goblet
cells in the distal epithelium; this new subset of goblet
cells may be related to airway epithelial injury [67].
Those data suggested a possible sub-line of basal cells
which might participate in fluid regulation at the airway
epithelial interface after injury [67].
Although basal cells play a major part in repair of the

damaged airway epithelium, other epithelial cellular
types can also aid repair as facultative stem/progenitor

cells. Often, lung organoid technology is applied to in-
vestigate the functions of these cells. For instance, club
cells that reside throughout the airway epithelium are
facultative progenitor cells [68]. They can differentiate
into an alveolar lineage induced by leucine-rich repeat-
containing G protein-coupled receptor (Lgr) 5+ mesen-
chymal cells in a 3D co-culture organoid system [34].
Pulmonary neuroendocrine cells (PNECs) are neurosen-
sory cells spread sparsely throughout the bronchial epi-
thelium. PNECs can self-renew and differentiate into
club cells and ciliated cells following lung injury [69, 70].
Lung organoid units from the lung tissues of mice and
humans have been transplanted into immunodeficient
mice and then grown into tissue-engineered lung con-
taining multiple types of lung epithelial cells (including
PNECs) [71]. The ALI culture has been used to demon-
strate that myoepithelial cells from submucosal glands
are “reserve” stem cells that can regenerate the airway
epithelium in mice after severe injury to the airways
[72]. Use of lung organoids has extended understanding
of airway epithelial stem/progenitor cells during repair.

Lung organoids found the contribution of distinct
mesenchymal lineages to epithelial repair
Within the mammalian lung, the maintenance and re-
generation of alveolar and airway epithelia are not iso-
lated, and interact with the surrounding mesenchyme
and ECM. The latter is the microenvironment that cells
live and act in. The mesenchyme includes immune cells
and fibroblasts. It plays a major part in interaction with
the epithelium by providing complex signals that can
regulate the behaviour of the epithelium in terms of
homeostasis and following injury [73]. The injury–repair
model in vivo shows that stromal components can sur-
vive damage [17], but the exact component that regu-
lates the repair process is not known.
Macrophages are chiefly resident within the intersti-

tium, and various cytokines (e.g. IL-13, IL-6, IL-1,
tumour necrosis factor (TNF) α) are closely associated
with the response of the epithelium after injury [74–76].
Hung and colleagues derived airway organoids from the
mouse tracheal epithelial cells (MTECs) in ALI system,
conducted the macrophage-epithelial repair assay, and
demonstrated that macrophage intrinsic Trefoil factor 2/
Wnt drove epithelial proliferation and barrier restoration
[77]. Lechner and coworkers, using isolated macro-
phages from injured lung and bone-marrow derived
macrophages from mice, co-cultured them with AT2
cells, respectively. They revealed that macrophages could
support formation of organoids derived from AT2 cells
and might promote the survival and proliferation of AT2
cells directly [33].
The integrated structure and function of AT2 cells

and the adjacent pulmonary vasculature determine
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normal gas exchange [78]. Besides epithelial cells, the
pulmonary endothelium also takes part in the repair
process to recover normal gas exchange. The
vascular-organoid assay demonstrated that the pul-
monary vasculature includes endothelial progenitor
cells which are vasculogenic and which can maintain
functional endothelial microvascular specificity follow-
ing lung damage [79].
The trophic effect of PDGFRα+ cells that support

the epithelial development and alveolarisation in the
lung has been shown [80]. Further research estab-
lished a co-culture of organoids which confirmed
that PDGFRα+ fibroblasts drive formation of larger
and rounder alveolospheres from AT2 cells [17]. An-
other crucial aspect of distinct PDGFRα+ mesenchy-
mal cells was demonstrated subsequently. Alveolar
organoid assays were undertaken to define the
Axin2-Pα+/PDGFRα+ lineage as a mesenchymal al-
veolar niche cell, which could promote the self-
renewal and differentiation of AT2 cells [35]. Other
studies using alveolar organoid assays discovered an-
other lineage: Axin2+ myofibrogenic progenitor cells.
The latter constitutively express Axin2 but little or
no Pdgfrα, and preferentially facilitate myofibroblast
production against injury [35]. Besides the crosstalk
between Pdgfrα+ mesenchymal cells and the alveolar
epithelium, other subtypes of Pdgfrα+ cell lineages
act on the airway epithelium. Pdgfrα+ fibroblasts in-
duced the differentiation of airway multi-ciliated
cells from basal stem cells [75]. To identify the rela-
tionship between Lgr6+ mesenchymal cells and pul-
monary epithelial cells, a 3D organoid co-culture
system was generated. Results suggested that the
subpopulations of mesenchymal cells were region-
specific and one type (Lgr6+ cells) preferentially pro-
moted differentiation and proliferation of the airways
after lung injury [34]. The organoid assays described
above suggest that PDGFRα+ mesenchymal lineages
have complex effects upon epithelial repair after
damage.
Epithelial repair after injury is a complex process

of dynamic change involving cellular participation
and regulation of signalling pathways. Using orga-
noids to generate experimental models can recapitu-
late the physiological status in vivo while excluding
the influence of other factors. Scholars can create di-
verse lung organoids (e.g. alveolar, airway) for vari-
ous research purposes using 3D culture, multicellular
co-culture systems, and 3D-ALI cultures. These
organoids can be used to identify the cell types and
their effects or cell–cell interactions during lung epi-
thelium repair. Organoids can also deepen under-
standing of the regulatory mechanisms of epithelial
repair following injury.

Using lung organoids to explore the mechanisms
of epithelial repair after injury
An intricate series of signalling pathways participate in
epithelial regeneration following lung injury [11, 36–38].
Studies using lung organoids can illuminate the regula-
tory mechanisms of these signalling pathways in epithe-
lial repair.

Using lung organoids to study the mechanisms of
alveolar epithelial repair
AT2 cells are a stem cell-containing population. They
have a predominant role in repair after lung injury. Lung
organoids can be employed to assess the relevant factors
when AT2 cells self-renew and regenerate after injury.
These factors manipulate different signalling pathways
to affect the repair of the alveolar epithelium.
Ng-Blichfeldt and colleagues found that proliferation

of the distal lung epithelium (as reflected by the size
and number of lung organoids) could be augmented
by the retinoic acid pathway through activation of the
yes-associated protein (YAP) pathway and epithelial–
mesenchymal FGF signalling. However, epithelial dif-
ferentiation was suppressed but could be rescued via
inhibition of histone deacetylase [55] (Fig. 3). Sun and
colleagues created a 3D alveolosphere organoid cul-
ture system with sorted AT2 cells and found that
transcriptional coactivator with PDZ-binding motif
(TAZ) was a critical factor affecting the differentiation
of AT2 cells to AT1 cells, which could benefit the re-
covery of alveolar epithelial integrity following injury.
The pro-differentiation effect of TAZ could be pre-
vented by tankyrase inhibition [81] (Fig. 3).YAP/TAZ
are the core elements in the Hippo pathway, and
LaCanna and coworkers have demonstrated their ef-
fect on alveolar repair using other models [82].
Wnt signalling has critical roles in the differentiation

and proliferation of lung epithelial stem/progenitor cells
and helps to regulate proximodistal specification in the
lung epithelium [83–86]. AT2 cells are the main AEPs
which are Wnt-responsive, and maintenance of their
stemness is also dependent on the Wnt signalling that is
present after injury [59, 87]. Wnt ligands have specific
transduction characteristics of the Wnt signalling path-
way which affect the process of injury and repair in the
lung epithelium. Lung organoids are the ideal models to
explore the detailed mechanism of action. Wu and col-
leagues revealed that Wnt-5A and Wnt-5B inhibit gener-
ation of lung organoids. Wnt-5B preferentially represses
the growth and differentiation of AEPs. They concluded
that Wnt-5A/5B (which show high expression in COPD)
lead to abnormal alveolar repair via negative regulation
of the canonical Wnt signalling pathway in AEPs [88]
(Fig. 3). Jacob and colleagues, using alveolar organoids,
demonstrated that temporal regulation of Wnt activity
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could promote maturation of iPSC-derived AT2 cells
[12]. It may be possible to use alveolar organoids to ex-
plore appropriate regulation of Wnt signalling in the
AEPs of COPD patients and discover new treatment
strategies.
Apart from Wnt ligands, another factor may inhibit re-

pair of the alveolar epithelium through regulation of
Wnt signalling. Skronska-Wasek and colleagues used a
3D organoid assay to elucidate that repression of expres-
sion of the Frizzled 4 receptor attenuated the compe-
tence of alveolar epithelial repair by Wnt/β-catenin [89]
(Fig. 3). Recently, ex vivo organoid platforms combined
with in vivo models of lung repair and other methods
have been used to demonstrate that IL-13 damaged the
self-renewal and differentiation ability of AT2 cells in
mice and humans [90] (Fig. 3). Use of alveolar organoids
also showed that other cytokines—IL-1 and TNFα—act
upon the nuclear factor-kappa B pathway to enhance
proliferation of AT2 cells and maintain their differenti-
ation, which have essential roles in alveolar regeneration
[76] (Fig. 3). In addition, the capacity of AT2 cells with

short telomeres from mice to support formation of al-
veolar organoid colonies is limited; it is closely related to
senescence and the immune response induced by dys-
function of telomeres in AT2 cells which upregulate al-
veolar epithelial defects [91] (Fig. 3).

Using lung organoids to explore the mechanisms of
airway epithelial repair
Lung epithelial progenitor cells regenerate and differen-
tiate into ciliated cells and other cell types to counteract
the loss of the airway epithelium after injury. Organoids
are useful models for investigating the regulatory mecha-
nisms during airway epithelial repair derived from lung
epithelial progenitor cells.
Wnt signalling also affects regeneration of the airway

epithelium. McCauly and collaborators derived airway
organoids from human iPSCs. They identified that the
fate of lung tissue tended to develop proximally follow-
ing a decrease in Wnt activity. Wnt signalling has an in-
trinsic effect on NKX2–1+ lung epithelial progenitor
cells [11]. de Cavalho and colleagues demonstrated, from

Fig. 3 Mechanisms of airway and alveolar epithelial repair identified using lung organoids. The structure of the pseudostratified airway epidermis
and alveolar epidermis in human lungs are shown. The main lineages and mechanisms involved in lung repair using lung organoids are revealed
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multiple perspectives, that changing the culture condi-
tions (replacing Matrigel in the 3D culture system with
collagen-I and retreatment with CHIR99021 (CHIR)
(Wnt agonist)) was conducive to inducing the differenti-
ation and maturation of multiple lineages, including club
cells and ciliated cells [21] (Fig. 3). At the same time,
WNT signal would also indirectly affect the repair of in-
jured airway epithelium. TGF-β has been shown to dis-
rupt the ability of fibroblasts to sustain organoid
formation derived from the lung epithelium, which ham-
pers epithelium regeneration after injury [92]. TGF-β al-
ters expression of the downstream target genes of Wnt/
β-catenin and diminishes FGF expression (which is re-
quired for fibroblast maintenance) [92] (Fig. 3). Taking
the aforementioned data on Wnt signalling in lung orga-
noids together shows that use of lung organoids as an
in vitro model system can manipulate Wnt signalling to
regulate differentiation of the proximodistal specification
of lung development. This strategy could facilitate estab-
lishment of appropriate organoid models for pulmonary
injury based on research requirements (e.g. airway dis-
ease, alveolar disease). These different types of lung
organoids could be applied to mechanistic research of
lung disease and drug screening, and promote “precision
medicine” for lung diseases.
In addition to Wnt signalling, Notch signalling also

participates in the proximodistal specification of lung
development. Using genome-editing methods in ALI and
3D organoid cultures, the grainyhead-like transcription
factor 2 (Grhl2) was identified as a coordinator having
various roles via multiple downstream effectors [93].
Organoid morphogenesis and differentiation of basal
cells into ciliated cells are prevented by the loss of Grhl2
expression, whereas expression of Notch and the genes
involved in ciliogenesis (e.g. Multicilin, regulatory factor
X 2, and myeloblastosis oncogene) is downregulated [93]
(Fig. 3). If CHIR is removed, suppression of the Notch
signal with the inhibitor N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-S-phenylglycine t-butyl ester could induce the
lung epithelium to form proximal lung organiods [21]
(Fig. 3).
Use of organoids in research has shown that some

pathways regulate alveolar and airway epithelial repair in
a similar way. Multiple studies using lung organoids
demonstrated that the IL-6/signal transducer and activa-
tor of transcription 3 (Stat3) pathway upregulated differ-
entiation of basal cells into ciliated cells and secretory
cells [75]. Similarly, the IL-6/Stat3 pathway could pro-
mote self-renewal of AT2 cells but requires interactions
between Toll-like receptor and the glycosaminoglycan
hyaluronan in the ECM [7, 35]. The IL-6/Stat3 pathway
benefits recovery of the lung epithelium. In addition, the
function of the BMP signalling pathway and its antago-
nists was reported by two research teams using

organoids derived from basal cells or AT2 cells, respect-
ively. Taking their findings together, it was elucidated
that the effect of the BMP signalling pathway was
dependent upon lung status. At steady state, the BMP
signalling reduces the trophic support of PDGFRα+ cells
and restricts proliferation of epithelial in the lung. The
BMP may have a negative influence on epithelial repair.
This function fails early in repair due to upregulation of
expression of endogenous BMP antagonists following in-
jury, and then the “packing” of epithelial cells increases
[94, 95] (Fig. 3). Besides these signalling pathways, au-
tophagy has an essential role in satisfying the energy
needs and promoting lung epithelial regeneration after
injury by reprogramming the metabolism of epithelial
progenitor cells [96, 97] (Fig. 3).
In conclusion, lung organoids are excellent models for

researching epithelial repair after damage. Their use re-
sults in identification of the subtypes of epithelial stem/
progenitor cells, and the factors and mechanisms regu-
lating signalling pathways. Such data provide solid evi-
dence for further study of epithelial repair after lung
injury.

Conclusions and future directions
In the past two decades, lung organoid technology has
developed rapidly. Lung organoids are useful tools to ex-
pand understanding of lung injury by identifying the epi-
thelial stem/progenitor cells associated with epithelial
recovery and demonstrating the related factors which
can manipulate the signalling pathways to improve or
inhibit epithelial regeneration. Such information will
allow deeper insight into the pathological processes and
drug targets of pulmonary diseases.
However, many limitations exist. First, the training

technology must be objective and standardised. Originat-
ing from the same cell, different organoids can be ob-
tained by changing the culture conditions [11, 12]. This
strategy allows derivation of organoids depending on the
research purpose but, simultaneously, may also affect
the repeatability of the organoids, resulting in biased re-
search results. Exploitation of a stable ECM may be the
solution to this problem. The branching airway is a crit-
ical structure to achieve air conduction in the lung. Lung
organoids are often spherical and do not completely
simulate this morphological structure. This problem
may require enhanced nutritional support or optimised
media compositions for organoids in culture systems
and extended culture times. Bioengineering technology,
such as 3D bioprinting technology [98], could be com-
bined with organoid morphogenesis to produce structur-
ally complete organoids in a short time.
Furthermore, the crosstalk between multiple signalling

pathways in epithelial repair needs further confirmation.
This is a complex relationship involving multiple cell
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types besides the epithelium. Currently, the relationship
between these cell types has not been completely eluci-
dated by using lung organoids. Addition of immune cells
or vascular endothelial cells in an orderly manner while
deriving lung organoids, and culturing them together to
reproduce the microenvironment of epithelial repair
in vitro, could be applied to better observe the relation-
ship between cells and cells, or cells and the ECM, dur-
ing epithelial regeneration. Organoid technology of
other organs is also developing rapidly [99–104].
SARS-CoV-2 infection is spreading worldwide, and the

organoids show an important role in the study of the
new virus. The researchers combined lung organoids
and other organoids together to mimic the situation post
infection of SARS-CoV-2 in the patients similarly [105].
Lung organoids and other organoids, what is more, the
multi-tissue organ-on-a-chip platform (including mul-
tiple human-derived organoids), could be used for re-
vealing the pathological process of the organs after
infection of SARS-CoV-2, screening the candidate drugs,
and developing and evaluating vaccines for safety and ef-
ficacy [106–112]. In conclusion, a combination of lung
organoids and various technologies could enable more
precise understanding of lung epithelial repair and pro-
mote treatment of pulmonary diseases.
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