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Lung development is a complex and precisely regulated process of continuously
branching morphogenesis, the core of which lies in the directed differentiation of
diverse cell types and the dynamic intercellular interaction network. This review
systematically delineates the differentiation pathways of major cellular lineages
during pulmonary development, with a particular focus on the dual functions of
epithelial cells as the core regulatory hub of the microenvironment. These cells
not only dominate the spatial patterning of lung branching morphogenesis but
also orchestrate the developmental fates of key cell types through multiple
signaling cues. Furthermore, this review discusses the regenerative properties
of lung-resident stem cells and the interaction patterns between various cell
types and epithelial cells. These insights not only provide an important theoretical
framework for elucidating the molecular regulatory network of lung
development but also offer novel ideas for the optimization of strategies in
lung regenerative medicine and the precision intervention for lung-related
diseases.

cell types, differentiation trajectory, epithelial cells, lung development, omics analysis,
regulatory mechanisms

1 Introduction

The lungs, as the core organ of the respiratory system, initiate their precise
developmental program early in embryonic development, constructing an efficient gas
exchange network through spatial and temporal coordination of cellular behaviors. Based
on the morphological characteristics of airway branching and tissue differentiation, human
lung development is divided into five continuous stages: the embryonic stage (from 26 days
to 7 weeks of gestation) is marked by the budding of the lung and the formation of the main
bronchi; the pseudoglandular stage (5-17 weeks) is characterized by repeated branching of
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TABLE 1 Developmental stages of human and mouse lungs.

10.3389/fcell.2026.1737571

Canalicular Saccular Alveolar

Species

Embryonic Pseudoglandular

Human 26 d - 7 PCW 5-17 PCW

16-26 PCW 24-38 PCW 36 PCW - 3 years

Mouse E9-11.5 E 11.5-16.5

d, Human Embryonic Day; PCW, Human Post-conceptual Weeks; E, mouse embryonic day; P,

the airways to form primitive acinar structures; the canalicular
stage (16-26 weeks) and the saccular stage (24-38 weeks) focus on
the maturation of distal acini and the shaping of alveolar
precursor structures; finally, the alveolar stage (after 36 weeks)
completes the assembly of functional alveolar units. Mouse lung
development exhibits a highly conserved spatial and temporal
pattern compared to humans, and this evolutionary homology
provides an important basis for
models (Table 1).

Lung organogenesis is not merely an orderly progression along
the temporal axis; its three-dimensional spatial distribution is

constructing  disease

equally of decisive significance. The establishment of the
proximal-distal axis, a pivotal aspect of lung morphogenesis,
governs the maintenance of the stem cell niche and the
orchestration  of differentiation
Although

accumulated

region-specific
extensive morphological descriptions
this field, the
governing the initiation of the proximal-distal pattern and the
of
multicellular lineages remain to be elucidated. The hypothesis

programs.
have been
in underlying mechanisms

regulatory logic of differentiation trajectories early
that epithelial cells act as an “organizer” to initiate and orchestrate
this spatial program may serve as a critical entry point for
addressing this Frontier challenge.

breakthrough

sequencing, spatial transcriptomics, and multi-omics integration

In recent years, advances in single-cell
technologies (Baysoy et al., 2023) have provided technical
support for the precise dissection of cellular heterogeneity and
dynamic interaction networks during

embryonic  lung

development, delineating dynamic differentiation atlases of core
lineages such as epithelial cells, mesenchymal cells, endothelial cells,
and immune cells (Cao et al., 2023; Sariyar et al., 2024). With the
continuous deepening of relevant research, mounting evidence
indicates that lung epithelial cells play an irreplaceable hub role
and the
differentiation of other major cell types, relying on their core

in branching morphogenesis development and
characteristics including spatiotemporal dynamic feedback, stage-
specific signal secretion, and cell-cell contact-dependent regulation.

Based on this, the present review will center on epithelial cells to
the

trajectories of epithelial cells and other major cell types during

systematically ~ delineate spatiotemporal  differentiation
lung development. It will specifically focus on decoding the gene
regulatory networks of key cellular subsets during proximal-distal
axis formation, and will explore the mechanistic role of
differentiation program disruption caused by aberrant epithelial
regulation in lung developmental disorders. Ultimately, this review
aims to provide a theoretical foundation for constructing
developmental biology-guided lung regeneration and repair
strategies, thereby establishing a scientific basis for the precise

intervention of neonatal lung diseases and chronic
pulmonary injuries.
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mouse postnatal day.

2 Differentiation of major cell types

2.1 Epithelial cells

Approximately 4 weeks after maternal gestation, the primitive
ventral foregut endoderm initiates its developmental program
through precise morphological changes. During this process, the
endodermal cells extend ventrally to form the esophagus, while the
dorsal portion undergoes dilation and differentiates into the tracheal
primordium, from which the lung buds further bud out distally.
Driven by branching morphogenesis, the lung buds gradually
construct a complex tracheal-bronchial tree-like network through
the directed proliferation and migration of bud tip progenitor cells
(BTPs) (Miller et al, 2019). BTP cells specifically express
transcription factors such as Nkx2-1, Sox9, and Sox2; this
molecular marking not only endows them with multi-directional
differentiation potential but also makes them a core cell reservoir for
lung epithelial lineage differentiation (Miller et al., 2018).

As the developmental process progresses, the fate determination
of lung epithelial cells exhibits dynamic regulatory characteristics
(Figure 1). Nkx2-1, a key regulatory factor in lung development, is
widely distributed among all pulmonary epithelial progenitor cells in
the early stages (Lazzaro et al, 1991; Minoo et al., 1999; Hawkins
et al, 2017). With the elongation of the airway structure, its
expression gradually becomes restricted to proximal Club cells
and distal alveolar type II (AT2) cells (Minoo et al., 1999). This
spatiotemporal-specific transformation suggests a dual role for
Nkx2-1 in maintaining stem cell properties and initiating
terminal differentiation. The Sox family of transcription factors
establishes a molecular coordinate system for proximal-distal
axial differentiation: in human embryonic lungs, Sox2 exclusively
marks proximal airway cells, while the co-expression of Sox2 and
Sox9 serves as a molecular identifier for distal alveolar progenitor
cells. In mouse models, the co-localization pattern of Sox9 and
Id2 further reveals the heterogeneity of regulatory mechanisms
among species (Cao et al., 2023). The newly emerging Nkx2-1*/
Icam1™ transitional cell population at E14.5 stage (Ke et al., 2025)
signifies the proximal-to-distal fate transition of epithelial cells
during lung morphogenesis.

By the time the lung reaches maturity, epithelial cells have
formed a highly ordered spatial distribution pattern. Airway
epithelial cells, serving as the luminal barrier, comprise various
subpopulations including basal cells, ciliated cell, secretory cells, and
neuroendocrine cells. These cells maintain the structural and
functional homeostasis of the airways through coordinated
mechanisms of mucus secretion, ciliary movement, and injury
repair (Rock et al, 2011; Rackley and Stripp, 2012). Alveolar
epithelial cells are primarily dedicated to the function of gas
exchange. Among them, the flattened alveolar type I (AT1) cells
account for about 95% of the alveolar surface area and are
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FIGURE 1

Human pulmonary epithelial cell lineage. Nkx2-1* endodermal progenitor cells develop into Sox2* proximal progenitor cells and Sox9*Sox2* distal
progenitor cells. Subsequently, the proximal and distal progenitor cells differentiate to generate distinct cell populations. The proximal main bronchial
epithelium primarily consists of ciliated cells, goblet cells, basal cells, along with a small number of Club cells, ionocytes, neuroendocrine cells, and tuft
cells. The distal alveolar epithelium is mainly composed of type | cells and a smaller number of type Il cells. The Nkx2-1*/lcam1* cell population
represents transitional-state cells during the proximal-distal development of epithelial cells. Created with BioRender.com.

responsible for gas diffusion. Alveolar type II (AT2) cells not only
synthesize pulmonary surfactant but also serve as a reservoir of
alveolar stem cells, demonstrating crucial regenerative potential in
the repair of lung injury.

Spatiotemporal dimensional analysis can unveil the precise
regulatory network governing lung epithelial differentiation.
Along the temporal axis, single-cell sequencing technology has
elucidated the gene expression cascades during the early
(progenitor cell expansion phase), middle (lineage specification
phase), and late (terminal functional maturation phase) stages of
lung development. On the spatial axis, the three-dimensional
“tip-stalk-airway” distribution pattern facilitates the extension of
the bronchial tree and the determination of cell fates (He et al,
2022). This spatiotemporal coupling regulatory network ensures the
precise execution of key processes in the differentiation pathway
selection, spatial localization, and functional acquisition of
pulmonary epithelial cells, providing an important theoretical
framework for understanding diseases associated with abnormal
lung development.

2.1.1 Basal cell

Basal cells, as the “guardians” of airway epithelium, have their
stem cell characteristics defined by core transcription factors such as
Tp63 and Krt5. Developmental lineage tracing studies indicate that
Tp63* cells in mouse models first appear as early as E9.0-E9.5, and
by E13.5-E14.5, they differentiate into tracheal basal cells and
pulmonary Tp63*/Krt5~ multipotent progenitor cells (Yang et al.,
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2018). Human fetal lungs exhibit a more complex spatiotemporal
distribution pattern: Basal cells first appear in the proximal airways
at nine post-conception weeks (PCW), and by 12 PCW, they are
densely clustered in the trachea and main bronchi, while Tp63*Krt5
cells are distributed in the distal bronchi, with their numbers
decreasing as gestational age increases, yet still retaining
regenerative potential (Yang et al., 2018; Miller et al., 2020; He
et al,, 2022). This interspecies difference is particularly pronounced
between mice and humans (Ruysseveldt et al., 2021): Mouse basal
cells are strictly confined to the trachea and extra-pulmonary
airways. In contrast, in the distal regions of the human lung, a
small number of Tp63* cell populations with multipotent
differentiation potential persist. This discovery provides a crucial
basis for elucidating the mechanisms underlying the region-specific
development of the respiratory tract. During the maintenance of
homeostasis in the mature lung, basal cells exhibit a quiescent
phenotype with low proliferative activity. However, their deeply
reserved regenerative capacity is significantly activated upon injury.
Severe injury models, such as HIN1 virus infection, have shown that
airway Tp63* cells can overcome anatomical constraints, migrate to
the alveolar region, and differentiate into AT1/AT2 cells to
participate in repair (Yang et al, 2018). This process is
accompanied by cytoskeletal remodeling and extracellular matrix
reorganization, enabling basal cells to acquire a migratory
phenotype and initiate the differentiation program.

Further studies have demonstrated that the basal cell population
itself exhibits significant heterogeneity: electron microscopy
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FIGURE 2

Dynamic collaboration between Club cells and BASCs at the bronchioalveolar junction. Under healthy homeostasis, Club cells proliferate to maintain
the secretory and ciliated cell pools in the distal airways and differentiate into AT2 cells to participate in alveolar repair upon mild injury. When severe
depletion of Club cells occurs due to injury, BASCs are activated, differentiating into Club cells or ciliated cells to repair the bronchial epithelium, or into

AT2 cells to achieve alveolar reconstitution. Created with BioRender.com.

observations have revealed that basal cells encompass a continuous

lineage of various intermediate-state cells, ranging from
undifferentiated progenitor cells to parabasal cells (Donnelly
et al, 1982). Among these, Krtl4" parabasal cells serve as a
rapidly proliferating transitional population (Donnelly et al,
1982; Boers et al., 1998; Ruysseveldt et al, 2021), dynamically
regulated by Notch signaling to generate ionocytes

neuroendocrine cells; under the differential activation of Notchl/

and

2, they further differentiate into ciliated cells or secretory cells (Boers
et al., 1998; Rock et al., 2011; Mori et al., 2015; Watson et al., 2015).
These findings unveil that basal cells are not a homogeneous “stem
cell pool”; rather, they achieve precise cell-fate output through a
hierarchical differentiation network.

Despite significant progress in understanding the differentiation
mechanisms of basal cells, key regulatory nodes still require in-depth
analysis. For example, how do Tp63'Krt5~ cells maintain an
undifferentiated state during late development? What signals in
the injury microenvironment trigger their translocation across
compartments? Future research should integrate single-cell
spatiotemporal transcriptomics with lineage-specific gene editing
techniques to focus on elucidating the critical nodes in the decision-
making process of basal cell differentiation. Additionally, whether
the distal Tp63* cell population retained in the human lung has
unique regenerative regulatory mechanisms may provide key targets
for developing new strategies for lung injury repair.

2.1.2 Club cells and BASCs

Club cells (Scgblal® Scgb3a2*), serving as important secretory
cells in the distal bronchioles, have functions that far exceed their
traditional role in mucus secretion. These cells originate from
embryonic progenitor cells in the bud tip, but their maturation
process continues postnatally, ultimately forming a multifunctional
population endowed with metabolic regulation and immune
response capabilities (Reynolds and Malkinson, 2010; Karnati
et al., 2016). Under homeostatic conditions, Club cells maintain
the secretory and ciliated cell pools in the distal airways through
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proliferation. During mild injury, they directly differentiate into
AT?2 cells to participate in alveolar repair (Stripp et al., 1995;
Rawlins et al,, 2009b). Unlike the regeneration pattern in the
proximal airways, which relies on basal cells, the core of repair in
the distal region is dominated by Club cells. This regional-specific
division of labor among stem cells underscores the complexity of
lung regeneration mechanisms (Reynolds and Malkinson, 2010).
When exposed to toxic injuries such as naphthalene-induced
damage, which leads to severe depletion of Club cells,
bronchoalveolar stem cells (BASCs, Scgblal* Sftpc™) located at
the bronchoalveolar duct junction are activated and serve as key
effectors in emergency repair (Kim et al., 2005). BASCs, as unique
bipotent stem cells, have biological characteristics closely related
to their anatomical location. These cells are localized in the
transition zone between the bronchioles and alveoli, spatially
integrating the regenerative needs of both the airways and
alveoli: When the bronchial epithelium is damaged, BASCs
differentiate into Club cells or ciliated cells. In the case of
alveolar injury,
activating the ATI1/AT2 differentiation program (Kim et al,
2005; Stripp and Reynolds, 2008) (Figure 2). This bidirectional
differentiation capacity enables BASCs to act as a bridge

they achieve alveolar reconstruction by

connecting the repair of different compartments. The dynamic
collaborative network formed between BASCs and Club cells at
the junction further enhances the repair flexibility of lung tissue.
Lineage-tracing studies have demonstrated that the Notch
signaling pathway plays a crucial role in regulating the fate
determination of BASCs: inhibits their
differentiation into AT2 cells, thereby shifting the repair task
towards Club-cell-dominated processes (Liu et al., 2024). This
signal-dependent

Notch activation

hierarchical regulatory mechanism is
particularly crucial in the context of chronic injury. AT2 cells
derived from BASCs, exhibiting gene expression profiles closer to
the native population, may preferentially participate in the
maintenance of homeostasis; Conversely, AT2 cells derived

from Club cells adapt to persistent injury through metabolic
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FIGURE 3

Schematic diagram illustrating the origin of multiciliated cells in the lung. Differentiation pathway of human bronchial tip progenitors (BTP). BTPs
initially differentiate into lower airway progenitors (LAPs) and basal cells. LAPs further differentiate into multiciliated cells and neuroendocrine cells,
primarily localized in the lower airways; whereas basal cells differentiate into multiciliated cells and secretory cells, predominantly situated in the upper
airways and trachea. The ciliated cells derived from these two sources exhibit heterogeneity and demonstrate region-specific gene expression

profiles. Created with BioRender.com.

reprogramming, with their aberrant activation potentially
associated with the progression of pulmonary fibrosis.

The multilayered strategies of lung regeneration are manifested
in the diversity of cellular origins and the precise spatiotemporal
dynamic regulation. When BASCs experience functional limitations
due to chronic injury or aging, Club cells take over the regenerative
task by activating their “reserve stem cell pool” property. This
compensatory mechanism ensures the continuity of the repair
process. Epigenetic modifications and metabolic pathway analyses
indicate that cells derived from BASCs are more inclined to
maintain alveolar homeostasis, whereas the population derived
from Club cells exhibits high expression of stress-related genes.
This functional differentiation may elucidate their distinct
contributions in acute versus chronic injury (Liu et al, 2024).
From a developmental perspective, the dynamic relationship
between BASCs and Club cells may be rooted in the plasticity of
embryonic tip progenitor cells, suggesting a profound connection
between the establishment of the adult stem cell reservoir and its
developmental origins.

2.1.3 Ciliated cells

Ciliated cells, as the core effector cells of the respiratory tract’s
physical defense, are undergoing a cognitive revolution regarding
their differentiation mechanisms. These Foxjl*/Dnah5* cells emerge
as early as embryonic development stage E14.0, arranged in an
orderly manner within the epithelial layer of the conducting airways,
and establish the core mechanism of mucus clearance through the
rhythmic beating of cilia. Traditionally, it has long been believed
that ciliated cells are terminally differentiated and lack proliferative
their the
differentiation of basal cells or Club cells. However, the recent
discovery of lower airway progenitor cells (LAP) has challenged

capacity, and replenishment mainly relies on

this notion (Conchola et al, 2023). By simulating the lung
development process using human-derived bud tip organoid
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(BTO) models, researchers have found that LAP cells, under the
regulation of “dual SMAD activation/inhibition,” can differentiate
multiciliated Their
differentiation pathway significantly diverges from that of basal

into cells and neuroendocrine cells.
cells and shows differential enrichment in specific spatial
locations (Figure 3). This spatiotemporally specific differentiation
pattern not only reveals the origin of heterogeneity within the
ciliated cell population but also implies the existence of a
multilayered progenitor cell reservoir network during lung
development.

An even more groundbreaking discovery lies in the potential
progenitor cell function of ciliated cells. Morphological and
immunohistochemical studies have demonstrated that under
injury conditions such as infection or pneumonectomy, ciliated
cells may break through their terminally differentiated state. They
can participate in the repair by proliferating and transdifferentiating
into mucus-secreting cells or Club cells (Reader et al., 2003; Park
etal,, 2006; Tyner, 2006). Although this inference has received some
experimental support, due to the lack of specific injury models, their
stem-cell-like properties still await functional validation. This
phenotypic plasticity suggests that ciliated cells may act as
“part-time” and be activated in specific microenvironments. The
intrinsic regulatory mechanisms underlying their plasticity will
become a critical node in unveiling novel strategies for lung
regeneration. In the future, if precise in vivo injury models can
be established and the molecular switches governing the
dedifferentiation and transdifferentiation of ciliated cells are
elucidated, it will significantly expand our understanding of the
repair mechanisms in the respiratory tract.

2.1.4 Alveolar epithelial cells

During the development of the mammalian lung, the lineage
specification of alveolar epithelial cells exhibits a complex yet orderly
dynamic regulatory pattern. Traditionally, it was believed that
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Sox9*/Id2* multipotent progenitor cells in the distal lung epithelium
gradually differentiate into type I (AT1) and type II (AT2) alveolar
epithelial cells during the saccular stage (E16.5-E17.5) (Rawlins et al.,
2009a; Treutlein et al., 2014). Among them, AT1 cells form the
gas-exchange interface through the expression of Hopx and Aqp5,
while AT2 cells rely on Sftpc and Etv5 to maintain surfactant
synthesis (Shiraishi et al., 2023). However, recent studies have
revealed that molecular characteristic differentiation of Hopx*
and Sftpc* cells emerges as early as the pseudoglandular stage
(E13.5), and the lineage is largely established by E17.5 (Frank
et al, 2019). This early molecular specialization proceeds in
parallel with lung branching morphogenesis, suggesting that the
development of alveolar epithelium may be regulated through the
synergistic effects of the
gene networks.

spatial microenvironment and

Regarding the dynamic characteristics of alveolar progenitor
cells, the early bipotential progenitor (BP cell) model proposes that
Hopx™/Sftpc* co-expressing cells can be directed towards AT2 and
AT1 differentiation through Sox9-Cited2 and Hesl signaling
pathways, respectively (Desai et al., 2014; Treutlein et al., 2014).
However, the latest dual-lineage tracing techniques have revealed
that these double-positive cells account for only a very small
(0.5%-2.3%) with limited
proliferative activity and differentiation contribution (Frank et al.,
2019). Furthermore, the downregulation of Sox11 and Tubala may

proportion during development,

influence the cell cycle progression (Sock et al., 2004; Wang et al.,
2010; Treutlein et al., 2014). These findings imply that alveolar
epithelial differentiation may rely on a multipotent precursor pool
rather than a singular bipotent population.

During lung tissue injury, the regenerative mechanisms of
alveolar epithelium further demonstrate the heterogeneity of the
cell population. Classical AT2 cells are not a homogeneous group
during repair but rather differentiate into functionally distinct
subtypes: homeostatic AT2 (Wif1*/Hhip*) cells maintain basic
functions, while the AT2-s subpopulation (Wnt5A*/Lrp5*) that
activates the Wnt pathway and carries detoxification genes
exhibits stem-cell-like properties and may participate in repair
through transient amplification (Travaglini et al., 2020). In the
distal airways, rare P63* basal-like cells exhibit a high degree of
similarity to known multipotent progenitor cells (Tp63*/Krt5~
Yang et al., 2018). These cells can migrate to the alveolar region
and participate in repair (Lv et al, 2024). This cross-
compartmental collaborative mechanism provides spatial
flexibility for lung regeneration. In addition, the recently
discovered alveolar-like cells at the level of the respiratory
bronchioles, known as ATO cells (Sftpc*/Scgb3a2*), blur the
traditional boundary between the alveoli and airways. Under
specific signaling stimuli, they can either transform into
TRB-SC

bronchiolization structures in human lung pathology) or

(three-dimensional  epithelial ~cysts resembling
differentiate into AT1 cells (Kadur Lakshminarasimha Murthy
et al., 2022), revealing a dynamic interconversion network
between alveolar Moreover,
AT1

differentiated, exhibit age-dependent plasticity. In neonatal

epithelial and airway cells.

cells, which were once considered terminally
lung injury models, they can be reprogrammed into AT2 cells
through the Hippo-YAP/TAZ signaling axis. In the mature stage,

they retain some proliferative capacity, and the Igfbp2 /Hopx"
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subtype may represent an intermediate state of plasticity (Wang
et al., 2018; Penkala et al., 2021). This bidirectional conversion
ability not only explains the differences in lung injury repair
mechanisms at different developmental stages but also suggests
that the fate of alveolar epithelial cells has a continuous
regulatory potential.

These findings collectively establish a novel paradigm of
dynamic equilibrium in alveolar epithelium: from lineage

specialization ~during early development, to homeostatic
maintenance in maturity, and to emergency remodeling following
injury. The cellular population achieves functional adaptation
through molecular heterogeneity,

spatial migration, and

phenotypic plasticity.

2.1.5 Neuroendocrine cells

Pulmonary neuroendocrine cells (PNECs), serving as key
sentinels in the airway microenvironment, are distributed at
branch points either as single cells or in clusters. They monitor
real-time changes in the microenvironment by secreting
neuropeptides and biogenic amines (such as serotonin) and
coordinate physiological adaptations of the respiratory system
(Yao et al., 2018; Hellings and Steelant, 2020). These cells exhibit
a pioneering role in developmental timing: they can be detected
as early as 5 PCW in human embryos, making them one of the
earliest-differentiating cell types in the lung epithelium (He et al,
2022). Single-cell sequencing analyses have revealed the existence of
two subtypes during their development: the classical GRP*NE cells
(which appear early) and the GHRL'NE cells (TTR", GHRL,
formed later), both of which complete their differentiation
through an intermediate transitional state from airway progenitor
cells. This subtype differentiation may correspond to different
functional modules. For instance, GHRL'NE cells may be
involved in local metabolic regulation through the expression of
TTR (transthyretin).

PNEC:s exhibit plasticity beyond their classical functions during
injury repair. When the airway epithelium is damaged, they can
trans-differentiate into Club cells or ciliated cells through the
activation of the Notch signaling pathway, thereby participating
in the reconstruction of the epithelial layer (Yao et al., 2018). This
emergency-induced trans-differentiation capacity has sparked
controversies regarding their stem-cell-like properties: Is it an
intrinsic potential or an aberrant reprogramming induced by the
microenvironment? Current evidence suggests that their self-
renewal is limited to pathological states. The ambiguity of their
functional boundaries makes them a pivotal node in the
interdisciplinary research at the intersection of neuroendocrine
regulation and regenerative mechanisms.

2.2 Endothelial cells

Pulmonary endothelial cells, as the core functional units of the
vascular-alveolar interface, play a crucial role in determining gas
exchange efficiency through their differentiation and functional
heterogeneity. Serving as a dynamic interface that connects
blood, air, and the tissue matrix, endothelial cells participate in
such as metabolic

key physiological processes

inflammatory

regulation,

response, angiogenesis, and hemodynamic
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regulation by establishing a selectively permeable barrier and
coordinating the functions of arterial, venous, and capillary
subpopulations (Schupp et al., 2021).

Based on anatomical location and molecular characteristics,
pulmonary endothelial cells exhibit a clear hierarchical
classification: vascular endothelial cells (arterial: GRIA2"/GJA5*,
venous: PVLAP*/ACKR3*, and capillary: THY1*/CD24") and
lymphatic endothelial cells (PROX1*/STAB1") (Schupp et al,
2021). However, the lineage demarcation between arteries and
veins is plastic. The Notch-Dll4 signaling pathway dynamically
shapes the arterial characteristics of endothelial cells by activating
Heyl/2 transcription factors to suppress the venous marker
EphrinB2 (Apte et al, 2019),
communication logic underlying the
pulmonary vascular network. The regulatory network governing

revealing the intercellular

construction of the

endothelial cell differentiation is characterized by multilevel
integration. VEGF signaling activates the PI3K/Akt and MAPK/
ERK pathways through the VEGFR2 receptor, driving the
proliferation and migration of progenitor cells to initiate
angiogenesis (Pérez-Gutiérrez and Ferrara, 2023). Mechanical
force sensing and epigenetic modifications, on the other hand,
finely tune the differentiation process, enabling endothelial
progenitor cells to differentiate into functionally distinct
subpopulations based on microenvironmental cues. For instance,
blood flow shear stress alters chromatin accessibility through the
YAP/TAZ pathway, prompting capillary endothelial cells to acquire
specific surface receptors; DNA methylation modifications lock in
the gene towards

expression program directed venous

differentiation.

2.2.1 Vascular endothelial cells

The development of the pulmonary vascular system exhibits
precise spatiotemporal coordination with the morphogenesis of the
respiratory tract. During the budding of the lung primordium in the
4th week of human embryogenesis, the activation of the Nkx2-1
gene not only drives bronchial branching but also induces
angioblasts in the mesenchyme to form a primitive vascular
network through vasculogenesis, while the branches of the main
pulmonary artery form the central vascular system by budding via
angiogenesis. In mouse models, these two mechanisms are initiated
at E9.5. By E13.5/E14.5, the vascular networks fuse through cell lysis,

establishing a functional circulation (deMello et al, 1997
Schachtner et al, 2000; Hall et al, 2002). Specific
cardiopulmonary  progenitor  cells  display  crossorgan

differentiation potential, which aids in forming the smooth
muscle and endothelial components of the proximal pulmonary
vessels. However, the origin of perivascular cells in the distal vessels
remains ambiguous (Peng et al., 2013). Histological evidence from
human fetal tissues indicates that vascular fusion and bronchial
branching progress synchronously, forming an initial interface for
gas exchange (deMello and Reid, 2000).

Arteriovenous differentiation is a key process in the functional
specialization of the vascular network. Early endothelial cells
establish lineage boundaries through bidirectional repulsive
signaling mediated by EphrinB2 and EphB4: Both are co-
expressed in mice at E13.5, but by E15.5, they are strictly
differentiated into arterial or venous lineages, with a temporal
delay observed in venous differentiation (Coultas et al., 2005; He
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et al., 2022). In human fetuses at 20 PCW, arterial endothelial cells
differentiate into functional subsets such as DKK2* and SSUH2",
while venous endothelial cells form two distinct subtypes with
different localizations: pulmonary veins (COL15A1°) and systemic
veins (COL15A1"). The proportion of the latter subtype is
significantly higher in human lungs compared to mouse lungs
(0.5% vs. rare), suggesting differences in the adaptation to
circulatory pressure between species (Schupp et al., 2021; He
2022). endothelium mediates
leukocyte migration through adhesion molecules such as
VCAM1 and SELP, whereas arterial endothelium maintains
vascular tone via GJA5. This coupling of anatomical localization

et al, Functionally, venous

and molecular characteristics reflects the precise regulation of
developmental programs.

Microvascular maturation is crucial for the optimization of
pulmonary function. The capillary network during the alveolar
phase undergoes intricate remodeling, differentiating into gas
exchange-type (aCap) and general-type (gCap) endothelial cells
(Gillich et al., 2020; Augustin and Koh, 2024). aCap appears in
mice at E17.5, exhibiting a flat, porous morphology that co-localizes
with ATI1 epithelial cells to form a “dual membrane” structure,
thereby optimizing gas exchange through shared basement
membranes. Additionally, aCap cells can express chemokine
receptors that mediate the migration of immune cells (Gillich
et al, 2020). In contrast, gCap is distributed in the thicker
regions of the alveolar wall, adjacent to alveolar interstitial cells
and connective tissue. It maintains microenvironmental
homeostasis by secreting angiogenic factors. Following injury,
gCap demonstrates stem cell-like properties: in lung injury
models, gCap can proliferate and differentiate into aCap for
repair, while aCap have limited self-proliferation capacity. This
hierarchical regeneration pattern functionally mirrors the repair
strategy of AT2-AT1 epithelial cells (Gillich et al., 2020; Augustin
and Koh, 2024). The differentiation of aCap and gCap may be
regulated by hemodynamic factors, with mechanical forces
influencing capillary phenotypes through the YAP/TAZ signaling
pathway, while the VEGF-Notch signaling gradient determines the
degree of arterialization. This multi-scale regulatory network
presents potential intervention points for pulmonary vascular
regenerative medicine.

During lung development, VEGFA is primarily expressed by
embryonic respiratory epithelial cells. Studies based on mouse
embryonic lung models have confirmed that VEGFA regulates
lung angiogenesis and morphogenesis in a spatiotemporally
dependent manner by specifically binding to high-affinity
receptors (e.g., VEGFR2/Flk-1) on the surface of endothelial cells
(Akeson et al, 2003; Zhao et al, 2005). Overexpression of
VEGF164 in distal airway epithelium disrupts its endogenous
concentration gradient (Park et al, 1993; Zeng et al, 1998),
inhibits the directed migration of endothelial cells, leads to
defects in peripheral vascular network assembly and discrete
distribution of endothelial cells, accompanied by reduced airway
branching and luminal dilation. In contrast, overexpression in
proximal airway epithelium induces the formation of aberrant
capillary protrusions within the walls of large airways without
affecting the peripheral vascular structure. This differential
response is closely associated with the differentiation stage of
endothelial cell subtypes. Notably, VEGFA guides the spatial
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arrangement of endothelial cells by establishing a heparin-binding
gradient and participates in the regulation of vascular maturation
(Vempati et al., 2014), an effect independent of its direct regulation
of endothelial cell proliferation or apoptosis. Further studies have
revealed that this regulation exhibits distinct temporal dependence
(Miquerol et al, 2000): vascular abnormalities caused by
intervention in the early embryonic stage (E10.5-E12.5) can be
restoration of VEGFA levels,
intervention in the late stage (E12.5-E16.5) results in irreversible

reversed with the whereas
vascular remodeling and airway malformations. These findings
suggest that the spatiotemporally precise regulation of endothelial
cell behavior by epithelial cells through VEGFA is a core mechanism
for the normal development of the pulmonary vascular network.

2.2.2 Lymphatic endothelial cell

The lymphatic system serves as a crucial pathway for the
circulation of interstitial fluid in the lungs, and its developmental
process is precisely coordinated with the vascular network of the
pulmonary parenchyma. During early embryonic development,
lymphatic endothelial precursor cells expressing PROX1 migrate
from the lymphatic sacs surrounding the great veins to the lung
lobes (observable at E11.5 in mice) (Akeson et al., 2003). As
development advances following this migratory activity, these
cells become orderly arranged along the bronchovascular
bundles. By E18.5, a complete lymphatic network has been
established (Zhao et al, 2005).
connections are formed between the lymphatic vessels and the

Furthermore, functional
pulmonary venous system, and together they work to maintain
the physiological functions of the lungs (Zeng et al., 1998).

The differentiation of lymphatic endothelial cells is precisely
regulated by the VEGFR3 signaling pathway (Park et al., 1993).
Activation of this pathway drives cellular proliferation, migration,
and lumen formation. Based on differential expression of molecular
markers, pulmonary lymphatic endothelial cells can be classified
into classical (PROX1*/STAB1*/UCP2"") and SCG3* subtypes. The
latter exhibits valvular-like structural characteristics and may
perform specialized fluid regulatory functions (He et al.,, 2022).
Both subtypes display regional distribution, with the classical type
predominantly located in proximal lymphatic vessels, while SCG3*
cells are more commonly found in regions rich in valvular
structures. The interaction between pulmonary lymphatics and
the vascular system forms an important regulatory network for
maintaining homeostasis in the pulmonary microenvironment.
Lymphatic endothelial cells guide the migration of immune cells
by expressing chemokine receptors and collaborate with vascular
endothelial cells in the regulation of inflammation and tissue repair.

Transgenic mouse models with lung epithelial cell-specific
overexpression of HIF-la have revealed that HIF-la plays a
central role in the regulation of pulmonary endothelial cell
function by upregulating the expression of VEGFA and
VEGFC(Bridges et al., 2012). Among these, VEGFC binds to the
lymphatic endothelial receptor FLT4 (VEGFR3) (Karkkainen et al.,
2004), driving cell proliferation and luminal structure formation.
Upon binding to their respective receptors, VEGFA/VEGFC
promote the nuclear translocation of the Notch intracellular
domain (NICD) by activating y-secretase (Del Monte et al,
2007), thereby inducing the expression of downstream target
genes Heyl and HeyL. DAPT, a y-secretase inhibitor, can

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1737571

completely block this process, confirming that the Notch
signaling pathway is essential for VEGFA/VEGFC-mediated
lymphangiogenesis (Rocha and Adams, 2009; Morimoto et al,
2010; Bridges et al., 2012).

Furthermore, HIF-1la-overexpressing mice exhibit pulmonary
day E14.5 without
in vascular morphology,

hemorrhage at embryonic significant

abnormalities indicating impaired
endothelial cell barrier function. The preliminary mechanism is
attributed to HIF-la-induced VEGFA overexpression, which
increases vascular permeability (Bridges et al., 2012). This reveals
that lung epithelial cells multidimensionally regulate the biological
behaviors of pulmonary endothelial cells through the HIF-la
signaling pathway, encompassing angiogenesis,
lymphangiogenesis, and barrier permeability regulation, thereby
providing important clues for elucidating the pathogenesis of

chronic lung diseases.

2.3 Mesenchymal cells

The pulmonary interstitium, serving as a three-dimensional
supportive network for the pulmonary parenchyma, begins its
formation through the differentiation of mesenchymal stem cells
(MSCs) during early embryonic development. These cells originate
from the bilaminar disc stage in the second week of human
embryonic development (Solnica-Krezel and Sepich, 2012; Nasri
et al, 2021). They undergo epithelial-mesenchymal transition
(EMT) and primitive streak migration. Not only do these cells
possess the classical capacity to differentiate into mesodermal
lineages such as fibroblasts and smooth muscle cells (Thiery
et al., 2009; Herriges and Morrisey, 2014; Nasri et al., 2021), but
they can also transcend lineage boundaries and differentiate into
ectodermal and endodermal cells (Wislet-Gendebien et al., 2005),
acting as a source for the differentiation of skeletal, cartilaginous,
and pulmonary interstitial cells (Hoang et al., 2022).

During the process of lung development, MSCs shape the
interstitial microenvironment through a spatially specialized
differentiation program: fibroblasts and chondrocytes are
enriched in the proximal airways, mesothelial cells accumulate in
the distal alveolar regions, while pericytes closely wrap around the
microvasculature, forming a cellular ecosystem with structural and
functional adaptability (Travaglini et al., 2020; Negretti et al., 2021;
He et al., 2022). This distribution pattern is not random. Single-cell
sequencing has revealed a subpopulation of mesenchymal cells in
the distal human fetal lung that expresses high levels of RSPO2,
localized near the tip progenitor cells. This subpopulation activates
WNT signaling through the RSPO2-LGR5 axis, regulating the
differentiation of epithelial progenitor cells, and highlighting the
active regulatory role of mesenchymal cells (Hein et al., 2022).

2.3.1 Pericyte

Pericytes, as multifunctional mesenchymal cells surrounding the
pulmonary microvasculature, are intimately enveloped around the
capillary basement membrane. Through their unique anatomical
positioning, they form mechanical coupling with endothelial cells
via peg-socket junctions (Kloc et al., 2015; Shammout and Johnson,
2019), thereby maintaining vascular integrity and regulating blood

flow homeostasis. In the lungs, pericytes exhibit a dual
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developmental origin: the majority are derived from the embryonic
mesodermal mesenchyme, while a subset of cells originates from the
This
heterogeneity in origin may confer upon them a more complex

epithelial-mesenchymal transition of mesothelial cells.

regulatory potential (Geevarghese and Herman, 2014).

During lung development, pericytes, as crucial interstitial cells,
precisely regulate vascular construction and alveolo-vascular
coordination through multi-layered paracrine mechanisms. First,
pericytes and endothelial cells form a tightly coupled regulatory
circuit, engaging in chemotactic migration via the PDGEF-B/
PDGFR-f axis and cooperating with signals such as TGF-B and
VEGF to guide vascular neogenesis and remodeling (Geevarghese
and Herman, 2014). Beyond mere vascular support, pericytes, in
collaboration with epithelial cells, integrate mechanical and
developmental signals via the Hippo pathway core molecules
YAP/TAZ, initiating a cascade network (Kato et al., 2018)—YAP/
TAZ drives the secretion of Angiopoietin-1 to coordinate vascular
maturation while, through autocrine reinforcement, subsequently
stimulates the expression of Hepatocyte Growth Factor (HGF). HGF
ultimately acts on the c-Met receptor of AT2 cells, directly
promoting their proliferation and differentiation, thereby guiding
the spatiotemporally precise matching of alveolar morphogenesis
and the capillary network. Furthermore, pericytes possess
mesenchymal stem cell-like differentiation potential (Armulik
et al, 2011), with a subset of PDGFR-p* subpopulations
expressing mesenchymal stem cell-associated markers (Marriott
et al, 2014), suggesting they may play a broader role in the
lineage differentiation of pulmonary interstitial cells.

Under pathological conditions, the functions of pericytes
become more complex. During the process of pulmonary fibrosis,
pericytes can act as precursors of myofibroblasts, participating in
scar formation under TGF-P stimulation (Butsabong et al., 2021).
They can also directly exert profibrotic effects as fibrogenic cells
(Armulik et al., 2005; Birbrair et al., 2013), serving as key nodes in
the fibrosis regulatory network. Imbalances in TGF-p signaling may
trigger uncontrolled pathological progression (Johnson et al., 2015).
Furthermore, the immunomodulatory properties of pericytes in
other tissues, such as secreting chemokines to induce vasodilation
and immune cell infiltration (Navarro et al., 2016), suggest their
potential ~ functions in  regulating the  inflammatory
microenvironment of the lungs. Although existing studies have
elucidated the crucial roles of pericytes in vascular homeostasis
and fibrosis, the their
spatiotemporal regulation in lung development, as well as their

specific  mechanisms underlying
interactions with interstitial cells such as MSCs, still require in-depth

elucidation.

2.3.2 Mesothelial cell

Pulmonary mesothelial cells (PMCs), as a specialized cell
population covering the pleural surface, are undergoing a
paradigm shift in our understanding of their developmental
origins and functions. These cells originate from the embryonic
splanchnic mesoderm, migrating directionally to the periphery of
the lung buds, where they gradually develop into a continuous
mesothelial layer that covers the surface of the pulmonary
parenchyma and the entire pleural cavity.

The traditional view holds that PMCs primarily function as a
barrier. However, recent studies in developmental biology have
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unveiled their critical regulatory role in the construction of the
embryonic pulmonary vascular network. Wt1*"PMCs differentiate
into vascular smooth muscle cells through EMT, thereby
participating in the formation of the pulmonary microvascular
system (Wilm et al., 2005; Cano et al., 2013; von Gise et al,
2016). This differentiation capacity enables PMCs to transcend
their barrier function and emerge as a novel pool of progenitor
cells for angiogenesis, with a contribution that far exceeds that of
mesodermal mesenchymal cells (Gebb and Shannon, 2000). This
differentiation ability exhibits developmental stage specificity: after
birth, PMCs enter a quiescent state and do not participate in the
maintenance of pulmonary homeostasis (von Gise et al, 2016).
Nevertheless, in pulmonary fibrosis, PMCs exhibit remarkable
plasticity, proliferating abnormally in damaged regions and
phenotype through EMT (e.g.,
upregulation of vimentin, SMA, and collagen), differentiating

acquiring a mesenchymal

into a profibrotic myofibroblast subpopulation that drives
excessive extracellular matrix deposition (Nasreen et al., 2009;
Karki et al, 2014; von Gise et al,, 2016). The reactivation of
embryonic under

developmental ~ programs

conditions has renewed our understanding of PMCs.

pathological

2.3.3 Fibroblast

Fibroblasts, as a core component of the pulmonary interstitium,
are continually reshaping our understanding of their dynamic
functional properties through in-depth research. These cells
synthesize extracellular matrix components, such as collagen and
elastic fibers, to construct a three-dimensional network that
supports the alveolar structure (Movat and Fernando, 1962;
McGowan et al., 2020). Their metabolic state dynamically adjusts
according to the requirements of the microenvironment: they
remain as low-metabolic fibrocytes during the resting phase but
promptly activate to participate in tissue repair upon injury (Kalluri,
2016). This phenotypic plasticity is not only manifested at the
metabolic level but also plays a role in the regulation of organ
homeostasis through lineage differentiation.

During embryonic development, the origin and differentiation
of fibroblasts exhibit precise spatiotemporal regulation. At 5-6 PCW
SFRP2*and WNT2"early
fibroblasts regulate the lung primordium, leading to the secretion

during human lung development,

of morphogens that subsequently govern epithelial branching and
vascular formation (He et al., 2022). Between 9 and 11 PCW, the
WNT2'FGFR4"" mid-stage population maintains the activity of
epithelial tip progenitor cells through paracrine signaling (He et al.,
2022; Hein et al, 2022). By 15-22 PCW, these fibroblasts
differentiate into three major functional subpopulations (Tsukui
etal,, 2020; Buechler etal., 2021; He et al., 2022; Fang et al., 2025): the
outer membrane (SFRP2*, PI16"), the airway (AGTR2", S100A4"),
and the alveoli (WNT2', FGFR4"), which respectively regulate
vascular maturation, maintain bronchial structure (Dahlgren and
Molofsky, 2019; He et al., 2022), and play a critical role in alveolar
homeostasis (Tsukui et al., 2024).

Under pathological conditions, this intricate division of labor
transforms into a dual-mechanism of fibroblasts (Tsukui et al., 2020;
2024). Upon lung injury, alveolar fibroblasts differentiate into
inflammatory, stress-activated, and fibrotic subpopulations driven
by TGFB(Tsukui et al, 2024). Among these, Cthrcl+ fibrotic
fibroblasts, with their strong migratory and colonizing capacity,
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become the core effector cells of fibrosis (Tsukui et al., 2020; Tsukui
et al., 2024); while inhibiting TGFp signaling can block fibrosis, it
exacerbates inflammatory rebound, suggesting a dynamic balance
exists between fibroblast-mediated fibrosis and immune responses.

The disruption of this balance is closely linked to the negatively
correlated antagonistic relationship between interstitial and
epithelial Yap (Klinkhammer et al., 2025). During development,
activation of interstitial Yap promotes the differentiation of alveolar
fibroblast 1 (AF1, the key interstitial niche for AT2 cells), thereby
advancing alveolar epithelial maturation. In contrast, inactivation of
interstitial Yap leads to abnormally elevated epithelial Yap,
impeding this transition. During fibrosis, this antagonistic
equilibrium is disrupted. AF1 exhibits reduced fitness and
undergoes apoptosis due to the loss of Yap/Taz or Myc, directly
triggering the collapse of the alveolar stem cell niche and the loss of
AT?2 cells. Consequently, distal airway stem cells, deprived of normal
interstitial regulation, compensatorily activate Yap/Myc signaling.
Through metabolic reprogramming, these cells transform into
“super-competitive” abnormal basaloid cells, which pathologically
compete to occupy the injured lung parenchyma and induce
bronchiolization, ultimately exacerbating fibrosis. Notably, these
aberrant cells are highly homologous to their counterparts in
human idiopathic pulmonary fibrosis (IPF), confirming that the
imbalance in the Yap antagonistic relationship serves as a core nexus
triggering niche collapse and pathological remodeling.

2.3.4 Lipofibroblasts

Pulmonary lipofibroblasts (LIFs, Npnt*/Nebl"), also known as
stromal fibroblasts, constitute a specialized subpopulation of
fibroblasts within the pulmonary interstitium. These cells are
characterized by the presence of abundant neutral lipid droplets
in their cytoplasm and are primarily localized to the alveolar septal
regions in fetal and neonatal lungs (McGowan and Torday, 1997).
They play crucial roles in alveolar septation, lipid metabolism,
antioxidant protection, and the production of pulmonary
surfactant (Frank et al., 1978; Torday et al., 2001; Yin et al., 2024).

During lung development in rodents, LIFs exhibit dynamic
spatiotemporal distribution characteristics: they first appear
during the late pseudoglandular stage (E15.5-E16.5) and reach
their peak abundance by the second postnatal week (Tordet
1981; Kaplan et al, 19855 Al Alam et al, 2015).
Subsequently, their numbers gradually decline with age, and the

et al,

lipid droplet content significantly decreases in adulthood (Kaplan
et al., 1985). Genetic studies have confirmed that mesenchyme-
derived Fgf10 can drive the differentiation and expansion of LIFs(Al
Alam et al, 2015). Meanwhile, LIFs form an autocrine/paracrine
regulatory loop by secreting FGF10, which further sustains the
proliferation and survival of AT2 cells through FGFR2b signaling
(Yin et al., 2024).

In chronic lung injury, the bidirectional signaling crosstalk
between AT2 cells and lipofibroblasts co-determines the fate of
repair versus fibrosis. Among these, lipofibroblasts exhibit dual
pathological effects. On the one hand, they can transdifferentiate
into myofibroblasts under the action of inflammatory signals,
directly driving aberrant extracellular matrix deposition and
fibrotic scar formation (Torday et al., 2003). On the other hand,
their impaired intrinsic lipid metabolic function attenuates lipid
support for AT2 cells, leading to defective synthesis of pulmonary
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surfactant and exacerbating the failure of alveolarization (Kaplan
etal,, 1985; Torday et al., 2001). Meanwhile, AT2 cells rely on signals
such as FGF10 to achieve alveolar repair through the AT2/
AT1 transitional state, but their repair process forms a key

lipofibroblasts
loop,

pathological loop with the behavior of
2025). Within this

myofibroblasts block the maturation and differentiation of

(Panagiotidis et al, activated
AT?2 cells by secreting amphiregulin, while factors such as TGF-f
secreted by AT2 cells themselves further drive the pathological
transdifferentiation of lipofibroblasts. Therefore, the interaction
between the two may either lead to normal repair or fall into a
vicious cycle of progressive fibrosis amplification.

2.3.5 Myofibroblasts

Myofibroblasts represent a unique cell type that exhibits
characteristics of both fibroblasts and smooth muscle cells. They
significantly enhance their contractile properties through the
expression of marker proteins such as a-smooth muscle actin (a-
SMA), thereby effectively contributing to the processes of fibrosis
and tissue repair.

The origins of myofibroblasts are diverse (Figure 4). Fibroblasts
in a quiescent state within the lung can undergo phenotypic
transformation and differentiate into predominant myofibroblasts
in response to cytokines such as TGF-B1, IL-4, and IL-13
(Hashimoto et al, 2001; Kuang et al., 2005; Vancheri et al,
2005), or under mechanical tension (Choe et al., 2006). Pericytes
can also differentiate into myofibroblasts upon detachment from the
vascular system (Gaengel et al., 2009; Geevarghese and Herman,
2014), serving as precursors to myofibroblasts (Wong et al., 2015;
Sun et al., 2017). Under specific conditions, mesothelial cells can
transdifferentiate  into a  pro-fibrotic  subpopulation  of
myofibroblasts (Gebb and Shannon, 2000; Nasreen et al., 2009;
Cano et al, 2013; Karki et al., 2014; Von Gise et al., 2016).
Recent studies have identified adipogenic fibroblasts, which not
only secrete extracellular matrix but can also undergo metabolic
reprogramming to become myofibroblasts under certain conditions,
such as TGF-B1 induction (Torday et al., 2003), and promote the
(Schultz et al., 2002).
Additionally, bronchial or alveolar epithelial cells can also form

synthesis of pulmonary surfactant

myofibroblasts through epithelial-mesenchymal transition (Kasai
et al., 2005; Willis et al., 2005; Zhang et al., 2009).

Epithelial cells and myofibroblasts influence lung development
and injury repair through bidirectional signaling interactions (Khan
et al., 2024; Song et al,, 2024). Specifically, epithelial cells secrete
supportive signals such as Pdgfa and Shh (Kugler et al., 2017), which,
in conjunction with TGF( signaling, maintain the proliferative
capacity and functional stability of PDGFRa* myofibroblasts. As
key cells for alveolar septation, the proliferation and contractile
functions of myofibroblasts are essential for the formation of
alveolar structure and the expansion of gas exchange surface area
(LiR. etal., 2020). During lung injury repair, signaling regulation by
epithelial cells is crucial. Deletion of the TGEp receptor in epithelial
cells or downregulation of epithelial-driven paracrine signals like
Pdgfa-Pdgfra and Shh-Hhip directly impairs the proliferative
capacity of myofibroblasts (Kugler et al., 2017). This proliferative
defect in myofibroblasts has been demonstrated as a key driver of
alveolar simplification—a core pathology in conditions such as
bronchopulmonary dysplasia (Li R. et al.,, 2020). In this context,
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FIGURE 4

The source of myofibroblasts. The origins of myofibroblasts are diverse, as they can be derived from fibroblasts, pericytes, mesothelial cells,

adipofibroblasts, as well as through EMT. Created with BioRender.com.

activation of TGF signaling serves as a compensatory protective

response to injury, aimed at maintaining myofibroblast
homeostasis to support repair; inhibiting this signaling would
instead disrupt epithelial-mesenchymal interactions and
exacerbate alveolar damage. Conversely, even in the absence of
external injury, specific blockade of myofibroblast proliferation
alone is sufficient to independently induce alveolar simplification.
These findings elucidate the synergistic role of epithelial cells and
myofibroblasts in repair and establish that the intrinsic
constitutes an

proliferative  capacity

indispensable and non-redundant component in both lung

of myofibroblasts

development and successful repair.

Furthermore, emerging evidence challenges the conventional
view of myofibroblasts as terminally differentiated cells,
confirming that their phenotype is, in fact, reversible (Hinz
et al., 2012; Plikus et al., 2021). Some myofibroblasts can revert
to a quiescent fibroblast state through epigenetic reprogramming
during the resolution phase of injury, or even transdifferentiate
into other mesenchymal lineages. However, the regulatory
mechanisms underlying this plastic transition and its role in
the restoration of pulmonary homeostasis remain to be
systematically investigated.
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2.4 Immune cells

The pulmonary immune system originates from a multicentric
hematopoietic process during early embryonic development. In the
early stages of pregnancy (weeks 1-2), CD34" hematopoietic stem
cells (HSCs) in the yolk sac first differentiate into innate lymphoid
cells (ILCs), natural killer (NK) cells, and macrophage precursors,
subsequently migrating to the fetal liver primordium to establish the
fetal hepatic hematopoietic system (Park et al., 2020). By the period
of six to nine PCW, the fetal liver undergoes a hematopoietic
expansion phase, accompanied by the gradual maturation of the
bone marrow microenvironment guided by CXCLI2 signaling,
ultimately ~ completing the of the primary
hematopoietic site from the fetal liver to the bone marrow

transition

during mid-pregnancy (Zheng et al, 2022). At this stage,
differentiated T and B lymphocytes home to the lung tissue via
the circulatory system, where they collaborate with resident
macrophages to construct an early immune network.

The shaping of the pulmonary immune landscape is a dynamic
developmental process. Immune cells appear in the human lung
around 5 weeks of gestation (He et al., 2022; Barnes et al., 2023),
predominantly consisting of yolk sac-derived innate immune cells.
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As the lung parenchyma and vascular system develop, significant
changes occur in the composition of immune cells: a primary peak is
formed before 8 PCW (composed of progenitor cells and
macrophages affected by hepatic hematopoiesis); during the
period of 9-19 PCW, the proportion of immune cells decreases
(potentially related to lung tissue remodeling and angiogenesis
(Travaglini et al., 2020)); by 20 PCW, a secondary peak emerges
(including locally differentiated cells (Suo et al., 2022) and T and B
lymphocytes migrating from mature vasculature), marking the
preliminary maturation of the adaptive immune system. This

bimodal pattern reflects the regulatory influence of
developmental timing on immune cell differentiation and
illustrates the dynamic evolution of pulmonary immune

requirements at different developmental stages.

Current research is transcending the limitations of anatomical
localization and focusing on the heterogeneous interactions of
immune cells. Spatial transcriptomic analysis reveals that in the
fetal lung at 20 PCW, CD8" tissue-resident memory (TRM) cells are
preferentially localized at bronchial branching points, regulating
epithelial progenitor cell proliferation through IFN-y secretion. In
contrast, ILC2 cells cluster around blood vessels, promoting smooth
muscle maturation through amphiregulin expression (Barnes et al.,
2023). These findings suggest that immune cells are not merely
but of
developmental programs.

defensive  units also  dynamic  regulators

2411LCs and T cell

During the early stages of lung development, innate lymphoid
cells (ILCs), acting as antigen-independent immune effector cells,
constitute a primary defense line against pathogen invasion and the
maintenance of tissue homeostasis (Spits et al., 2013). Based on their
secretory profiles, ILCs are classified into three functional subsets:
ILC1 (IFN-y*; antiviral), ILC2 (IL-5/IL-13"; antiparasitic), and ILC3
(IL-17/IL-22%, (Spits et al, 2013; Juelke and
Romagnani, 2016; Vivier et al., 2018). The fetal lung provides a

antibacterial)

unique proliferative microenvironment for ILCs, with their
abundance significantly higher than in other organs. Notably, the
differentiation propensity towards the ILC3 subset is particularly
that  the
microenvironment may drive ILC3 differentiation through
specific cytokines (Barnes et al., 2023). Lung epithelial cells and

prominent,  suggesting pulmonary  epithelial

group ILC2 can also form a bidirectional regulatory network,
synergistically participating in pulmonary inflammation and
repair processes. On the one hand, airway epithelial cells activate
ILC2 and drive Th2-type inflammation through multiple pathways:
the transcription factor SPDEF induces the expression of alarmins
such as IL-33 and TSLP, which are released and activate ILC2s upon
epithelial injury (Rajavelu et al.,, 2015; Roan et al., 2019); under
hypoxic conditions, stabilized HIF2a can activate ILC2s by directly
inducing adrenomedullin (ADM) secretion, independent of classical
alarmins (Han et al., 2022). On the other hand, activated ILC2s exert
feedback effects during injury repair by highly expressing
amphiregulin (Areg). Areg acts directly on alveolar epithelial cells
and activates their epidermal growth factor receptor (EGFR)
signaling pathway, thereby promoting the proliferation of
AT2 cells and their differentiation into AT1 cells, and mediating
the repair of the epithelial barrier (Monticelli et al., 2011; Lechner
et al., 2017).
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Corresponding to the innate immune attributes of ILCs, the
T cell lineage within the fetal lung also exhibits a unique
developmental pattern. As early as the pseudoglandular stage, T
progenitor cells have migrated to the lung parenchyma, and by the
canalicular stage, CD4", CD8", and regulatory T cell (Treg) subsets
gradually differentiate, significantly increasing in proportion
(Barnes et al., 2023). Concurrently, fetal T cells express high
levels of cytotoxic molecules such as granzyme A (GZMA),
displaying an innate-like phenotype that confers cytotoxic
capabilities even in the absence of external antigen exposure
during embryonic development. This characteristic is gradually
supplanted by adaptive functions following birth as antigen
exposure increases (Wang et al., 2020), reflecting a transition
strategy of the immune system from developmental protection to
adaptive defense.

The developmental processes of ILCs and T cells are
intertwined. Spatial transcriptomic analysis reveals that ILC3s
cluster at bronchial branching points in the fetal lung, interacting
with neighboring T progenitor cells through the Notch ligand DLL1,
potentially influencing their differentiation decisions towards yd
T cells or af T cells (Barnes et al, 2023). This intercellular
communication mechanism tightly couples the development of
innate and adaptive immune cells, forming a hierarchical
defense-regulation network.

2.4.2 Macrophage

Alveolar macrophages (AMs) have traditionally been considered
to originate from hematopoietic stem cells in the bone marrow,
which differentiate into monocytes that subsequently migrate to the
lungs and transform into macrophages, thereby exerting immune
functions (Yona et al., 2013). However, recent studies have revealed
that their development is characterized by multipotency, with
differentiation trajectories spanning from embryonic to adult
stages (Yudanin et al., 2019; Negretti et al., 2021). Based on their
histological localization, they are classified into two major subsets:
pulmonary interstitial macrophages and alveolar macrophages
(Thiery et al., 2009; Herriges and Morrisey, 2014; Nasri et al., 2021).

During mouse embryonic development, macrophages undergo
three waves of migration and colonization (Tan and Krasnow, 2016;
van de Laar et al., 2016; Bian et al., 2020) (Figure 5): at E10.5, F4/80*
macrophages derived from yolk sac primitive hematopoietic cells
migrate to the lung parenchyma; by E12.5, Mac2" macrophages
derived from fetal liver monocytes join to form the initial
macrophage population. Within the first week post-birth, Mac2*
macrophages transition into alveolar macrophages via a GM-CSF-
dependent pathway, while F4/80" macrophages, along with bone
marrow-derived  macrophages, constitute the interstitial
macrophage population. During this process, the distribution of
F4/80" macrophages undergoes significant changes, shifting from a
widespread presence in the stroma to localization beneath the
mesothelium and around blood vessels, forming “primitive”
interstitial macrophages that trace their origin back to early
hematopoietic stages (Bian et al., 2020). In adulthood, a third
wave of “terminal” interstitial macrophages influx into the lung
interstitial region, replacing the embryonic F4/80 lineage, with these
cells being continuously replenished by circulating monocytes from
the bone marrow. At this stage, the spatial localization of
macrophages is tightly controlled; although these cells continually
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expressing primitive hematopoietic cells originating from the yolk sac migrating to the lungs, and within the first week after birth, positioning themselves in
the subepithelial and perivascular regions to become “primitive” interstitial macrophages. The second migration (E12.5) sees Mac2 high expressing
monocytes from the fetal liver entering the lungs, where these cells differentiate into alveolar macrophages within the first week after birth through a
GM-CSF dependent pathway. The third migration occurs one week after birth, during which pre-existing macrophages in the lung interstitium extensively
populate lung tissues, forming the “final” group of interstitial macrophages. Created with BioRender.com.

contribute new members to the interstitial macrophage pool, they do
not replace the peripheral F4/80 macrophage lineage or enter the
alveoli for replenishment.

Single-cell sequencing data from human embryos have
confirmed that macrophage development follows a dual
pathway, similar to that observed in mice (Bian et al., 2020).
Macrophages directly differentiated from the early yolk sac during
early development disseminate throughout the body through in
situ development, while yolk sac-derived myeloid progenitors
(YSMPs) are converted into fetal liver monocytes via the liver
and subsequently differentiate This
hematopoietic stem cell-independent developmental mode

into macrophages.
suggests the existence of a core mechanism conserved across
species in the establishment of the pulmonary macrophage
reservoir. Furthermore, studies on the heterogeneity of alveolar
macrophages have further refined their classification system.
Tissue-resident and monocyte-derived subtypes exhibit distinct
functional characteristics (Ginhoux and Guilliams, 2016; Hou
et al., 2021), with the latter relying on a regulatory network of
key molecules such as S100A12 and IL-10. Although bone
the
interstitial macrophage pool, these cells strictly adhere to
spatial constraints in adulthood: they neither invade F4/80"

marrow-derived monocytes continuously  replenish

resident regions nor participate in the renewal of alveolar
macrophages.
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In this process, the pulmonary microenvironment constructed
by epithelial cells supports macrophage lineage maturation and
provides a reserve for the establishment of postnatal pulmonary
mucosal immunity. Granulocyte-macrophage colony-stimulating
factor (GM-CSF/CSF2) is a key cytokine for the differentiation of
alveolar macrophages (Guilliams et al., 2013; Schneider et al., 2014;
Li F. et al., 2020). Early studies using genetically engineered mouse
models confirmed that AT2 cells are the critical source of GM-CSF,
and their regulation persists from the embryonic stage to adulthood
(Gschwend et al, 2021). Subsequently, the previous notion that
AT2 cells alone regulate AM development was overturned.
Emerging evidence indicates that AM development relies on a
ternary regulatory network consisting of AT2 cells, ILC2s, and
basophils, with IL33, CSF2, and IL13 as the core signaling
This network precise of
differentiation through a cascade signal amplification effect (Scott

molecules. achieves regulation
and Guilliams, 2018), highlighting the complexity of synergistic
regulation between immune cells and epithelial cells during lung
development.

During lung injury repair, epithelial cells act as a core
signaling hub to precisely regulate macrophage functions
through multiple mechanisms, thereby mediating tissue
repair. Under steady-state conditions, AT2 epithelial cells
inhibit
immune tolerance via CD200-CD200R binding and connexin

excessive macrophage activation and maintain
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Interactions between pulmonary epithelial cells and other cell types. (A) Epithelial cells and endothelial cells: During the early stages of lung
development, pulmonary endothelial cells regulate epithelial differentiation and influence its branching morphology via the VEGF or Flk-1 signaling
pathway. Upon entry into the alveolarization stage, pulmonary endothelial cells secrete factors such as MMP14 to mediate the process of alveolar
regeneration. In homeostasis maintenance, Car4* endothelial cells are crucial for regulating the expansion of alveolar lumens; meanwhile, the
VEGFA signal secreted by AT1 cells exerts a reciprocal regulatory effect on the specification and differentiation of Car4* endothelial cells. (B) Epithelial cells
and Mesenchymal cells:During the early stages of embryonic development, FGF and BMP signaling molecules expressed by mesenchymal cells in the
ventral mesoderm dictate the differentiation pattern of lung epithelium along the anterior-posterior and dorsoventral axes. With the specification of lung
buds, mesenchymal cells secrete FGF to initiate and regulate the growth and branching of lung buds. During this process, negative regulatory factors
within epithelial cells attenuate their own responsiveness to FGF signaling; meanwhile, SHH secreted by epithelial cells can directly inhibit the transcription
of FGF10 in mesenchymal cells, thereby forming a negative feedback regulation on the FGF10 signaling pathway. Subsequently, epithelial cells instruct
mesenchymal cells to differentiate into AF1 via the Hippo-Yap signaling pathway. In turn, AF1 can maintain the niche of AT2 stem cells by secreting lipid
metabolism-related factors. Epithelial-mesenchymal transition (EMT), as another core biological process, also serves as a key driving force for tissue
remodeling and repair. (C) Epithelial cells and Immune cells:During the development of the human fetal lung, myeloid immune cells promote stem cells to
terminate self-renewal and differentiate into basal cells via IL-1p, thereby driving the differentiation of the epithelial lineage. In the maintenance of lung
tissue homeostasis, alveolar macrophages and AT2 cells form a functional symbiosis to prevent pulmonary alveolar proteinosis and maintain immune
tolerance. Upon tissue injury, the immune-epithelial crosstalk network immediately switches to the repair mode, where macrophages activate AT2 cell
proliferation by secreting Pletl to drive tissue repair. Created with BioRender.com.

43 (Cx43) gap junctions (Snelgrove et al.,, 2008; Westphalen
et al., 2014). Upon injury, surfactant proteins A/D (SP-A/SP-D)
secreted by epithelial cells bind to macrophage CD14 (Yamada
et al., 2006; Wang et al., 2021), promoting pathogen clearance
and inflammatory modulation. Meanwhile, released caspase-3-
enriched extracellular vesicles (EVs) activate macrophages via
the ROCK1 pathway (Moon et al., 2015), stimulating the
secretion of repair factors such as TNF-a and IL-6.
Macrophage-derived TNF-a further induces epithelial cells to
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produce GM-CSF, which drives epithelial proliferation and
barrier renewal through an autocrine loop (Cakarova et al,
2009). Furthermore, relying on their apical-basolateral
polarized secretory properties, epithelial cells dynamically
regulate the switch of macrophages between the MI pro-
inflammatory and M2 reparative phenotypes (Skronska-
Wasek et al., 2021), ultimately coordinating the dynamic
balance between pulmonary anti-infective responses and
tissue repair.
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3 Intercellular interactions

Early lung development is a complex process of branching
morphogenesis that is precisely regulated by intrinsic molecular
mechanisms and the microenvironment. As the core orchestrators
of lung branching morphogenesis (Yao et al., 2017), the functional
realization of epithelial cells is by no means an isolated event but
rather the outcome of dynamic interactions among a multicellular
population (Figure 6). To further unravel the mysteries of lung
development, we will focus on the dynamic interactive relationships
between epithelial cells and other key cell types, as well as the
synergistic regulatory effects of such relationships on cell fate
determination and differentiation processes.

3.1 Epithelial cells and endothelial cells

The crosstalk between epithelial and endothelial cells initiates at
the very onset of lung lineage specification. The lung and liver share
a common origin from the foregut endoderm, and the segregation of
these two lineages depends on the precise regulation of epithelial-
endothelial crosstalk. During this process, epithelial-derived matrix
Gla protein (MGP) acts as a key “brake molecule”, maintaining the
stability of the pulmonary developmental microenvironment by
antagonizing bone morphogenetic protein 4 (BMP-4) signaling
(Yao et al, 2017). Under the inhibition of MGP, BMP-4
signaling is kept at a basal level, ensuring moderate and balanced
signal communication between epithelial and endothelial cells,
thereby consolidating lung lineage specification. In the absence of
the MGP gene, excessive activation of BMP-4 signaling triggers the
VEGF-FIt1 cascade reaction and upregulates HGF, which in turn
drives the competitive binding of transcription factors Hnf4a and
Foxa2, ultimately leading to the conversion of the transcriptional
program of lung epithelial cells from lung lineage characteristics to
liver lineage characteristics.

Following the budding of the lung bud from the foregut,
pulmonary vascular development initiates within the lateral plate
mesoderm (Serls et al., 2005). The nascent vascular network and
epithelial branches become spatially closely juxtaposed and undergo
complex morphological changes together. Although early studies
suggested that the branching potential of the lung epithelium
exhibits a degree of autonomy (Havrilak and Shannon, 2015;
Havrilak et al, 2017), maintaining normal epithelial branching
even after endothelial cells are removed, substantial evidence
that endothelial
development. Lung endothelial cells can regulate epithelial
differentiation and branching morphology by targeting VEGF
(Van Tuyl et al., 2005) or FlIk-1 (Del Moral et al., 2006) signaling
pathways (Van Tuyl et al., 2005; Del Moral et al., 2006; Lazarus et al.,
2011). For instance, co-culturing human induced pluripotent stem

indicates cells significantly influence its

cells with human lung microvascular endothelial cells significantly
upregulates the expression of key early lung transcription factor
NKX2.1 and airway epithelial markers such as KRT5 and TP63,
confirming that the endothelial microenvironment can effectively
promote the differentiation of pluripotent stem cells into functional
airway epithelial lineages (Burkhanova et al.,, 2022).

When lung development progresses to the alveolarization stage,
the mode of endothelial-epithelial crosstalk undergoes a significant
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transformation. The alveolarization process is accompanied by
marked dilation of the pulmonary vasculature and intricate
interweaving of arterial and venous networks, ultimately forming
a capillary network tightly enveloping the alveoli to enable efficient
gas exchange. The normal formation of this structure relies on intact
VEGFA and platelet endothelial cell adhesion molecule-1 (PECAM-
1) signaling, and dysfunction of these pathways significantly impairs
alveologenesis (Jakkula et al., 2000; DeLisser et al., 2006; Yamamoto
et al., 2007). Meanwhile, endothelial cells can also mediate alveolar
regeneration by secreting factors such as matrix metalloproteinase
14 (MMP14) (Ding et al., 2011).

The heterogeneity of the pulmonary microvasculature is
particularly prominent at this stage, among which the carbonic
anhydrase four-positive endothelial cell subset (Car4* ECs) plays a
unique role. This subset is widely distributed on the surface of
alveolar epithelium, forming a specialized reticular structure devoid
of pericyte coverage, and its differentiation and maintenance are
highly dependent on VEGFA signals derived from AT1 cells. Car4*
ECs highly express vascular endothelial growth factor receptor 2
(Flk-1). VEGFA secreted by AT1 cells effectively inhibits endothelial
cell apoptosis and promotes their survival by activating the PI3K/
Akt and MEK/ERK signaling pathways downstream of this receptor.
In addition, VEGFA may also regulate the expression of the
Car4 gene through transcription factors such as HIF-1a, thereby
specifically maintaining the phenotype of this cell subset (Fidalgo
et al., 2022). In a mouse model with AT1 cell-specific knockout of
VEGFA (AT1-VEGFA KO), the specific localization of Car4* ECs in
the alveolar region is lost, which in turn leads to abnormal
enlargement of the alveolar lumens and the development of an
emphysema-like pathological phenotype (Vila Ellis et al., 20205
Fidalgo et al, 2022). This confirms that epithelial-derived
VEGFA signals ensure the normal postnatal expansion and
functional maturation of alveoli by maintaining the survival and
localization of Car4" ECs. This finding highlights that epithelial cells
exert a crucial influence on Car4* endothelial cells through signal
regulation, thereby playing a key role in the normal development of
alveoli (Fidalgo et al., 2022).

In summary, epithelial-endothelial interactions during lung
development exhibit a stage-specific, hierarchical regulation: the
lineage establishment phase relies on signal inhibition for lineage
commitment; the branching morphogenesis phase is dominated by
the microenvironmental support provided by endothelium; and the
alveolar phase transitions to biochemical synergy between
specialized cell subpopulations. The discovery of MGP-mediated
lineage homeostasis regulation and the specialized function of
Car4 ECs not only the theory of the alveolar
microenvironment but also suggests a three-dimensional dynamic

refines

regulatory network of “epithelial guidance-endothelial response-
niche feedback” in organogenesis.

3.2 Epithelial cells and mesenchymal cells

The development and functional realization of the lungs highly
depend on the dynamic interactions between epithelial and
mesenchymal cells. The fate of lung cells from the endodermal
foregut epithelium is determined by surrounding mesodermal
mesenchymal cells through the transcriptional activation of
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Nkx2-1, playing a core role in the specialization process of the lung
region within the ventral endoderm of the foregut (Que et al., 2007;
Goss et al, 2009; Domyan et al, 2011). Specifically, FGF1/2/
10 expressed by the ventral mesoderm influences the spatial
differentiation along the anterior-posterior axis of the lung
epithelium (Serls et al., 2005 Que et al, 2007), while bone
morphogenetic protein (BMP) signaling (Que et al, 20065
Domyan et al., 2011) maintains the balance of dorsal-ventral axis
differentiation by antagonizing Noggin and receptors Bmprla and
Bmprlb (Bmprla/b) (Domyan et al,, 2011). Additionally, Wnt2/2b
is expressed in the ventral mesenchyme surrounding the foregut,
and genetic inactivation of Wnt2/2b leads to the absence of Nkx2-1
expression in the foregut and complete lung agenesis (Goss
et al., 2009).

After the lung bud separates from the foregut and completes fate
determination, the epithelial and mesenchymal cells at its distal tip
together form a high-concentration signaling niche that precisely
coordinates the proliferation and differentiation of mesenchymal
cells (Hines and Sun, 2014). Among these, the FGF10-FGFR2
signaling axis is the core driver of branching morphogenesis
(Abler et al., 2009). Mesenchyme-derived FGF10 not only serves
as a key initiating signal for the initial outgrowth of lung buds but
also binds to the FGFR2b receptor on the surface of epithelial cells
through paracrine action, triggering epithelial cell proliferation and
directed migration, thereby providing the core driving force for lung
branching morphogenesis. In turn, signaling pathways such as
VEGF and WNT secreted by epithelial cells can regulate and
and their
into smooth muscle cells and vascular cells

induce the proliferation of mesenchymal cells
differentiation
required for alveolar supportive structures. Impaired FGF10-
FGFR2b signaling transduction leads to abnormal branching
morphology of epithelial lung buds. This driving process is
subject to strict spatiotemporal feedback regulation: upon
receiving FGF10 signals, epithelial cells express SPRY2, an
that
responsiveness to FGF signals to avoid excessive outgrowth of
the same bud tip. Meanwhile, Sonic Hedgehog (SHH) secreted

by the epithelial bud tip can directly inhibit FGF10 transcription

intracellular  negative  regulator reduces  epithelial

in mesenchymal cells, restricting its expression domain, thereby
coordinating the ordered bifurcation and spatial distribution of
epithelial branches and ensuring the formation of a stereotypical
branching architecture in lung tissue (Chuang et al., 2003; Dixit
et al, 2013; Liu et al, 2013). The signaling alternation between
FGF10-driven growth and SHH/SPRY2-mediated
constitutes a periodic oscillation of “proliferation-inhibition-re-

inhibition

proliferation”, ultimately achieving precise spatiotemporal
synchronization between epithelial branching morphology and
mesenchymal behavior (Weaver et al., 2000).

During the alveolar development stage, epithelial cells primarily
regulate the differentiation of mesenchymal cells into AF1 via the
Hippo-Yap signaling pathway (Warren et al., 2023; Chaudhry et al.,
2024). AF1 can secrete lipid metabolism-related factors such as
Scube2 and Plin2 to support the survival and differentiation of
AT2 stem cells. Deletion of Yap/Taz in epithelial cells prevents
mesenchymal cells from differentiating into AFI, leading to the
collapse of the alveolar microenvironment and fibrosis (Warren
et al,, 2023; Song et al., 2025). In addition, epithelial cells synthesize
and modify extracellular matrix (ECM) components including
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collagen and laminin, which provide physical support and
chemical signals for mesenchymal cells, thereby regulating their
migration and differentiation behaviors (Rosmark et al., 2023).

The repair and regeneration process following lung injury also
relies on the precise crosstalk between epithelial and mesenchymal
cells. During airway injury repair, mesenchymal cells in the tracheal
cartilage region activate epithelial progenitor cell populations
through paracrine signals, serving as a critical cell source for
airway epithelial regeneration (Borthwick et al, 2001). Genetic
studies have further confirmed that mesenchymal cells derived
from tracheal cartilage can regulate the differentiation direction
of airway epithelial cells by secreting specific signaling molecules
(Hines et al.,, 2013). Similarly, residual epithelial cells after lung
injury can induce mesenchymal cells to secrete FGF10. This factor
maintains the proliferation and differentiation homeostasis of basal
cells by activating the Notch signaling pathway in epithelial cells,
thereby efficiently promoting the repair process of injured airways
(Hines and Sun, 2014).

Furthermore, epithelial-mesenchymal transition (EMT) exhibits
a unique spatiotemporal regulatory pattern during lung branching
morphogenesis. During embryonic development, EMT first appears
during gastrulation, when mesenchymal cells begin to form (Nieto
et al,, 2016). Subsequently, characteristic transitions of partial EMT
can be observed in the terminal end bud cells (TEBs) at the tips of the
“ductal branching tree” (Revenu and Gilmour, 2009). This process
relies on active bidirectional signaling dialogues between the
epithelium and mesenchyme and is an indispensable key
mechanism for the branching morphogenesis of various organs
(Bartis et al., 2014). During this process, cells temporarily acquire
mesenchymal characteristics while maintaining intact intercellular
adhesion structures, forming migratory cohorts with “finger-like
protrusions.” Subsequently, the GRHL2/OVOL2 regulatory axis
effectively prevents the complete transition of TEB cells into
EMT by initiating “EMT molecular braking,” promoting the
reconstruction of the epithelial phenotype (Watanabe et al., 2014;
Aue et al, 2015) and ensuring the precise construction of lung
branching morphology and the normal realization of lung function.
In pathological states, excessive EMT activity is believed to be
involved in regulating irreversible interstitial repair, involving
extracellular matrix deposition, fibrotic remodeling, functional
loss, and the regulation of lung stem cell migration and
differentiation (Vaughan and Chapman, 2013). Among them,
TGF-B-induced EMT can accelerate the migration and repair of
the airway epithelium (Zhou et al., 1996; Vaughan and Chapman,
2013). This pathological cellular transdifferentiation not only
remodels the microenvironment of the lung parenchyma but also
reveals the potential value of EMT regulatory mechanisms in the
treatment of lung diseases.

3.3 Epithelial cells and immune cells

In addition to their defensive roles, immune cells also play a
pivotal part in the precise regulatory processes of lung development.
The bidirectional regulatory mechanisms between pulmonary
immune cells and epithelial cells persist throughout the entire
course of lung organogenesis. During the 5-22 PCW stage in
human fetuses, myeloid immune cells activate the epithelial
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TAKI1 signaling pathway through IL-1p, significantly inhibiting
SOX9 expression while upregulating SOX2 and TP63. This drives
stem cells to exit the self-renewal state and differentiate into basal
cells, ultimately reshaping the epithelial lineage fate (Barnes et al.,
2023; Yoshida et al., 2025). In the maintenance of homeostasis,
alveolar macrophages and AT2 cells form a functional symbiosis:
macrophages clear excessive pulmonary surfactant through
scavenger receptors, preventing alveolar proteinosis, while the
interaction between CD200 on AT2 cell surfaces and CD200R on
locally

microenvironment (Jakkula et al., 2000).

macrophages maintains a immunotolerant

When lung tissue encounters injury, the epithelial-immune

interaction network rapidly switches to mode.

Macrophages activate AT2 proliferation by secreting
placenta-expressed transcript 1 (Pletl) (Jakkula et al., 2000), and

a repair

cell

the IL-10 and PGE2 they release effectively suppress excessive
inflammatory responses (Wang et al., 2024; Yoshida et al., 2025).
Additionally, T cell subsets exhibit functional specialization: tissue-
resident memory T cells (TRMs) rapidly initiate adaptive immunity
by recognizing pathogens, regulatory T cells (Tregs) regulate
neutrophil infiltration (Kaiser et al., 2023) and promote alveolar
repair by upregulating SFTPC through a Foxp3-dependent pathway
(Jiang et al., 2024), while y§ T cells balance IL-22/IL-17 to regulate
fibrosis, antibacterial defense, and epithelial regeneration (Cayrol
and Girard, 2018; Kaiser et al., 2023; Jiang et al., 2024). Neutrophils,
in this process, exhibit dual roles: they exacerbate epithelial injury
and permeability through elastase in the early phase but later activate
AT2 cell proliferation and alveolar regeneration by releasing
lipocalin (Wang et al, 2024; Yoshida et al, 2025). Under
pathological conditions, the duration of neutrophil retention
caused by persistent infection becomes a critical variable
determining the repair outcome (Wang et al., 2024).

Notably, recent research has established a central and active role
for lung epithelial cells in immune regulation. It functions not
merely as a passive barrier but rather acts as a “sentry” and
“conductor” that orchestrates a multilayered defense network,
actively initiating and coordinating diverse immune responses.

During the initiation phase of innate immunity, lung epithelial
cells efficiently integrate physical defense and immune responses
through a four-tiered precise regulatory network of “barrier-
secretion-signaling-interaction” to  maintain  lung  tissue
homeostasis (Hiemstra et al., 2015; Whitsett and Alenghat, 2015).
First, epithelial cells construct a multi-layered physical and chemical
barrier: on the one hand, they form tight junctions via the Claudin
protein family to maintain the integrity of the alveolar-capillary
barrier (Frank, 2012; LaFemina et al., 2014); on the other hand,
mucins secreted by goblet cells and submucosal glands form a gel
layer to capture pathogens, which are then effectively cleared by the
“mucociliary clearance system” driven by the coordinated beating of
cilia (Voynow and Rubin, 2009; Button et al., 2012). Meanwhile,
epithelial cells possess active secretory functions, capable of
producing diverse effector molecules including mucins (e.g.,
MUCS5AC/B), antimicrobial peptides (e.g., human {-defensins,
LL-37), lysozyme, and lactoferrin, with this secretory pattern
exhibiting regional specificity (Tecle et al., 2010). As core pattern
recognition units, epithelial cells sense pathogen- and damage-
associated signals through expressing receptors such as Toll-like
receptors (TLRs), NOD-like receptors (NLRs), and RAGE. Upon
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receptor activation, transcription factors including NF-kB and
IRF3 are initiated via signaling pathways such as MyD88, thereby
(e.g., IL-33, TSLP),
chemokines, and antimicrobial peptides to precisely regulate

inducing the expression of cytokines

immune responses (Hammad et al., 2009; Leiva-Judrez et al.,
2018). Furthermore, through direct contact or secretion of
mediators, epithelial cells form a bidirectional communication
network with immune cells such as alveolar macrophages and
dendritic cells, regulating the intensity and direction of immune
responses. Simultaneously, via stress pathways including apoptosis,
autophagy, and the unfolded protein response, they balance
pathogen clearance and the maintenance of self-homeostasis
(Choi et al., 2013; Osorio et al, 2013; Whitsett and Alenghat,
2015). Dysregulation of this process is closely associated with the
development and progression of various chronic lung diseases.

In adaptive immunity, lung epithelial cells exhibit specialized
antigen-presenting capacity. They can endocytose and process
antigens, among which the specific SPC**" MHC"¢" subset highly
expresses MHC class II (MHC-II) and its processing-related genes,
serving as core antigen-presenting cells (APCs). This process is
characterized by precise dynamic and spatial regulation: under
steady-state conditions, the MHC"¢" subset maintains basal
surveillance and tolerance through co-expressed MHC-II and
PD-LI1; upon infection, there is a general upregulation of MHC-
IT expression in all epithelial cells, and different subsets achieve
precise regulation of CD4" T cell activation by differentially
expressing co-stimulatory (CD40/CD86) and co-inhibitory (PD-
L1) molecules. Spatially, cells in the airway region tend to
provide co-stimulatory signals to support the formation of CD4"
tissue-resident memory (TRM) cells, whereas cells in the alveolar
region highly express PD-L1 to restrain excessive T cell activation
and protect the fragile air-blood exchange interface.

Taken together, pulmonary epithelial-immune crosstalk acts as a
core hub that orchestrates both innate and adaptive immunity. Via
the four-tiered defense network, it initiates and regulates innate
immune responses; through the dynamically adjustable antigen-
presenting mechanism, it governs the entire process of pulmonary
immune response from initiation, efficient effector function to
ordered resolution, serving as a key link for maintaining
pulmonary immune homeostasis and defense efficacy. From a
developmental biology perspective, the establishment of this
active regulatory capacity can be traced back to the embryonic
stage. The stage-specific expression of HLA-DR molecules by fetal
epithelial cells may participate in the extrathymic selection and
education of T cells, laying the foundation for postnatal immune
tolerance. However, excessive IL-1p exposure during late
developmental stages may induce airway metaplasia and inhibit
alveolar maturation by disrupting Notch signaling (Bry et al., 2007;
Stouch et al.,, 2016), suggesting that temporal dysregulation of the
immune microenvironment may trigger the abnormal reactivation
of developmental programs.

4 Limitations and future prospects

The mysteries of lung development are deeply rooted in the
coordinated evolution of multicellular lineages, and the innovation
of single-cell sequencing technology is reshaping the cognitive
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paradigm in this field. Through integrative analysis of single-cell
transcriptomic and epigenomic atlases, researchers are now able to
precisely delineate the differentiation trajectories of epithelial,
mesenchymal, endothelial, and immune cells at the molecular
level. More importantly, these approaches have unveiled the
spatiotemporal dynamics of progenitor cell fate decisions
centered on epithelial cells, providing initial molecular-level
support for the “epithelial hub” hypothesis.

In this article, based on multi-omics analyses centered on single-
cell sequencing technology, we systematically elucidate, from the
perspective of lung epithelial cells, the mechanism by which these
cells act as a niche regulatory hub to integrate multicellular lineage
behaviors and thereby drive ordered lung organogenesis through
spatiotemporally specific transcriptional coordination and signaling
orchestration. This understanding not only deepens
comprehension of the regulatory principles governing normal

our

lung development but also provides novel perspectives and
insights for the formulation of prevention strategies and the
development of therapeutic approaches for lung diseases.

the of
technology—such as data sparsity obscuring rare cell populations

However, inherent  limitations single-cell
and the lack of spatial information leading to insufficient resolution
of microenvironmental interactions—still constrain the depth of
research (Liang et al., 2014; Kharchenko, 2021; Dezem et al., 2024).
Additionally, pulmonary tissues exhibit significant interspecies
heterogeneity: features such as the circulating sentinel function of
CD5" innate lymphoid cells in human lungs and the regenerative
potential of distal Tp63* basal-like cells are difficult to fully
2020).
Specifically, there are four main types of differences between

human and mouse lung cells (Travaglini et al., 2020): (1) the

recapitulate in mouse models (Travaglini et al,

absence of certain cell types in mouse lungs; (2) changes in gene
expression patterns within homologous cell types; (3) differences in
the expression of disease-associated genes and viral receptors; and
(4) variations in anatomical structure and cellular localization.
Therefore, in the process of exploring the mechanisms of lung
development and disease pathogenesis, it is imperative to fully
the species
organ evolution.

consider differences  between and  during

From basic research to clinical translation, the elucidation of
lung development mechanisms is ushering in a new era of
regenerative medicine. Based on the molecular signatures of
alveolar epithelial stem cells (such as HPX" and SFTPC"), it
has become feasible to directionally induce pluripotent stem
cells to differentiate into functional alveolar units. Moreover,
the integration of engineered lung scaffolds with organoid
vascular networks is pushing the boundaries of fully functional
lung tissue regeneration. In the future, combining CRISPR
screening with single-cell fate tracking may enable precise
repair of fibrosis-associated gene mutations and reactivate the
plasticity program of alveolar type I (AT1) cells. Lung
development research is no longer confined to the realm of
embryology; it is emerging as a bridge connecting the laws of
organogenesis with disease treatment strategies, offering
innovative solutions for major clinical challenges such as
pulmonary hypoplasia in premature infants and chronic

obstructive pulmonary disease.
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5 Conclusion

During lung development, the spatiotemporal synergy between
cell fate determination and lineage maturation serves as the core
driving force for lung morphogenesis, a process that is precisely
regulated by the epithelial cell-dominated niche signaling network.
By elucidating the central role of epithelial cells in branching
morphogenesis and intercellular crosstalk, this study discusses
their dynamic regulatory mechanisms in coordinating multi-
lineage differentiation and tissue patterning. Looking ahead,
precise modulation of the differentiation and regeneration
processes of epithelial cells and other key cell types holds
promise for achieving functional regeneration of lung tissue in
situ. This could lead to a paradigm shift in therapeutic strategies
for lung diseases, paving a critical path toward clinical translation in
this field.
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