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ABSTRACT

The respiratory system is an essential organ that performs gas exchange through the blood circulation in mammals. Unlike
other organs, the lungs are directly exposed to the external environment, including particulate matter, cigarette smoke, and
various pollutants, and are therefore, highly susceptible to damage. The lungs retain regional-specific stem/progenitor
cells that quickly mobilize to replace the damaged epithelium. Accumulating evidences suggest that fate decision of stem
cells relies on regulatory programs integrated by niches constituting the microenvironment providing diverse signals that
regulate stem cell behavior. Therefore, understanding cellular diversity and precise interaction between stem cells and
their respective niches is crucial to understand how tissue recovers homeostasis after injury. Here, in this review, we
summarize recent progress in cellular and functional identity of stem cells and distinctive niches in the lungs. We also
describe the molecular mechanism of genetic and epigenetic program in the regulation of stem cell behavior during tissue
regeneration. Lastly, we introduce the three-dimensional lung organoid platforms that provide valuable insights into the

mechanisms of lung pathophysiology in human system.

© 2025 The Author(s). Published by Elsevier Inc. on behalf of Korean Society for Molecular and Cellular Biology. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

The lung is a highly specialized organ that facilitates efficient gas
exchange through its vast alveolar surface area and intricate ca-
pillary network. Maintaining the structural and functional integrity of
this complex tissue is essential for respiratory health, and damage
to the alveolar epithelium caused by infections, toxins, or chronic
inflammation can result in impaired regeneration and progressive
lung diseases such as idiopathic pulmonary fibrosis (IPF) and
chronic obstructive pulmonary disease (COPD).

Over the past decade, advances in lineage-tracing, single-cell
transcriptomics, and three-dimensional (3D) lung organoid tech-
nologies have dramatically expanded our understanding of the
cellular and molecular mechanisms that govern lung regeneration.
A growing body of evidence suggests that a diverse array of epi-
thelial stem and progenitor cells orchestrate the repair of injured
alveolar structures. These epithelial cells do not act in isolation but
are influenced by a dynamic microenvironment—or niche—
composed of mesenchymal, endothelial, and immune cells that
provide essential cues to support regeneration or, conversely, drive
pathological remodeling.

In this review, we provide a comprehensive overview of lung
epithelial stem/progenitor cell populations involved in alveolar re-
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generation, with an emphasis on their cellular plasticity and lineage
trajectories following injury. We further explore the critical roles of
mesenchymal, endothelial, and immune niche cells in regulating
epithelial repair. Finally, we highlight the application of 3D organoid
models in studying human lung regeneration and modeling disease,
offering insights into future therapeutic strategies.

CELLULAR DIVERSITY AND STEM/PROGENITOR CELLS IN
THE LUNG EPITHELIUM

The respiratory tract is a complex system having multiple cell
lineages and regional-specific niches alongside proximal-distal
axis, which is anatomically divided into 2 major systems of
conducting airways and respiratory zone, respectively. Classical
studies using histological analysis and recent advanced tech-
nologies, including single-cell RNA sequencing, have un-
covered a significant degree of cellular diversity and stem/
progenitor population within the lungs. In the proximal airways,
basal cells characterized by the expression of cytokeratin 5
(KRT5) and transformation-related protein 63 (p63) within the
pseudostratified epithelium have been identified as stem cells
(Crystal, 2014; Rock et al., 2010). They are capable of differ-
entiating into multilineages of luminal surface of the airways,
including secretory and ciliated cells along with more rare cell
types, such as tuft cells, ionocytes, and neuroendocrine cells
post injury (Montoro et al., 2018; Plasschaert et al., 2018; Surve
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Fig. 1. Comparative epithelial cell composition and lineage differentiation potential in mouse and human lungs. (A) Schematic illustration
depicting epithelial cell types across 4 anatomical regions—proximal airway, small airway, respiratory airway, and alveoli—in mouse and
human lungs. Key differences include the presence of respiratory airway secretory cells (RASCs) and alveolar type 0 (ATO0) cells in the distal
airways of humans, and bronchioalveolar stem cells (BASCs) at the bronchioalveolar duct junction in mice. (B) Diagram summarizing
epithelial lineage hierarchies based on developmental and injury-repair models. In the airways, basal cells serve as progenitors for multiple
differentiated cell types. In the alveolar compartment, BASCs (in mice) and RASCs (in humans) give rise to AT2 cells, which further
differentiate into alveolar type 1 AT1 cells. These lineage trajectories highlight fundamental species-specific differences in epithelial re-

generation and plasticity.

etal., 2023) (Fig. 1A). In mice, the distal intrapulmonary airways role is to conduct air toward the alveoli. These airways are lined
exhibit a relatively uniform structure characterized by the ab- with a heterogeneous population of epithelial cells, including
sence of cartilaginous rings and basal stem cells. Their primary both secretory and ciliated cells, along with occasional
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neuroendocrine cells that cluster into structures of neuroendo-
crine bodies. Within this region, certain subsets of secretory
cells function as local facultative progenitors that contain
the ability of self-renewal and differentiating into ciliated cells
and goblet cells, and acquire a regenerative potential to ded-
ifferentiate into basal cells in response to injury (Fig. 1B)
(Rawlins et al., 2009; Tata et al., 2013). At the bronchioalveolar
duct junction—the transition zone where the distal airways of
mice connect to the alveolar compartment—a rare population of
cells displays multipotency for both airway and alveolar epi-
thelial lineages under certain injury conditions. These cells,
known as bronchioalveolar stem cells (BASCs), which are
characterized by the coexpression of markers for airway se-
cretory cells (eg, Scgb1a1) and alveolar type 2 (AT2) cells (eg,
Sftpc), have potential to give rise to both airway and alveolar
lineages upon lung injury (Liu et al., 2019b; Salwig et al., 2019).

In the distal part of pulmonary axis, alveolar epithelium that is
a specialized structure for gas exchange is lined by 2 major cell
types. Alveolar type 1 (AT1) cells, which cover approximately
95% of the alveolar surface area, have a flat, squamous mor-
phology and are closely associated with microvascular en-
dothelial cells, facilitating gas exchange (Fig. 1A) (Weibel,
2009). AT2 cells are the reservoir of stem cell activity that are
able to self-renew and differentiate into AT1 cells during injury
repair (Fig. 1B) (Barkauskas et al., 2013). There is growing in-
terest in this region, as damage to the alveoli has been linked to
the onset of multiple pulmonary disorders, including emphy-
sema and IPF (Adams et al, 2020; Choi et al., 2020;
Habermann et al., 2020; Kobayashi et al., 2020; Strunz et al.,
2020; Tsutsumi et al., 2020; Yu et al., 2022).

It is of note that the cellular composition and structural organi-
zation of distal airways in larger mammals, including humans, differ
notably from those in mice (ten Have-Opbroek et al., 1991). In the
human lung, large intrapulmonary airways sequentially branch and
constrict into terminal bronchioles, which further develop into re-
spiratory bronchioles (RBs). RBs represent a distinct anatomical
structure where alveolar regions are interspersed with airway seg-
ments, forming a unique interdigitated architecture (Fig. 1A). Recent
studies have identified a specialized population of secretory cells
within the RBs of human and ferret lungs, termed respiratory airway
secretory (RAS) cells or terminal and respiratory bronchioles se-
cretory cells (TRB-SCs), which possess self-renewal capacity and
can differentiate into AT2 cells relying on Notch and Wnt signaling
(Basil et al., 2022). Moreover, another subset denoted as alveolar
type 0 (ATO) cells expressing both Scgb3a2 and Sftpc was recently
uncovered, which represent a transient cell state mediating differ-
entiation of AT2 cells into RASCs/terminal and respiratory bronch-
ioles secretory cells or AT1 cells (Kadur Lakshminarasimha Murthy
et al., 2022).

ALVEOLAR STEM CELLS AND TRANSITIONAL CELL
STATES IN ALVEOLAR REGENERATION AND FIBROSIS

Studies leveraging murine models integrating lineage-tracing
and lung injury in combination with lung organoids have pro-
vided detailed insights into the pathways involved in alveolar
regeneration. AT2 cells acquire stem cell properties that are
capable of self-renewing and differentiating into AT1 cells,
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implicating the key population in alveolar regeneration
(Barkauskas et al., 2013). Increasing evidences reveal that
Axin2+ AT2 cells, distinctive sublineages that respond to Wnt
signaling secreted from adjacent fibroblast niches, play a
dominant role in alveolar repair process, suggesting a me-
chanism by which a larger fraction of AT2 cells is recruited for
proliferation and differentiation into AT1 cells (Nabhan et al.,
2018; Zacharias et al., 2018). In addition, a subset of AT2 cells
expressing IL-1R1, a functional receptor for interleukin-1p (IL-
1B8), selectively proliferates and gives rise to AT1 cells in re-
sponse to inflammation following injury (Choi et al., 2020).
Deletion of IL-1R1 on AT2 cells impairs the differentiation of AT2
cells, resulting in a failure to replenish AT1 cells and affecting
alveolar regeneration, highlighting the context-dependent acti-
vation of AT2 cells responding to specific signals derived from
surrounding niches. While multiple signaling pathways—in-
cluding the activation of BMP, Notch, Yap/Taz, and TGF-§ sig-
naling, as well as the suppression of Wnt signaling—have been
implicated in the differentiation of AT2 cells into AT1 cells, the
precise mechanisms of AT2 cell differentiation into AT1 cells
remained unclear (Al Alam et al., 2011; Chung et al., 2018; Finn
et al., 2019; Flozak et al., 2010; Frank et al., 2016; LaCanna
etal, 2019; Lange et al., 2015; Liu et al., 2016; Wu et al., 2020).
Recent studies utilizing single-cell RNA sequencing of lung
injury and fibrosis have identified a distinct transitional cell state
between AT2 and AT1 cells, referred to as the damage-asso-
ciated transient progenitors (DATPs), pre-alveolar type-1 tran-
sitional cell state (PATS), or alveolar differentiation
intermediates (ADIs) (Fig. 2A) (Choi et al., 2020; Kobayashi
et al., 2020; Strunz et al., 2020). This transitional population is
defined by unique molecular signatures and emerges during the
regenerative phase following lung injury. Upon injury, a distinct
transitional cell population characterized by the expression of
Keratin 8 (KRT8) and Claudin 4 (CLDN4) has been identified,
further demonstrated that IL-1B, secreted by interstitial macro-
phages, can induce a subset of AT2 cells expressing the IL-1
receptor to adopt a DATP phenotype, implicating inflammatory
signaling as a key driver of this transitional state (Choi et al.,
2020). Similar to PATS and ADI, DATPs show distinctive tran-
scription programs that include activation of DNA damage re-
sponse pathways (eg, TP53 signaling), cellular senescence,
and engagement of transforming growth factor B (TGF-B) sig-
naling (Choi et al., 2020; Kobayashi et al., 2020; Strunz et al.,
2020). Disruption of these pathways impairs AT2 differentiation
potential, highlighting potential therapeutic targets for attenu-
ating degenerative pulmonary diseases such as lung fibrosis.
Notably, the accumulation of these KRT8"9" transitional cells
(also known as KRT17" basaloid) has also been observed in
human lung tissues from patients who succumbed to IPF and
COVID-19 or underwent lung transplantation due to post-
COVID fibrosis (Adams et al., 2020; Delorey et al., 2021;
Dinnon et al., 2022; Habermann et al., 2020; Han et al., 2023;
Kobayashi et al., 2020; Melms et al., 2021). Moreover, recent
studies highlight that these cell states are also associated with
lung tumor development (Choi et al., 2020; England et al., 2025;
Han et al., 2024; Hill et al., 2023; Moye et al., 2024). While the
accumulation of transitional cells has been consistently asso-
ciated with lung injury and chronic diseases, their functional role
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Fig. 2. Cellular dynamics of stem cells and their niches during alveolar regeneration. (A) Schematic model of alveolar regeneration. Following injury,
IL-1B from interstitial macrophages primes AT2 cells, leading to their transition into intermediate states such as damage-associated transient pro-
genitors (DATPs), pre-alveolar type-1 transitional cells (PATS), or alveolar differentiation intermediates (ADIs). These transitional states are marked by
loss of AT2 identity, upregulation of Krt8, Cldn4, and p53 target genes, and a shift toward a squamous morphology. In healthy regeneration,
transitional cells resolve into mature AT1 cells. However, under chronic inflammatory conditions—such as pulmonary fibrosis or in lungs of patients
with idiopathic pulmonary fibrosis (IPF)—Krt8+ transitional cells persist abnormally, potentially contributing to disease pathogenesis. (B) In the steady-
state alveolus, alveolar type 2 (AT2) and type 1 (AT1) cells constitute the epithelial barrier, supported by diverse fibroblast populations and resident
immune cells. Lipofibroblasts located beneath AT2 cells contribute to surfactant production through lipid metabolism. Alveolar and interstitial mac-
rophages provide immune surveillance. The underlying vasculature consists of aerocyte (aCap) and general capillary (gCap) endothelial cells forming
the alveolar-capillary barrier. (C) Summary of major epithelial, stromal, immune, and endothelial cell populations involved in alveolar homeostasis and
regeneration, including transitional and injury-associated states. (D) Following injury, interstitial macrophages and infiltrating monocytes secrete IL-13,
triggering AT2 cells to enter a transitional state known as DATPs. Regulatory T cells (Tregs) contribute to epithelial regeneration through TGF-8 and
IL-13 signaling. CTHRC1+ myofibroblasts expand and participate in matrix remodeling. Alveolar macrophages, activated by interferon-gamma (IFN-
yY), contribute to vascular remodeling. AT1 cells secrete VEGFA to maintain alveolar structure, while endothelial-derived MMP14 and BMP4 promote
epithelial regeneration via NFATc1-dependent pathways. Proliferative gCap endothelial cells (ECs) and aCap-like ECs—emerging during injury with
partial aCap identity—contribute to vascular reconstruction. Additionally, Ly6G+ macrophages secrete cytokines and chemokines that support tissue
repair and inflammation resolution.
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remains under investigation. Whether they are merely markers
of ongoing AT2-to-AT1 differentiation or actively contribute to
pathology is not yet fully understood. Additionally, it remains
unclear whether aging influences the magnitude or persistence
of transitional cell populations in response to equivalent injuries.

STEM CELL NICHES FOR ALVEOLAR REGENERATION

Fibroblasts in Lung Repair

Fibroblasts are key stromal cells that regulate extracellular
matrix (ECM) composition and contribute to tissue homeostasis
and repair (Plikus et al., 2021; Talbott et al., 2022). In the lungs,
4 different types of population have been identified in home-
ostasis based on anatomical localization and molecular sig-
natures, including alveolar fibroblasts (Wnt2+, Plin2+,
and Ces1d+), peribronchial fibroblasts (Lgr6+, Hhip+), ad-
ventitial fibroblasts (Pi16+, Dcn+), and myofibroblasts (Acta2+,
Myh11+) (Tsukui et al., 2020, 2024; Zepp et al., 2017). Alveolar
fibroblasts play essential roles in supplying triglycerides re-
quired for surfactant production by AT2 cells (Fig. 2B-D)
(Taghizadeh et al., 2021). Upon injury, fibroblasts transition
through intermediate states, acquiring inflammatory or fibrotic
phenotypes, or even tumor-associated characteristics (Zhang
and Liu, 2024). During alveolar damage, PDGFa+ fibroblasts
support euplastic repair via Wnt and FGF signaling, whereas
severe injury (eg, influenza) shifts them to a PDGFf+ state,
promoting KRT5+ basal cell-mediated dysplastic repair via
Notch signaling (Jones et al., 2024). In acute respiratory dis-
tress syndrome, fibroblast-derived cytokines such as ADAMTS4
enhance immune cell infiltration, exacerbating lung dysfunction
(Boyd et al., 2020). Recently, a novel subset of fibroblasts
emerging during fibrotic environment have been identified. Fi-
brotic lungs exhibit expansion of CTHRC1+ fibroblasts, which
upregulate ECM production in response to TGF- from immune
cells (Tsukui et al., 2020, 2024). TGF-B also suppresses SFRP1
in lipofibroblasts, promoting their conversion to profibrotic
myofibroblasts (Konkimalla et al., 2023). Aberrant fibroblast
states influence not only ECM remodeling but also alveolar
epithelial stem cell dynamics, highlighting their therapeutic re-
levance in lung injury and repair. Therefore, investigating me-
chanisms underlying these fibroblast transitions—as well as
their signaling pathways—could pave the way for developing
therapies promoting euplastic repair while preventing fibrosis
during conditions like lung injury or viral infections.

Vascular Niche in Lung Regeneration

The lung is a gas exchange organ supported by a dense vas-
cular network essential for efficient gas exchange, which occurs
across the alveolar-capillary barrier, a thin interface comprising
epithelial, mesenchymal, and endothelial cells (ECs). Recent
studies identified 2 distinctive subsets of capillary ECs: aerocyte
cells (aCap) marked by carbonic anhydrase 4 (Car4), and
general capillary cells (Gillich et al., 2020; Vila Ellis et al., 2020).
Following injury, aCap specialized for gas exchange and leu-
kocyte trafficking play an essential role by generating new
vasculature from pre-existing blood vessels in areas lacking
vascular networks and by promoting the formation of new al-
veoli, thereby contributing to the restoration of lung function
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(Fig. 2B-D) (Niethamer et al., 2020; Potente et al., 2011; Rafii
et al., 2016). Vascular endothelial growth factor A (VEGFA)
secreted by AT1 cells activates Car4* ECs via VEGFR2, pre-
serving alveolar architecture (Ellis et al., 2020; Niethamer et al.,
2020; Yang et al., 2016). In addition, EC-derived MMP14 and
BMP4 further promote epithelial progenitor cell expansion and
BASC differentiation, respectively, via EGF-like ligands and
NFATc1-dependent pathways (Ding et al., 2011; Lee et al.,,
2014). In summary, ECs orchestrate vascular and epithelial
regeneration through angiogenesis, trophic signaling, and cel-
lular cross-talk, playing a central role in restoring lung function.

Immune Niche in Lung Regeneration

As a primary interface with the external environment, the lungs
are continuously exposed to pathogens and toxic substances,
making them vulnerable to injury. To counter these threats, they
are equipped with both innate and adaptive immune cells that
initiate inflammatory responses through cytokine release
(Kawasaki et al., 2022; Kumar, 2020; Xu et al., 2023). However,
excessive or uncontrolled inflammation impairs lung regenera-
tion, promoting chronic lung diseases such as IPF and COPD
(Choi et al., 2020; Eming et al., 2017). Significantly, macro-
phages and regulatory T cells (Tregs) are particularly involved in
promoting epithelial regeneration (Fig. 2B-D). Lung macro-
phages are classified into alveolar macrophages derived from
yolk sac during development and interstitial macrophages re-
plenishing from circulating monocytes (Bain and MacDonald,
2022; Liegeois et al., 2018; Murray and Wynn, 2011). Recent
research has revealed that during SARS-CoV-2 infection, an
increase in interferon-gamma levels suppresses peroxisome
biogenesis in alveolar macrophages while promoting pex-
ophagy. This dysfunction of peroxisomes leads to mitochondrial
damage, inflammasome activation, and increased secretion of
IL-18 (Wei et al., 2025). Additionally, IL-1B secreted by inter-
stitial macrophages has been shown to drive AT2 cells to
transition into KRT8+ cells, suggesting a potential link to post-
acute COVID-19 sequelae (Choi et al., 2020). Furthermore,
Ly6G+ macrophages, derived from monocytes and located near
regenerating AT2 cells, secrete cytokines (TNF-a, IL-10, and IL-
1a) and chemokines (CCL5, CXCL16, CCL12, and CXCL10)
via IL-4R signaling, supporting epithelial regeneration (Ruscitti
et al., 2024). Tregs facilitate tissue regeneration through mul-
tiple mechanisms. During acute lung injury, they induce neu-
trophil apoptosis via TGF-§ (D’Alessio et al., 2009; Lewkowicz
et al., 2006). Damaged epithelial cells release IL-33, which
binds to ST2 on Tregs, triggering secretion of amphiregulin and
IL-13 (Kaiser et al., 2023; Liu et al., 2019a; Zhou et al., 2023).
Amphiregulin binds to EGFR on mesenchymal cells, stimulating
the production of FGF7 and FGF10, which enhance AT2 cell
proliferation and differentiation (Kaiser et al., 2023). IL-13 also
limits neutrophil and macrophage infiltration and enhances
macrophage efferocytosis via the IL-13-IL-10-VAV1-RAC1 axis,
promoting inflammation resolution and tissue repair (Proto
et al., 2018). Further studies are warranted to elucidate how
these immune cells coordinate repair processes by remodeling
alveolar niches and how they can be targeted for therapeutic
strategy.
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LUNG ORGANOIDS FOR HUMAN PATHOPHYSIOLOGY,
DISEASE MODELING, AND DRUG DEVELOPMENT

Organoids are 3-dimensional cell culture systems derived from
tissue-specific stem cells isolated from adult human organs,
typically grown in ECM components or hydrogels containing

collagen (Barkauskas et al., 2017). Under defined conditions,
these cells proliferate, differentiate, and self-organize to form
epithelial structures resembling native lung architecture (Pauli
et al,, 2017; Sasai et al., 2012; Shamir and Ewald, 2014)
(Fig. 3A). Organoids from tracheobronchial and alveolar tissues
successfully mimic epithelial organization in vitro (Barkauskas
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Fig. 3. Schematic overview of human lung organoid establishment and applications. (A) Adult human lung tissue is enzymatically dis-
sociated to obtain a single-cell suspension. Epithelial stem/progenitor cells are subsequently isolated using fluorescence-activated (FACS)
or magnetic-activated (MACS) cell sorting. These cells are embedded in extracellular matrix—based hydrogels and cultured under defined
conditions to generate lung organoids. Depending on the cellular origin and culture conditions, the resulting organoids can differentiate into
airway, bronchioalveolar, or alveolar subtypes. (B) Coculture systems allow investigation of interactions between epithelial cells and their
surrounding niche, including stromal or immune cells, facilitating the study of cell-cell communication and microenvironmental influence. (C)
Organoids serve as a model to explore lineage commitment and differentiation trajectories of lung stem and progenitor cells under
homeostatic or injury-mimicking conditions. (D) Patient-derived lung organoids retain clinically relevant cellular and molecular character-
istics, enabling disease modeling of genetic and acquired pulmonary disorders. (E) Organoids provide a physiologically relevant platform for
preclinical drug screening and evaluation of therapeutic efficacy.
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et al., 2013; Dye et al., 2015), and human-derived systems are
particularly valuable for modeling diseases not fully captured by
murine models (Nikolic and Rawlins, 2017).

To better simulate in vivo conditions, coculture systems have
been developed (Fig. 3B-E). Alveolar organoids with fibroblasts
reproduce epithelial-stromal interactions characteristic of fibrotic
lungs and are being used for drug testing in IPF (Suezawa et al.,
2021). In oncology, 3D coculture organoids derived from cancer
patients allow the study of tumor-fibroblast interactions, immune
responses, and prediction of drug-responsiveness (Balazova
et al., 2023). Lung organoids also serve as models for infectious
and chronic diseases. For example, RSV-infected airway orga-
noids help elucidate epithelial remodeling and immune recruit-
ment (Sachs et al., 2019). Lung organoids have also been
applied to disease modeling for understanding mechanisms un-
derlying lung disease initiation and progression such as COPD,
asthma, cystic fibrosis, and IPF (Chen et al., 2017; Danahay
etal., 2015; Jacob et al., 2017; Kobayashi et al., 2020; McCauley
etal., 2017). In summary, lung organoids provide a robust ex vivo
model for studying regeneration, disease pathogenesis, and
therapeutic screening, owing to their ability to replicate native
tissue structure and cellular interactions.

DISCUSSION

The lung is a highly complex organ composed of diverse cell
types that orchestrate its essential functions in gas exchange,
host defense, and regeneration. Over the past decade, ad-
vances in single-cell technologies and in vitro organoid models
have dramatically expanded our understanding of lung epithelial
stem/progenitor cell populations and their interactions with
specialized niches, including stromal, vascular, and immune
components. These studies have revealed that regeneration
following injury is not a uniform process but instead involves
dynamic and context-specific cellular programs. AT2 cells and
their transitional intermediates play central roles in alveolar re-
pair, while interactions with fibroblasts, endothelial cells, and
immune populations tightly regulate this process through
paracrine signaling and structural support.

Despite significant progress, several critical questions re-
main. The functional significance of transitional states such as
DATPs and their persistence in chronic lung diseases like fi-
brosis or post viral sequelae is not yet fully understood.
Similarly, how aging alters niche-stem cell interactions and re-
generative capacity requires further exploration. The discovery
of new fibroblast subsets, endothelial heterogeneity, and im-
mune cell functions in regeneration suggests that targeting
specific niche components could offer novel therapeutic ave-
nues to promote repair or prevent pathological remodeling.

Emerging 3D organoid models provide an invaluable platform
to interrogate human-specific mechanisms of lung development,
disease pathogenesis, and response to therapies. These sys-
tems offer the opportunity to bridge the translational gap between
mouse models and human lung biology. Incorporating immune
and mesenchymal compartments into organoid cultures will be
key to capturing the full complexity of the lung niche. As the field
moves forward, integrating multiomics, spatial transcriptomics,
and high-content imaging with these models will further refine our
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understanding of lung regeneration and open new possibilities for
precision medicine in respiratory diseases.
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