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Abstract

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory airway disease that is characterized by
progressive airflow limitation, a high prevalence, and a high mortality rate. However, the specific mechanisms
remain unclear, partly due to the lack of robust data from in vitro experimental models and animal models that do
not adequately represent the structure and pathophysiology of the human lung. The recent advancement of lung
organoid culture systems has facilitated new avenues for the investigation of COPD. Lung organoids are in vitro
models derived from adult stem cells, human pluripotent stem cells, or embryonic stem cells, established through
three-dimensional culture. They exhibit a high degree of homology and genetic consistency with human tissues
and can better mimic human lungs in terms of function and structure compared to other traditional models. This
review will summarise the generation process of lung organoids from different cell sources and their application in
COPD research, and provide suggestions for future research directions.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
common respiratory disease with high morbidity and
mortality, characterized by irreversible airflow limitation
[1]. Many animal models have been developed and widely
used to study the pathogenesis of COPD, and traditional
animal models have significant research value in certain
specific contexts. However, due to species and genetic
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differences between humans and other animals, existing
animal models have certain limitations and cannot fully
reflect the physiological and pathological characteristics
of humans [2]. In addition, these models cannot ade-
quately mimic the cellular complexity of the human lung
[3]. Therefore, there is an urgent need to use recently
developed models to better understand the pathophysi-
ology of COPD-related lung disease in vivo. In this con-
text, lung organoids, with their ability to self-renew and
differentiate, have attracted the attention of the research
community to investigate the mechanisms and potential
treatments of COPD [4, 5].

Lung organoids, which have structural characteris-
tics and functions similar to certain real human organs
and tissues, are developed from either embryonic stem
cells (ESCs), induced pluripotent stem cells (iPSCs) or
adult stem cells (ASCs) and cultured to generate three-
dimensional cultures of tissues such as alveoli, airways
and lung buds [6, 7]. The culture process involves two
key stages. First, prior to stem cell differentiation, key
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signalling pathways that control developmental patterns
are carefully modulated, either activated or inhibited, to
shape the correct regional identities. The culture then
progresses with the incorporation of a three-dimensional
extracellular matrix (or microgel) that promotes a more
complex environment. Media formulations are created
by adapting established two-dimensional culture tech-
niques or by taking inspiration from mouse development
[8]. In general, the use of different stem cell sources and
appropriate culture conditions allows directed differ-
entiation and long-term maintenance of lung organoids
[9]. Lung organoids outline cell-cell and cell-niche inter-
actions in development, homeostasis and disease, and
can be extended to high-throughput screening for small
molecules that determine cell fate. In addition, organ-
oids derived from human cells have great advantages for
studying human epithelial stem cell biology and model-
ling human disease [10]. As a result, lung organoids have
become an indispensable tool for in vitro modelling of
organ development, regeneration and disease.

In this review, we focus on the origin of lung organoids
and their potential in the study of COPD pathogenesis,
drug screening and personalized treatment. Lung organ-
oids, derived from human stem cells, better replicate
human lung features and disease mechanisms than ani-
mal or 2D models. This provides an important experi-
mental platform for understanding COPD mechanisms
and developing novel therapeutic strategies. In addition,
we summarize the limitations and future directions of
lung organoids in COPD research, providing new per-
spectives and insights to advance research in this field.

Chronic obstructive pulmonary disease (COPD)
COPD is the third leading cause of morbidity and mor-
tality worldwide. A preventable disease with effective
treatment options, COPD is characterized by persistent
airflow limitation and acute exacerbation of the chronic
inflammatory response of the airways and lung tissues to
inhaled toxic substances and gases [11]. The pathogenesis
of COPD is poorly understood and the mainstream view
is that the onset of COPD is the result of an interaction
between the environment and personal genetic char-
acteristics. In western countries, long-term smoking is
the main cause of COPD, while in developing countries
factors such as the burning of biomass fuels for cooking
and heating may also play a significant role. However,
smoking remains a major contributor to COPD in both
contexts [12]. Other risk factors for COPD include occu-
pational exposure to air pollutants such as coal ash and
dust, airway hypersensitivity caused by exposure to aller-
gens, and certain family predispositions [13].

The development of COPD is driven by mechanisms
such as oxidative stress, protease-antiprotease imbal-
ance and immune dysregulation [14]. Oxidative stress,
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triggered by cigarette smoke and pollutants, increases
reactive oxygen species in the lungs, damaging cells and
promoting inflammation leading to emphysema [15].
Excessive protease activity, particularly matrix metal-
loproteinases, degrades the extracellular matrix (ECM),
destabilizing lung structure [16]. Immune dysregulation
further exacerbates COPD by promoting inflammatory
cell infiltration, exacerbating airway inflammation [17].
These mechanisms interact with each other, ultimately
leading to emphysema, chronic bronchitis, and small
airway remodeling. (Fig. 1) [18]. Furthermore, during
the pathogenetic process of COPD, bronchial epithelial
cells and alveolar cells are the first barriers of the airways
against external stimuli. Once damaged, they are not only
challenged themselves but also affect the surrounding
microenvironment. These dynamic interactions could
subsequently trigger persistent chronic inflammatory
responses and extensive remodelling of lung tissue struc-
ture, ultimately compromising lung function and leading
to the progression of COPD [19].

Despite some progress, the molecular mechanisms of
COPD remain poorly understood, and effective therapeu-
tic strategies to halt or reverse disease progression have
not been developed. Traditional 2D cell culture mod-
els lack the complexity of multicellular layers and tissue
structure, making it difficult to accurately replicate the
COPD microenvironment and capture the unique cel-
lular interactions and disease progression of the human
lung. In contrast, organoid models can more faithfully
simulate the cellular diversity and microenvironment of
the human lung by forming three-dimensional cellular
structures. They not only mimic the interactions between
key cell types involved in COPD, such as airway epithelial
cells, immune cells and fibroblasts, but also reflect pro-
cesses such as cellular migration, inflammatory responses
and tissue remodeling. These advantages make organoids
a powerful tool for studying the pathogenesis of COPD
and advancing therapeutic strategies. Therefore, a review
of organoid research methods can provide researchers
with a deeper understanding of this emerging technol-
ogy, fostering further progress in the field.

Lung and lung organoids

An understanding of the structure of the lung is ben-
eficial in order to facilitate comprehension of the use of
lung organoids in disease. The lung is a highly complex
organ comprising a highly branched system of tubes that
facilitate the transportation of air to the alveoli, where
gas exchange occurs. The adult lung is subdivided into a
proximal and a distal region. The proximal region, which
encompasses the trachea and bronchioles, constitutes the
conduction zone (airway). In this zone, the epithelial cells
of the upper airway are responsible for the removal of
airborne microbes and suspended particles. The luminal
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Fig. 1 The pathogenesis of COPD. The primary etiological factors of COPD include cigarette smoke, environmental pollution, occupational dust and
chemical exposure, and infections. The pathogenesis of COPD is characterized by chronic inflammation of the airways, lung parenchyma and pulmonary
blood vessels, a disruption in the balance between proteinase and antiprotease, and an increase in oxidative stress. These factors act in concert to precipi-
tate pathological alterations in emphysema, chronic bronchitis and small airway remodeling

surface of the airway is lined with ciliated pseudostrati-
fied columnar epithelium, containing goblet cells, ciliated
cells, pulmonary neuroendocrine cells (PNECs) and basal
cells, with basal cells serving as the stem or progenitor
cells of the respiratory epithelial cells [20]. As the degree
of branching in the airway tree increases, the epithelium
undergoes a gradual transition from pseudolamellar to
simple cubic, with the dominant cells becoming non-cil-
iated, but PNECs remain present in these regions. Club
cells are a type of secretory cell found in the bronchiolar
epithelium. They contribute to the production of non-
mucus-secreting proteins in the extracellular lining fluid.
The distal region of the lung, which is responsible for gas
exchange, consists of two main types of alveolar epithe-
lium: type 1 alveolar epithelium (AT1), type 2 alveolar
epithelium (AT2), and the associated vascular system
[21].

Furthermore, despite the lung’s reputation as a highly
static tissue with low cell renewal, it demonstrates a
robust response following injury. As a result of pro-
longed exposure to airborne irritants, including cigarette
smoke, pollutants, and viruses, the lungs have developed
a diverse range of reparative mechanisms. The activation
of regional stem/progenitor cells is contingent upon the
type and severity of the injury in question [22]. These

include airway basal cells, which are responsible for the
production of all airway epithelial cells [23]; club cells,
which are capable of differentiating into ciliated cells
[24]; and AT2s [25]. Recently, there has been an increase
in evidence suggesting that distal airway stem/progenitor
cells, including bronchiolar alveolar stem cells (BASCs)
[26], co-express AT2 and club cell markers that con-
tribute to both airway and alveolar repair. This provides
further insight into the understanding of lung epithelial
stem cells.

Lung organoids are three-dimensional, self-assembled
cellular structures.

(Fig. 2) comprising a variety of cell types that are spe-
cific to the organ in question and perform the func-
tions associated with that organ [27]. Lung organoids
are derived from lung stem cells with the capacity for
differentiation. They can be classified into four main
categories, namely alveolosphere, bronchiolar organ-
oids, bronchioalveolar organoids and bronchosphere/
tracheosphere, based on their structural characteristics
[28]. Bronchial organoids exhibit a structure and cellu-
lar composition analogous to that of smaller conducting
airways. These organoids are characterized by the pres-
ence of basal cells, ciliated cells, and mucus-producing
cells. In contrast, alveolar organoids are structured in a
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Fig. 2 The structure of lung and lung organoid. (A) The cells that constitute the lungs and lung organoids. (B) The adult lung is subdivided into a proximal
and a distal region. The proximal region, comprising the trachea and bronchioles, constitutes the conduction zone (airway). The surface of the airway
lumen is lined with goblet cells, ciliated cells, and basal cells. As the degree of branching increased, the predominant cell type underwent a transition
from ciliated to non-ciliated. Club cells are a type of secretory cell found in the bronchiolar epithelium. The distal region, which is responsible for gas
exchange (alveoli), is composed of AT1 and AT2 cells. (C) Lung organoids are derived from lung stem cells that have the capacity to differentiate. They
can be classified into four main categories, namely alveolosphere, bronchiolar organoids, bronchioalveolar organoids and bronchosphere, according to

their structural characteristics

manner analogous to alveoli, comprising predominantly
AT1 and AT2 cells. Given that lung organoids closely
resemble the physiological characteristics and genetic
diversity observed in the lung, they have been identi-
fied as invaluable resources for investigating hitherto
unknown pathways, including lung development, disease
pathophysiology and therapeutic biology [10]. The fol-
lowing section will present the methodology employed
in the formation of lung organoids derived from various
stem cells.

Main sources of lung organoids

Organoids from airway basal cells

In the proximal airway, basal cells are situated in close
proximity to the basal layer of the epithelium, collec-
tively constituting the lung stem cell population. In
mice, the trachea contains a substantial number of basal

cells, with some also present in the proximal airway. In
humans, basal cells are present in the trachea, bronchus,
and bronchioles. Basal cells possess the capacity for pro-
liferation, self-renewal and differentiation into ciliated,
goblet and club cells in vivo [29]. Lung organoids derived
from basal cells are designated tracheospheres (originat-
ing in the trachea) or bronchospheres (originating in the
bronchus) [23]. Basal cells express a number of genes,
including those encoding p63, cytokeratin 5, integrin
a6, podoplanin and the nerve growth factor receptor
(NGFR) [30]. In accordance with standard conditions,
these organoids should contain TRP63+ KRT5 + basal
cells, ACT +FOX]J 1 +ciliated cells and secretory gob-
let cells (MUC5AC+, MUC5B+) [31, 32]. Basal cells are
typically cultivated on Matrigel or in transwell lower
attachment plates. The culture media typically comprises
supplements such as epidermal growth factor, bovine
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pituitary extract, insulin transferrin, selenium, cholera
toxin, and retinoic acid [33]. Tracheospheres and bron-
chospheres have been employed as screening tools for
the identification of secretory factors that influence the
self-renewal and differentiation of basal cells. Organoid
culture has identified a number of factors that regulate
the fate of basal cells, including interleukin-13 (IL-13)
and interleukin-17 A (IL-17 A). These factors can directly
affect basal-derived lung organoids, induce goblet cell
generation, damage ciliated cells, and mimic goblet cell
metaplasia (GCM) phenotype [34]. GCM is a key feature
common to many airway diseases, including asthma and
COPD. These findings provide a theoretical basis for the
development of cytokine-specific therapy and stratifica-
tion of patients based on specific cytokine levels [35].
Consequently, basal-cell-derived organoids have been
employed to screen secreted proteins, small molecules,
and drugs [36].

Organoids from airway secretory cells

Secretory cells are defined as the columnar, non-ciliated,
non-neuroendocrine cells present in the airway epithe-
lium of the lung, which are more abundant in terminal
bronchioles [37]. The two main types of secretory cells
are club cells and goblet cells. The primary function of
club cells is to safeguard the bronchiolar epithelium
through the synthesis of secreted globin (SCGB1Al,
SCGB3A2) and SPLUNCI1 proteins. In contrast, goblet
cells are responsible for the synthesis of mucins, such
as MUC5AC and MUC5B, which serve to protect the
lung lining [24]. In organoid culture, club cells, when co-
cultured with Lgrépos or Lgr5pos mesenchymal cells,
demonstrated the formation of bronchiolar, alveolar, or
bronchiolar alveolar colonies [38]. Two distinct meth-
odologies have been employed to isolate secretory club
cells. The first method employs fluorescence-activated
cell sorting (FACS) to isolate cells based on specific cell
markers. The second method utilizes the Scgblal-CreER
knockin for lineage tracking [24]. The use of secretory-
derived organoids represents a valuable platform for the
investigation of the individual impacts of cytokines and
growth factors on the proliferation and differentiation of
secretory cells. Moreover, they enable the identification
of particular subpopulations of club cells that display
enhanced regenerative capabilities. There is substantial
evidence that club cells constitute a heterogeneous popu-
lation that displays considerable phenotypic plasticity in
response to agents that damage either the airway or alve-
olar epithelium [39]. For example, lineage-tracing studies
conducted following damage to the alveolar region by the
chemotherapeutic drug bleomycin have demonstrated
that Scgblal +cells in the distal bronchioles proliferate
and give rise to progeny in the alveoli with characteris-
tics of AT2s and AT1s [25]. Nevertheless, the majority of

Page 5 of 14

research exploring the development of secretory cells in
organoids has been conducted using mouse models. It
remains uncertain whether human club cells possess the
capacity to function as stem or progenitor cells.

Organoids from airway bronchioalveolar stem cell (BASC)
It has been demonstrated that the presence of distal air-
way stem/progenitor cells has the potential for alveolar
and airway differentiation [40]. BASCs situated at the
interface between the bronchoalveolar duct and the dis-
tal lung were identified as the inaugural stem cell popu-
lation in the distal lung. BASCs have been observed to
co-express markers characteristic of both club cells and
AT2s [26]. Following naphthalene-mediated bronchiolar
injury, they produce rod and ciliary cells. Similarly, fol-
lowing bleomycin-induced alveolar injury, they produce
AT?2s and AT1s. BASC has the capacity to produce alveo-
lar, bronchiolar, and bronchoalveolar organoids through
a co-culture process with lung endothelial cells, which
rely on endothelial thromboprotein-1 [40]. It is notewor-
thy that the bronchoalveolar organoids included AT2,
club, ciliated, and goblet cells, but no AT1 cells. Fur-
thermore, the co-culture of BASCs with resident mes-
enchymal cells has been demonstrated to yield complex
bronchoalveolar pulmonary organoids (BALOs). These
organoids may form a tubular airway-like region com-
prising basal cells, secretory cells, and ciliated cells, while
the distal alveolar region contains differentiated AT1 and
AT?2 cells [41]. At present, the prevailing methodology
for the separation of BASC employs FACS, with the iden-
tification of cells based on their expression of epithelial
cell adhesion molecule (EpCAM) and stem cell antigen
1 (Scal). New techniques will enable the purification of
these cells on the basis of co-expression of genes encod-
ing Scgblal and Sftpc, thus facilitating the identification
of additional markers for the distinction of BASC from
other club cells.

Organoids from airway alveolar epithelial type 2(AT2)

Two types of alveolar epithelial cells have been identified:
the AT2 cell, which has the capacity to produce alveo-
lar surface active substances (such as Sftpc and Sftpb),
thereby reducing alveolar surface tension and prevent-
ing alveolar collapse; and the AT1 cell, which covers
the majority of the alveolar surface area and performs a
gas exchange function [42]. AT2-derived organoids are
referred to as alveolospheres, and human AT2 cells can
be isolated specifically by monoclonal antibody HTII280
via FACS or magnetic bead sorting (MACS) [43]. The first
description of organoids derived from mouse and human
AT?2 cells was provided by Barkauskas in 2013 [25]. In this
organoid model, the support provided by mesenchymal/
fibroblast/endothelial cells in Matrigel enables AT2 cells
to grow into alveolar spheres comprising AT2s on the
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exterior and AT1s within the lumen [25]. Subsequently,
a number of organoid models have been developed uti-
lizing AT2 subsets and mesenchymal cell subpopulations,
with the objective of investigating interactions within
the alveolar stem cell niche [44, 45]. The alveolosphere
has been employed extensively in investigations into
the regulation of AT2 to AT1 differentiation [46], AT2-
fibroblast crosstalk, and AT2-macrophage crosstalk [47].
Recently, alveolospheres have been employed to investi-
gate the impact of BMP signalling on AT2 proliferation.
It has been demonstrated that BMP activation results in
a reduction in AT?2 proliferation and an increase in AT1
differentiation, whereas its inhibition stimulates AT2
self-renewal. These findings indicate that BMP regulation
is of paramount importance for alveolar formation and
maintenance [48]. The primary challenge in investigating
the genetic functions of AT2 cells using organoids is the
instability of their propagation in Matrigel. This impedes
progress in understanding their roles in lung regenera-
tion, gas exchange, immune defense, and so forth. Poten-
tial solutions include optimizing culture conditions and
refining cell isolation and purification techniques.

Organoids from human pluripotent stem cells (hPSCs)
Pluripotent stem cells, including ESCs and iPSCs, are
induced to differentiate in in a specific organ-related
direction after various developmental stages [4]. The
development of lung organoids derived from human
pluripotent stem cells (hPSCs) represents a significant
advancement in the field of in vitro lung research, offer-
ing a promising platform for modelling the intricate
human lung. Organoids created using hPSCs have a high
degree of applicability and show great promise in simu-
lating a range of genetic diseases, evaluating the under-
lying pathophysiological causes, studying the effects of
customized treatments, and understanding the processes
involved in lung development. Ultimately, they may
offer a potential therapeutic avenue for lung repair and
regeneration.

The addition of various cell media, cytokines and small
molecular compounds enabled the generation of endo-
derm, then foregut endoderm, ventral foregut endoderm
cell (VAFEC) and finally NKX 2.1 +lung progenitor cells
from mouse and iPSC [4, 49, 50]. The co-culture of a
human iPSC cell line and human fetal lung mesenchy-
mal cells demonstrated that carboxypeptidase M positive
(CPM+) surface markers could be employed for the isola-
tion of pulmonary progenitor cells from VAFEC [51]. In
2015, Dye et al. reported that the culture of human lung
organoids (HLOs) derived from human pluripotent stem
cells. The tissue structure of the organoid is comparable
to that of the lung, exhibiting both proximal airway and
distal airway epithelial structures. However, it also dis-
plays immature alveolar-like regions, reminiscent of the
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fetal lung [52]; In 2017, Chen et al. employed hPSCs to
generate lung bud organoids (LBOs). These LBOs serve
as three-dimensional human lung models, exhibiting the
presence of pulmonary endoderm and mesoderm. The
organoid was cultivated in a three-dimensional Matrigel
matrix and xenotransplantation was performed, result-
ing in the formation of an airway with branching and an
early alveolar structure [53]. Presently, the LBO model is
primarily employed to investigate the pathophysiological
alterations associated with pulmonary disorders, includ-
ing respiratory infection and pulmonary fibrosis [4]. In
2019, Miller et al. successfully obtained lung bud organ-
oids and lung organoids by culturing hPSCs in three
distinct stages [4]. In 2020, Dye et al. demonstrated that
biomaterial scaffolds can influence the size and formation
of airways in analogous organs and enhance the trans-
plantation of HLO [54]. In 2021, Leibel et al. employed
iPSC to generate three-dimensional whole lung organ-
oids (WLO). WLO comprise distal and proximal epi-
thelial lung cells as well as mesenchymal cells, which are
employed to model disease and developmental biology
[55]. WLO can be used to study signal transduction in
human lung epithelium and mesenchyma, thereby simu-
lating the impact of genetic mutations on human lung
cell functionality and development. In 2022, Peng et al.
described a method for co-culture of iPSC and an artifi-
cial basement membrane (ABM) to produce alveolar epi-
thelium. The method results in the production of alveolar
epithelium with highly specific protein expression and
unique tight junctions. Furthermore, the establishment
of the gas-blood barrier can be achieved through the co-
culture of endothelial cells [56].

Application of Lung Organoid in COPD

Lung organoids for disease mechanism in COPD

The use of lung organoids in the study of the mecha-
nisms underlying COPD is a promising avenue of
research(Fig. 3). Two principal methodologies exist for
the establishment of organoid models of COPD. One
method involves exposing healthy human stem cells to
cigarette smoke extract (CSE) or a specific substance
(PM2.5), while the other employs the use of nasopharyn-
geal and bronchial epithelial cells obtained directly from
COPD patients to construct organoid models [57-59]
(Table 1).

The development of nasopharyngeal and bronchio-
lar organoids using both healthy people and COPD
patients revealed the presence of goblet cell hyperplasia
and a reduction in ciliary beat frequency in the COPD
organoids, in comparison to the healthy organoids [57].
In COPD patient-derived alveolar organoids, respira-
tory airway secretory (RAS) cell populations display
altered transcriptome profiles, which in turn result in
altered AT2 cells. Furthermore, the conversion of RAS
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Fig. 3 Application of lung organoids in COPD. There are two principal methods for establishing organoids of a COPD model. One method involves expos-
ing healthy cells to CSE or PM2.5, while the other entails the use of cells derived from COPD patients. Subsequently, the cells are cultivated to form three-
dimensional organoids, employing Matrigel and three-dimensional bioprinting. Lung organoids of COPD can be employed to elucidate the mechanisms
underlying disease onset and related gene expression, as well as to identify targeted drugs that may contribute to precision medicine

cells to AT2 cells appears to be affected by smoke dam-
age, as evidenced by an increase in SCGB3A2+and
LAMP3 +cell populations in a pack-year dependent
manner [60]. In 3D organogenesis experiments, evalu-
ation of GFP+AT2 cells demonstrated the enhanced
adaptability of AT2 cells to CSE, accelerated proliferation
and differentiation by activating stem cell function and
augmented anti-apoptotic capacity during the develop-
ment of COPD. This discovery offers a novel perspective
for the study of lung tissue self-repair [61]. Researchers
have discovered that CSE down-regulated FZD4 expres-
sion in mice, and further, the researchers used AT2 cells
isolated from patients with COPD to generate organoids.
The treatment of these organoids with FZD4 antagonists
resulted in a notable reduction in epithelial cell prolifera-
tion mediated by the Wnt/p-catenin signalling pathway,
thereby interfering with the normal formation process
of the organoids [62]. In mouse lung organoids, studies
have shown that PM2.5 exposure significantly diminishes
the conversion of AT2 to AT1 cells, thereby contributing
to the pathogenesis of COPD [59]. This discovery pro-
vides an important clue for revealing the pathogenesis
of COPD. The current evidence suggests that elevated
WNT-5 A/B expression may contribute to the disease

process in COPD. Experiments utilizing a lung organoid
model have demonstrated that WNT-5 A and WNT-5B
inhibit the growth of lung epithelial progenitor cells, with
WNT-5B exhibiting a particularly pronounced effect on
alveolar epithelial progenitor cells [63]. This indicates
that WNT-5 A/5B signalling influences alveolar repair
and may result in the impairment of alveolar repair in
patients with COPD. Additionally, it has been demon-
strated that transforming growth factor beta (TGEF-f)
inhibits the transformation of fibroblasts into epithelial
cells in lung organoids. This suggests that sustained acti-
vation of TGF-$ may impede epithelial repair in chronic
lung diseases such as COPD. Consequently, the inhi-
bition of TGE-P signalling in mesenchymal stem cells
may facilitate epithelial regeneration in COPD patients,
thereby alleviating the disease and improving the quality
of life of patients [64]. Moreover, in an organoid model
formed by co-culture of epithelial cells and fibroblasts,
a significant reduction in the total number of organoids
and an abnormal increase in the mean diameter of exist-
ing organoids were observed when the activation ligand
LL-37 or HMGB1 of the receptor for advanced glyco-
sylation end products (RAGE) was introduced. These
findings strongly suggest the potential involvement of
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the RAGE pathway in the pathogenesis of emphysema,
thereby opening up a new avenue of research into the
pathophysiological mechanisms of emphysema [65].
Interleukin 1b(IL-1b) is a pivotal inflammatory media-
tor that is elevated during COPD exacerbations. In the
organoid model formed by co-culture of lung epithelial
cells and fibroblasts, the addition of IL-1b was observed
to promote the growth of organoids. Subsequent stud-
ies revealed that this effect was reversed to inhibition in
organoids formed by fibroblasts that had been pretreated
with IL-1b [66]. The data indicate that IL-1b alters the
phenotype of fibroblasts, promoting a pro-inflammatory
response and shifting their supportive function towards
an inhibitory role for epithelial progenitor cells. The find-
ings suggest that the role of chronic inflammation is to
facilitate an inhibitory repair response, which in turn
contributes to the development of COPD.

A cell population not present in mouse lungs was iden-
tified in the human terminal and respiratory bronchioles:
the SCGB 3A2 cell population. The scRNA-Seq study
revealed that these cells are enriched in individuals with
COPD [60, 67]. In an in vitro experimental system utiliz-
ing lung organoid culture, the researchers observed that
AT?2 cells were able to transform into SCGB 3A2 + cells
under suitable culture conditions. Moreover, studies have
also demonstrated that in lung organoids derived from
COPD patients, there is a phenomenon of retransforma-
tion of AT2 cells into SCGB 3A2 + cells. This phenome-
non directly correlates with in vitro experimental results
and clinicopathological status, thereby reinforcing the
role of SCGB 3A2+cells in the pathogenesis of COPD
[68]. The Family with Sequence Similarity 13 Member
A (FAM13A) gene has been consistently associated with
COPD by in genome-wide association studies (GWAS)
[69]. Further research indicates that in alveolar organ-
oids exposure to chronic cigarette smoke results in lung
epithelial cells lacking FAM13A exhibiting abnormal bio-
logical characteristics, specifically manifesting as signifi-
cantly enhanced proliferation and differentiation. These
results suggest that FAM13A dysfunction may play an
important role in the pathogenesis of COPD by promot-
ing abnormal cell proliferation and differentiation [70].

The studies mentioned above illustrate the substantial
contribution of organoids to the field of COPD research.
Lung organoids exhibit a high degree of structural fidel-
ity, comprising cell types derived from multiple germ
layers and lineages. This similarity enables organoids to
accurately replicate the complex series of changes that
occur in COPD patients following prolonged exposure
to environmental factors like cigarette smoke. These
changes include alterations in cell-cell interactions,
cytokine and protein expression, and the activation of
signalling pathways. Furthermore, the manipulation of
the development of lung organoids derived from COPD
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patients allows for the exploration of potential strategies
to reverse or mitigate the pathological processes in dam-
aged lung tissue.

Lung organoids for personalized medicine in COPD

In recent years, lung organoids have become a valuable
tool in clinical drug screening and lung tissue regen-
eration therapy. Currently, there is no pharmacologi-
cal intervention that specifically targets impaired tissue
repair in COPD. Song et al. evaluated the therapeutic
effect of D-dopachrome tautomerase (DDT) in human
and mouse alveolar pulmonary organoid models of
COPD, demonstrating a promotion of organoid growth
after following DDT administration. They thus propose
that DDT serve as a foundation for the advancement of
COPD treatment strategies, while also underscoring the
necessity for further investigation into the compound’s
potential for tumorigenicity [71]. In alveolar organoids
formed after exposure to cigarette smoke, receptor ago-
nists of both the prostaglandin receptor (EP) and the
prostacyclin receptor (IP) were observed to significantly
enhance epithelial repair responses. This finding provides
compelling evidence that EP and IP serve as novel and
promising drug therapeutic targets during lung repair in
COPD [72]. Furthermore, previous studies have demon-
strated that the administration of retinoic acid can facili-
tate lung regeneration in adult rodent models of chronic
lung disease. However, clinical trials of retinoic acid in
patients with COPD have failed [73, 74]. This suggests
that further exploration of the complexity and specific-
ity of retinoic acid signalling in regulating the function
of adult lung epithelial progenitor cells is required. John
et al. addressed this knowledge gap using an adult lung
organoid model. The study demonstrates that the combi-
nation of histone deacetylase inhibitors and retinoic acid
may represent a novel therapeutic strategy for the treat-
ment of COPD [75]. In a separate study, Costa et al. dem-
onstrated that amlexanox facilitates the formation of lung
organoids. In addition, Furthermore, the prophylactic
administration of amlexanox was observed to markedly
enhance lung function and structure in mice with COPD.
Consequently, amlexanox has been identified as a novel
potential treatment for COPD [76]. The development of
novel therapeutic strategies targeting airway goblet cell
metaplasia has the potential to alleviate the symptoms
associated with COPD. Studies have shown a reduction
in LKB1 expression in the lungs of patients with COPD.
The lung organoid culture demonstrated that the deletion
of LKB1 in mouse airway (club) progenitor cells facili-
tated the differentiation of airway goblet cells and the
aggregation of pulmonary macrophages [77]. Therefore,
LKBI agonists may be a potential treatment option for
COPD.
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In general, lung organoid technology has demonstrated
a pivotal role in the field of drug screening for COPD.
This pioneering technology not only markedly acceler-
ates the pace of drug development, but also provides sci-
entists with a exceptionally precise and realistic testing
platform, whereby the intricate physiological and patho-
logical milieu of the human lung is faithfully replicated,
thereby expediting the identification and validation of
novel therapeutic strategies for COPD. The applica-
tion of lung organoid technology represents a signifi-
cant advancement in the development of drugs, with the
potential to personalize and precision-target treatments
for patients with COPD.

Advantages of lung organoids in COPD

The application of PSC and ASC-derived organoid offers
novel insights into cellular processes and molecular sig-
nal transduction, which are pivotal for lung growth and
the pathophysiological development of lung diseases
such as COPD ([78]. In previous studies, research of
human lung disease was based on cultures of immortal-
ized cell lines and animal models. The anatomical differ-
ences between commonly used laboratory animals, such
as mice or rats, and humans lead to a significant lack of
functional homology, especially in the respiratory system
[79].However, previous researchers have also attempted
to develop different COPD disease models. For example,
in 2011, Hilaire C. et al. employed an artificial approach
to explore the pathogeneses of COPD. They isolated lung
epithelial cells from the mouse respiratory tract, and cul-
tured them in a monolayer in an air-liquid interface (ALI)
system with cigarette smoke exposure [80]. The ALI cul-
ture system permits the cultivation of respiratory epithe-
lial cells that are exposed directly to the air with different
stimulations, which more closely resemble real-world
changes than the traditional cell culture systems. Never-
theless, the ALI system is not without its limitations. In
comparison to lung organoids, the ALI system lacks the
tissue structure and microenvironment of a real organ,
which is present in in vitro models. This significantly
constrains the ability of the ALI system to fully mimic the
naive airway epithelium. Moreover, Benam et al. devised
a human small airway chip integrated with ALI platform
to simulate the exacerbation of COPD. The device com-
prises an upper air channel and a lower medium channel,
separated by a porous PDMS membrane. The membrane
is then populated with healthy airway epithelial cells or
COPD epithelial cells, with endothelial cells placed in
opposition. The upper passage air inflow establishes an
ALI environment and stimulates the differentiation of
airway epithelial cells [81]. In comparison to lung organ-
oids, this microfluidic model can simulate the effects of
cigarette smoke passing through the alveolar-capillary
interface. However, it is deficient in other cell types that
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could also influence the microenvironment. Conse-
quently, it is not suitable for high-throughput screening,
and this culture system requires sophisticated technology
at a considerable cost.

In general, traditional technologies are often limited in
their ability to simulate human disease processes due to
species differences, experimental conditions, or model
simplification, particularly in comparison with more
sophisticated models such as the ALI and chip models.
Despite the aforementioned limitations, lung organoid
technology offers a promising avenue for more accurately
modelling the pathophysiological processes of COPD
patients. Moreover, organoids are more patient-specific
and can be employed for personalized treatment, as
they are invariably derived from the patients’ samples.
It is anticipated that lung organoid technology will be
integrated and complementary with other traditional
technologies in the future. By optimizing the combina-
tion of these technologies, a more comprehensive and
multi-dimensional COPD research platform can be con-
structed, which not only facilitates to further analysis of
the disease mechanism, but also accelerates the process
of drug screening and clinical transformation, and pro-
vides more accurate and effective treatment strategies for
COPD patients.

Limitations of lung organoids in COPD

Lung organoids have significant potential for use in
COPD studies and applications. However, it is important
to consider the limitations of this approach. One limita-
tion of organoids is that they lack an immune system,
circulatory system, and ECM. Similarly, lung organoids
also exhibit the same deficiencies, as they lack the vas-
cular and immune systems, which play pivotal roles in
regulating stem cell behaviour and lung tissue structure
formation [82]. Another limitation of lung organoids is
that the maturity and controllability of the culture system
can only be demonstrated when the culture of repeti-
tive organoids is accurate. It is therefore essential that
this consistency is achieved if lung organoids are to be
widely applied in various research fields. In particular,
under identical experimental conditions, each analogous
organoid derived from the same source should exhibit
highly comparable characteristics, including size, compo-
sition, three-dimensional structure, and gene expression.
These challenges are prevalent in numerous research
domains. For instance, when organoids are employed in
drug screening, it is imperative that the initial culture
and stimulation conditions remain consistent to ensure
the reliability and reproducibility of the results. However,
the size of the organoids is typically disparate, and the
efficacy of stimulation or nutrient delivery may fluctu-
ate. Consequently, the ultimate outcomes of experiments
may also exhibit variability. A widely recognized medium
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composition system for the cultivation of lung organ-
oids is still lacking. The discrepancies in these nutrients
can result in variations in organoid growth and differ-
entiation, consequently impacting the reproducibility of
experimental outcomes [83].

Conclusions and future prospects

Organoids offer several advantages, including high
homology with human organs and tissues, the capacity
to maintain original tissue characteristics and genetic
consistency over the long term, and a three-dimensional
spatial structure formed by different types of epithelial
cells. Furthermore, they necessitate a minimal sample
size and a brief construction period. They are an efficient
in vitro model for lung disease research, drug screening
and disease prediction, and meet the ethical require-
ments for experimentation. Consequently, it is becoming
increasingly prevalent in research on lung disease world-
wide, particularly in COPD studies. COPD, as a systemic
disease, involves the complex interplay of multiple cell
types and pathological changes in lung structure, which
traditional cell culture models struggle to replicate, par-
ticularly the dynamic interactions between cells and the
alterations in tissue architecture. Organoids, by form-
ing three-dimensional structures, more accurately simu-
late the in vivo lung microenvironment and facilitate the
study of the interactions between different cell types,
thereby overcoming the limitations of two-dimensional
culture models. As a result, organoids have become
an important tool for investigating the pathogenesis of
COPD and other lung diseases.

Organoids, as a novel model with unique advantages,
show broad potential for application in COPD research.
One area of future research will be the integration of the
immune system and circulatory system into the con-
struction of organoids, with the aim of creating models
that are more structurally and functionally similar to
real organs [84]. The use of chemosynthetic biomaterials
can facilitate the provision of adjustable physical stimu-
lation and mechanical tension to organoids, which may
prove beneficial in the simulation of disease progression
processes in COPD, such as oxidative stress, inflamma-
tion, and airway remodeling [85]. A further avenue of
enquiry in organoid engineering is the fusion and co-
culture of multiple types of organs. The realization of this
may necessitate the use of microfluidics and functional
biomaterials for the integration of organ systems and
highly detailed disease modelling, including COPD [86].
The “multi-organ chip,” which simulates the integrated
drug response of the whole body, is poised to become an
emerging technology that will enhance the success rate
of new drug discovery for COPD and other diseases [87].
Concurrently, the convergence of multiple disciplines,
including biomedicine and materials science, and the
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advent of novel technologies, such as high-throughput
sequencing and organ-on-a-chip technology, will accel-
erate the development of organoids in COPD research.
Furthermore, organoids present a potential avenue for
artificial lung transplantation, which currently repre-
sents the sole viable option for treating chronic lung
diseases, including COPD. This process is accompanied
by the scarcity of available donor organs, the poten-
tial for immune rejection, and the drawbacks of taking
immunosuppressive drugs for life. The pace of develop-
ment is rapid and promising, with the potential for entire
lung models capable of being transplanted into humans
becoming a reality in the near future. As research pro-
gresses, organoids will be able to contribute more effec-
tively to human health in a number of areas, including
the understanding of COPD etiology, the development of
targeted treatments, the screening of drugs and so on.

Abbreviations

COPD Chronic obstructive pulmonary disease
ESCs Embryonic stem cells

iPSCs Induced pluripotent stem cells

ASCs Adult stem cells

AT1 Type 1 alveolar epithelium

AT2 Type 2 alveolar epithelium

BASC Bronchiolar alveolar stem cell

NGFR Nerve growth factor receptor

IL-13 Interleukin 13

IL-17A Interleukin 17 A

GCM Goblet cell metaplasia

FACS Fluorescence-activated cell sorting
BALOs Bronchoalveolar pulmonary organoids
MACS Magnetic bead sorting

hPSCs human pluripotent stem cells

VAFEC Ventral foregut endoderm cell

CPM+ Carboxypeptidase M positive

HLOs Human lung organoids

LBOs Lung bud organoids

WLO Whole lung organoids

ABM Artificial basement membrane

CSE Cigarette smoke extract

PM2.5 Particular matter 2.5

RAS Respiratory airway secretory

RAGE Receptor for advanced glycosylation end products
IL-1b Interleukin 1b

FAM13A  Family with Sequence Similarity 13 Member A
GWAS Genome-Wide Association Studies
DDT D-dopachrome tautomerase

EP Prostaglandin receptor

IP Prostacyclin receptor

ALl Air-liquid interface

ECM Extracellular matrix

Acknowledgements
BioRender graphic design software was used in the generation of Figs. 1, 2
and 3.

Author contributions

Conception and design: Yajie Huo, Shengyang He, Yan Chen. Writing original
draft and preparing figures and table: Yajie Huo. Revision of manuscript and
administrative: Shengyang He, Yan Chen.All authors reviewed the manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (No. 82370054 and 82070049), the Fundamental Research Funds for
the Central Universities of Central South University(No. 2024Z7TS0875), the



Huo et al. Respiratory Research (2025) 26:76

Beijing Bethune Charitable Foundation (BJ-RW2020011J), the National Natural

Science Foundation of China, the Youth Foundation (No: 82400051), Natural
Science Foundation of Hunan province, China (the Youth Foundation, No:

2023JJ40820), the Scientific Research Launch Project for New Employees of
the Second Xiangya Hospital of Central South University (to Shengyang He)

and the National Key Clinical Specialty Construction Projects of China.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Disclosure
The authors declare that they have no competing interests in this work.

Competing interests
The authors declare no competing interests.

Received: 20 October 2024 / Accepted: 6 February 2025
Published online: 28 February 2025

References

1.

2.

Kahnert K, Jorres RA, Behr J, Welte T. The diagnosis and treatment of COPD
and its comorbidities. Dtsch Arztebl Int. 2023;120(25):434-44.

Fricker M, Deane A, Hansbro PM. Animal models of chronic obstructive
pulmonary disease. Expert Opin Drug Discov. 2014,9(6):629-45.

Choi KYG, Wu BC, Lee AHY, Baquir B, Hancock REW. Utilizing Organoid and
Air-Liquid Interface Models as a screening method in the development of
new host defense peptides. Front Cell Infect Microbiol. 2020;10:228.

Miller AJ, Dye BR, Ferrer-Torres D, Hill DR, Overeem AW, Shea LD, et al. Genera-

tion of lung organoids from human pluripotent stem cells in vitro. Nat Protoc.

2019;14(2):518-40.

Leeman KT, Pessina P, Lee JH, Kim CF. Mesenchymal stem cells increase
alveolar differentiation in lung progenitor organoid cultures. Sci Rep.
2019,9(1):6479.

Kong J. Lung organoids, useful tools for investigating epithelial repair after
lung injury. Stem Cell Res Ther.2021;12(1):95.

Chamorro-Herrero |, Zambrano A. Modeling of respiratory diseases evolving
with fibrosis from Organoids Derived from Human pluripotent stem cells. Int
J Mol Sci. 2023;24(5):4413.

Kim J, Koo BK, Knoblich JA. Human organoids: model systems for human
biology and medicine. Nat Rev Mol Cell Biol. 2020;21(10):571-84.

Hawkins FJ, Suzuki S, Beermann ML, Barilla C, Wang R, Villacorta-Martin C, et
al. Derivation of Airway basal stem cells from human pluripotent stem cells.
Cell Stem Cell. 2021;28(1):79-€958.

Kuhl L, Graichen P, Von Daacke N, Mende A, Wygrecka M, Potaczek DP, et

al. Human lung Organoids—A Novel Experimental and Precision Medicine
Approach. Cells. 2023;12(16):2067.

Watanabe N, Fujita Y, Nakayama J, Mori Y, Kadota T, Hayashi Y, et al. Anoma-
lous epithelial variations and ectopic inflammatory response in Chronic
Obstructive Pulmonary Disease. Am J Respir Cell Mol Biol. 2022,67(6):708-19.
Agusti A, Celli BR, Criner GJ, Halpin D, Anzueto A, Barnes P, et al. Global
Initiative for Chronic Obstructive Lung Disease 2023 Report: GOLD Executive
Summary. Am J Respir Crit Care Med. 2023;207(7):819-37.

Torén K, Jarvholm B. Effect of Occupational exposure to vapors, gases, dusts,
and fumes on COPD Mortality Risk among Swedish Construction workers.
Chest. 2014;145(5):992-7.

Fischer B, Pavlisko E, Voynow J. Pathogenic triad in COPD: oxidative stress,
protease—antiprotease imbalance, and inflammation. Int J Chron Obstruct
Pulmon Dis. 2011;6:413-21.

Dailah HG. Therapeutic potential of small molecules targeting oxidative
stress in the treatment of Chronic Obstructive Pulmonary Disease (COPD): a
Comprehensive Review. Molecules. 2022;27(17):5542.

Lomas DA. Does Protease—Antiprotease Imbalance Explain Chronic Obstruc-
tive Pulmonary Disease? 2016 Apr:13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 12 of 14

Lin S, Ma Z, Huang Y, Sun'Y, Yi H. Chronic obstructive pulmonary disease is
characterized by reduced levels and defective suppressive function of regula-
tory B cells in peripheral blood. Mol Immunol. 2022;141:87-93.

Upadhyay P, Wu CW, Pham A, Zeki AA, Royer CM, Kodavanti UP, et al. Animal
models and mechanisms of tobacco smoke-induced chronic obstructive pul-
monary disease (COPD). J Toxicol Environ Health Part B. 2023,26(5):275-305.
Hogg JC, Timens W. The Pathology of Chronic Obstructive Pulmonary Dis-
ease. Annu Rev Pathol Mech Dis. 2009;4(1):435-59.

Vazquez-Armendariz Al, Herold S. From clones to buds and branches: the Use
of Lung organoids to Model branching morphogenesis Ex vivo. Front Cell
Dev Biol. 2021,9:631579.

Konkimalla A, Tata A, Tata PR. Lung regeneration: cells, models, and mecha-
nisms. Cold Spring Harb Perspect Biol. 2022;14(10):a040873.

Basil MC, Katzen J, Engler AE, Guo M, Herriges MJ, Kathiriya JJ, et al. The Cel-
lular and physiological basis for lung repair and regeneration: past, Present,
and Future. Cell Stem Cell. 2020;26(4):482-502.

Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, et al. Basal cells as stem
cells of the mouse trachea and human airway epithelium. Proc Natl Acad Sci.
2009;106(31):12771-5.

Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H, et al. The role
of Scgb1al +Clara cells in the long-term maintenance and repair of Lung
Airway, but not alveolar, epithelium. Cell Stem Cell. 2009;4(6):525-34.
Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR,

et al. Type 2 alveolar cells are stem cells in adult lung. J Clin Invest.
2013;123(7):3025-36.

Liu Q Liu K, Cui G, Huang X, Yao S, Guo W, et al. Lung regeneration by multi-
potent stem cells residing at the bronchioalveolar-duct junction. Nat Genet.
2019,51(4):728-38.

Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling development
and disease using organoid technologies. Science. 2014;345(6194):1247125.
Chen KG, Park K, Spence JR. Studying SARS-CoV-2 infectivity and therapeutic
responses with complex organoids. Nat Cell Biol. 2021;23(8):822-33.

Crystal RG. Airway Basal Cells. The Smoking Gun of Chronic Obstructive
Pulmonary Disease. Am J Respir Crit Care Med. 2014;190(12):1355-62.

Liberti DC, Morrisey EE. Organoid models: assessing lung cell fate decisions
and disease responses. Trends Mol Med. 2021,27(12):1159-74.

Hild M, Jaffe AB. Production of 3-D Airway Organoids From Primary Human
Airway Basal Cells and Their Use in High-Throughput Screening. Curr Protoc
Stem Cell Biol. 2016 May 12:37:IE9.1-IE.9.15.

Butler CR, Hynds RE, Gowers KHC, Lee DDH, Brown JM, Crowley C, et al.
Rapid Expansion of Human Epithelial Stem Cells Suitable for Airway Tissue
Engineering. Am J Respir Crit Care Med. 2016;194(2):156-68.

Barkauskas CE, Chung MI, Fioret B, Gao X, Katsura H, Hogan BLM. Lung organ-
oids: current uses and future promise. Development. 2017;144(6):986-97.
Danahay H, Pessotti AD, Coote J, Montgomery BE, Xia D, Wilson A, et al.
Notch2 is required for Inflammatory Cytokine-Driven Goblet Cell Metaplasia
in the lung. Cell Rep. 2015;10(2):239-52.

Kato K, Chang EH, Chen'Y, Lu W, Kim MM, Niihori M, et al. MUCT contributes
to goblet cell metaplasia and MUC5AC expression in response to cigarette
smoke in vivo. Am J Physiol-Lung Cell Mol Physiol. 2020;319(1):L82-90.

LuT. Organoid: a powerful tool to study lung regeneration and disease. Cell
Regen. 2021;10(1):21.

Snyder JC, Reynolds SD, Hollingsworth JW, Li Z, Kaminski N, Stripp BR. Clara
cells attenuate the inflammatory response through regulation of macro-
phage behavior. Am J Respir Cell Mol Biol. 2010;42(2):161-71.

Lee JH, Tammela T, Hofree M, Choi J, Marjanovic ND, Han S, et al. Anatomically
and functionally distinct lung mesenchymal populations marked by Lgr5 and
Lgr6. Cell. 2017;170(6):1149-e116312.

Tropea KA, Leder E, Aslam M, Lau AN, Raiser DM, Lee JH, et al. Bronchioalveo-
lar stem cells increase after mesenchymal stromal cell treatment in a mouse
model of bronchopulmonary dysplasia. Am J Physiol-Lung Cell Mol Physiol.
2012,302(9):L.829-37.

Chen H, Matsumoto K, Brockway BL, Rackley CR, Liang J, Lee JH, et al. Airway
Epithelial progenitors are Region Specific and Show Differential responses to
Bleomycininduced Lung Injury. Stem Cells. 2012;30(9):1948-60.
Vazquez-Armendariz Al, Heiner M, El Agha E, Salwig |, Hoek A, Hessler MC,

et al. Multilineage murine stem cells generate complex organoids to model
distal lung development and disease. EMBO J. 2020;39(21):e103476.
Nadkarni RR, Abed S, Draper JS. Organoids as a model system for studying
human lung development and disease. Biochem Biophys Res Commun.
2016;473(3):675-82.



Huo et al. Respiratory Research

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2025) 26:76

Youk J, Kim T, Evans KV, Jeong YI, Hur Y, Hong SP, et al. Three-Dimensional
Human Alveolar Stem Cell Culture models reveal infection response to SARS-
CoV-2. Cell Stem Cell. 2020;27(6):905-€91910.

Ahmadvand N, Lingampally A, Khosravi F, Vazquez-Armendariz Al, Rivetti

S, Jones MR, et al. Fgfr2b signaling is essential for the maintenance of the
alveolar epithelial type 2 lineage during lung homeostasis in mice. Cell Mol
Life Sci. 2022;79(6):302.

Katsura H, Sontake V, Tata A, Kobayashi Y, Edwards CE, Heaton BE, et al.
Human lung stem cell-based alveolospheres provide insights into SARS-CoV-
2-Mediated Interferon responses and pneumocyte dysfunction. Cell Stem
Cell. 2020;27(6):890-e9048.

SunT, Huang Z, Zhang H, Posner C, Jia G, Ramalingam TR, et al. TAZ is
required for lung alveolar epithelial cell differentiation after injury. JClI Insight.
2019,5(14).e128674.

Choi J, Park JE, Tsagkogeorga G, et al. Inflammatory signals induce AT2
cell-derived damage-Associated transient progenitors that mediate alveolar
regeneration. Cell Stem Cell. 2020;27(3):366-€3827.

Chung MI, Bujnis M, Barkauskas CE, Kobayashi'Y, Hogan BLM. Niche-mediated
BMP/SMAD signaling regulates lung alveolar stem cell proliferation and dif-
ferentiation. Development. 2018;145(9):dev163014.

Xu X, Nie Y, Wang W, Ullah I, Tung WT, Ma N et al. Generation of 2.5D lung bud
organoids from human induced pluripotent stem cells. Kipper JH, Kriiger-
Genge A, Jung F, editors. Clin Hemorheol Microcirc. 2021;79(1):217-30.
McCauley KB, Hawkins F, Kotton DN. Derivation of epithelial-only Airway
Organoids from Human pluripotent stem cells. Curr Protoc Stem Cell Biol.
2018;45(1):e51.

Gotoh S, Ito |, Nagasaki T, Yamamoto Y, Konishi S, Korogi Y, et al. Generation
of alveolar epithelial spheroids via isolated progenitor cells from human
pluripotent stem cells. Stem Cell Rep. 2014;3(3):394-403.

Dye BR, Hill DR, Ferguson MA, Tsai YH, Nagy MS, Dyal R, et al. In vitro
generation of human pluripotent stem cell derived lung organoids. Elife.
2015;4:05098.

Chen YW, Huang SX, Islam MN, Volpi S, Notarangelo LD, Ciancanelli M, et al.
A three-dimensional model of human lung development and disease from
pluripotent stem cells. Nat Cell Biol. 2017;19(5):542-9.

Dye BR, Youngblood RL, Oakes RS et al. Human lung organoids develop

into adult airway-like structures directed by physico-chemical biomaterial
properties.Biomaterials. 2020;234:119757.

Leibel SL, McVicar RN, Winquist AM, Snyder EY. Generation of 3D whole lung
organoids from Induced Pluripotent Stem cells for modeling Lung Develop-
mental Biology and Disease. J Vis Exp. 2021;(170):10.3791/62456.

He Y, Rofaani E, Huang X, Huang B, Liang F, Wang L, et al. Generation of alveo-
lar epithelium using reconstituted basement membrane and hiPSC-Derived
Organoids. Adv Healthc Mater. 2022;11(6):2101972.

Chan LLY, Anderson DE, Cheng HS, Ivan FX, Chen S, Kang AEZ, et al. The
establishment of COPD organoids to study host-pathogen interaction
reveals enhanced viral fitness of SARS-CoV-2 in bronchi. Nat Commun.
2022;13(1):7635.

Chen D, Gregory AD, Li X, Wei J, Burton CL, Gibson G, et al. RIP3-dependent
necroptosis contributes to the pathogenesis of chronic obstructive pulmo-
nary disease. JCl Insight. 2021,6(12):e144689.

YuH, LinY, Zhong Y, Guo X, Lin Y, Yang S, et al. Impaired AT2 to AT1 cell
transition in PM2.5-induced mouse model of chronic obstructive pulmonary
disease. Respir Res. 2022,23(1):70.

Basil MC, Cardenas-Diaz FL, Kathiriya JJ, Morley MP, Carl J, Brumwell AN, et al.
Human distal airways contain a multipotent secretory cell that can regener-
ate alveoli. Nature. 2022,604(7904):120-6.

Tsutsumi A, Ozaki M, Chubachi S, Irie H, Sato M, Kameyama N, et al. Exposure
to cigarette smoke enhances the stemness of alveolar type 2 cells. Am J
Respir Cell Mol Biol. 2020;63(3):293-305.

Skronska-Wasek W, Mutze K, Baarsma HA, Bracke KR, Alsafadi HN, Lehmann M,
et al. Reduced frizzled receptor 4 expression prevents WNT/B-Catenin—driven
alveolar lung repair in Chronic Obstructive Pulmonary Disease. Am J Respir
Crit Care Med. 2017;196(2):172-85.

Wu X, Van Dijk EM, Ng-Blichfeldt JP, Bos IST, Ciminieri C, Kénigshoff M, et

al. Mesenchymal WNT-5A/5B signaling represses lung alveolar epithelial
progenitors. Cells. 2019;8(10):1147.

Ng-Blichfeldt JP, De Jong T, Kortekaas RK, Wu X, Lindner M, Guryev V, et al.
TGF-B activation impairs fibroblast ability to support adult lung epithelial
progenitor cell organoid formation. Am J Physiol-Lung Cell Mol Physiol.
2019;317(1):.L14-28.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 13 of 14

Pouwels SD, Hesse L, Wu X, Allam VSRR, Van Oldeniel D, Bhiekharie LJ, et all.
LL-37 and HMGBT1 induce alveolar damage and reduce lung tissue regenera-
tion via RAGE. Am J Physiol-Lung Cell Mol Physiol. 2021;321(4):.L641-52.
Ciminieri C, Woest ME, Reynaert NL, Heijink IH, Wardenaar R, Spierings DCJ, et
al. IL-1B induces a Proinflammatory Fibroblast Microenvironment that impairs
lung progenitors'function. Am J Respir Cell Mol Biol. 2023,68(4):444-55.
Rustam S, Hu Y, Mahjour SB, Rendeiro AF, Ravichandran H, Urso A, et al.

A Unique Cellular Organization of Human Distal Airways and its Disar-

ray in Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med.
2023;207(9):1171-82.

Kadur Lakshminarasimha Murthy P, Sontake V, Tata A, Kobayashi Y, Macadlo
L, Okuda K, et al. Human distal lung maps and lineage hierarchies reveal a
bipotent progenitor. Nature. 2022,604(7904):111-9.

Sakornsakolpat P, Prokopenko D, Lamontagne M, Reeve NF, Guyatt AL, Jack-
son VE, et al. Genetic landscape of chronic obstructive pulmonary disease
identifies heterogeneous cell-type and phenotype associations. Nat Genet.
2019;51(3):494-505.

Lin X, LiY, Gong L, Yun JH, Xu S, Tesfaigzi Y, et al. Tempo-spatial regulation of
the wnt pathway by FAM13A modulates the stemness of alveolar epithelial
progenitors. eBioMedicine. 2021;69:103463.

Song S, Liu B, Habibie H, Van Den Bor J, Smit MJ, Gosens R, et al. D-dopach-
rome tautomerase contributes to lung epithelial repair via atypical chemo-
kine receptor 3-dependent akt signaling. EBioMedicine. 2021,68:103412.

Wu X, Bos IST, Conlon TM, Ansari M, Verschut V, Van Der Koog L, et al. A
transcriptomics-guided drug target discovery strategy identifies receptor
ligands for lung regeneration. Sci Adv. 2022;8(12):eabj9949.

Stolk J, Stockley RA, Stoel BC, Cooper BG, Piitulainen E, Seersholm N, et al.
Randomised controlled trial for emphysema with a selective agonist of the
y-type retinoic acid receptor. Eur Respir J. 2012;40(2):306-12.

Tepper J, Pfeiffer J, Aldrich M, Tumas D, Kern J, Hoffman E, et al. Can Retinoic
Acid ameliorate the physiologic and morphologic effects of Elastase Instilla-
tion in the rat? Chest. 2000;117(5):5242-4.

Ng-Blichfeldt JP, Schrik A, Kortekaas RK, Noordhoek JA, Heijink IH, Hiemstra
PS, et al. Retinoic acid signaling balances adult distal lung epithelial progeni-
tor cell growth and differentiation. EBioMedicine. 2018;36:461-74.

Costa R, Wagner DE, Doryab A, De Santis MM, Schorpp K, Rothenaigner |, et
al. A drug screen with approved compounds identifies amlexanox as a novel
Wnt/B-catenin activator inducing lung epithelial organoid formation. Br J
Pharmacol. 2021;178(19):4026-41.

LiY, Zhang Q, Li L, Hao D, Cheng P, Li K, et al. LKB1 deficiency upregulates
RELM-a to drive airway goblet cell metaplasia. Cell Mol Life Sci. 2022;79(1):42.
Tian L, Gao J, Garcia IM, Chen HJ, Castaldi A, Chen Y. Human pluripotent stem
cell-derived lung organoids: potential applications in development and
disease modeling. WIREs Dev Biol. 2021;10(6):e399.

Baldassi D, Gabold B, Merkel OM. Air-liquid interface cultures of the healthy
and diseased human respiratory tract: promises, challenges, and future direc-
tions. Adv NanoBiomed Res. 2021;1(6):2000111.

Lam HC, Choi AMK, Ryter SW. Isolation of mouse respiratory epithelial cells
and exposure to experimental cigarette smoke at Air Liquid Interface. J Vis
Exp. 2011;(48):2513.

Benam KH, Villenave R, Lucchesi C, Varone A, Hubeau C, Lee HH, et al. Small
airway-on-a-chip enables analysis of human lung inflammation and drug
responses in vitro. Nat Methods. 2016;13(2):151-7.

LiY,Wu Q, Sun X, Shen J, Chen H. Organoids as a powerful model for respira-
tory diseases. Stem Cells Int. 2020;2020:1-8.

Sachs N, Papaspyropoulos A, Zomer-van Ommen DD, Heo |, Béttinger L, Klay
D, et al. Long-term expanding human airway organoids for disease modeling.
EMBO J. 2019;38(4):e100300.

Kim M, Mun H, Sung CO, Cho EJ, Jeon HJ, Chun SM, et al. Patient-derived lung
cancer organoids as in vitro cancer models for therapeutic screening. Nat
Commun. 2019;10(1):3991.

Wu H, YuY, Huang H, Hu Y, Fu S, Wang Z, et al. Progressive pulmonary fibrosis
is caused by elevated mechanical tension on alveolar stem cells. Cell.
2021;184(3):845-6.

Koike H, Iwasawa K, Ouchi R, Maezawa M, Giesbrecht K, Saiki N, et al. Model-
ling human hepato-biliary-pancreatic organogenesis from the foregut-mid-
gut boundary. Nature. 2019;574(7776):112-6.



Huo et al. Respiratory Research (2025) 26:76 Page 14 of 14

87. Skardal A, Aleman J, Forsythe S, Rajan S, Murphy S, Devarasetty M, et al. Drug

H 1/
compound screening in single and integrated multi-organoid body-on-a- Publisher’s note
chip systems. Biofabrication. 2020;12(2):025017. Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.



	﻿Lung organoids in COPD: recent advances and future prospects
	﻿Abstract
	﻿Introduction
	﻿Chronic obstructive pulmonary disease (COPD)
	﻿Lung and lung organoids
	﻿Main sources of lung organoids
	﻿Organoids from airway basal cells
	﻿Organoids from airway secretory cells
	﻿Organoids from airway bronchioalveolar stem cell (BASC)
	﻿Organoids from airway alveolar epithelial type 2(AT2)
	﻿Organoids from human pluripotent stem cells (hPSCs)

	﻿Application of Lung Organoid in COPD
	﻿Lung organoids for disease mechanism in COPD
	﻿Lung organoids for personalized medicine in COPD
	﻿Advantages of lung organoids in COPD
	﻿Limitations of lung organoids in COPD

	﻿Conclusions and future prospects
	﻿References


