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Abstract 

The airway epithelial barrier (AEB) is a dynamic interface that maintains respiratory homeostasis. 
Complex networks of epithelial cells, intercellular junctions, and immune constituents support the 
structural and functional integrity of the AEB. This review synthesizes how the respiratory 
exposome components disrupt AEB physiology by compromising junctional integrity, triggering 
oxidative stress, and inducing inflammation. The review further analyzes how these perturbations 
lead to maladaptive responses in chronic respiratory diseases (CRDs) and the effectiveness of 
emerging biologics targeting epithelial-derived alarmins in treating CRDs. By integrating exposome 
science with epithelial physiology, we provide a unified framework for understanding 
environmental impacts on airway health. 

Keywords: airway epithelial barrier; respiratory exposome; chronic respiratory diseases; precision 
medicine 

 

1. Introduction 

Chronic respiratory diseases (CRDs), such as asthma, chronic obstructive pulmonary disease 
(COPD), idiopathic pulmonary fibrosis (IPF), and cystic fibrosis (CF), represent a significant and 
growing global health challenge (GBD Chronic Respiratory Disease Collaborators, 2020). With a 
frequency of 454.6 million cases and almost 4 million fatalities annually, CRDs were the third most 
common cause of death globally in 2019. This represents increases of 28.5% and 39.8%, respectively, 
in total fatalities and prevalence when compared to 1990, although the age-standardized rates 
decrease by 41.7% and 16.9%, respectively, during this period (GBD Chronic Respiratory Disease 
Collaborators, 2023). Asthma is the most prevalent chronic respiratory disease, whereas COPD is the 
leading cause of death among CRDs (H. Feng et al., 2025). 

Both genetic and environmental factors play a significant role in the occurrence of CRDs (Sayers 
et al., 2024), whereas new insights into how environmental factors contribute to the development of 
CRDs are emerging. With industrialization, urbanization, and modernization, the respiratory system 
is increasingly exposed to a broader range of harmful substances. As a wider array of risk factors is 
being uncovered, the demand for thorough analysis of these environmental influences continues to 
grow. The term “exposome” was introduced by Christopher Wild, a British cancer epidemiologist, in 
2005. It serves as a vital concept to emphasize the need for balancing research between genetic drivers 
of health and the non-genetic factors that affect us throughout our lives(Wild, 2005). Adverse 
environmental exposure is a significant cause of the development of CRDs. To explore the connection 
between the exposome and CRDs, we define the respiratory exposome as the sum of all 
environmental elements to which the airway is exposed. Then, we examine how these factors set off 
the CRDs. 

The airway is divided into the upper airway and the lower airway. The upper airway includes 
the nasal cavity, the pharynx, and the larynx. The lower airway is dominated by the tracheobronchial 
tree structure, which encompasses the trachea, bronchi, and bronchioles. The airway can be divided 
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into the transducing zone (from the nasal cavity to the bronchioles) and the respiratory zone (the 
alveoli)(Davis and Wypych, 2021). The forefront of this system lies the epithelium, a continuous 
cellular lining that extends from the trachea to the alveoli, forming a critical interface between the 
external and internal environments. The cellular organization and the appended molecular apparatus 
of this interface constitute a barrier against the external environment, and the integrity and 
functionality of this barrier are paramount, serving as a primary defense against inhaled pathogens 
and environmental insults, thereby maintaining overall respiratory health(Ganesan et al., 2013; 
Knight and Holgate, 2003). Disruptions in epithelial structure or function, however, can initiate a 
cascade of pathological events, leading to both localized lung diseases and systemic manifestations, 
a testament to the epithelium’s far-reaching influence. 

The review will dissect the delicate and complex structure of the airway epithelial barrier (AEB), 
including the highly heterogeneous cellular components, and the intercellular junctions that regulate 
the permeability of the barrier. It will also discuss the respiratory exposome factors that cause 
pulmonary epithelium injury and the mechanisms that underlie the related diseases, such as asthma 
and COPD. Finally, we will discuss how respiratory exposome research is implicated in precision 
medicine for CRDs. 

2. AEB Structure 

2.1. Airway Epithelial Cells (AECs) Landscape 

In human and mouse airways, there are multiple types of epithelial cells, including ciliated cells, 
goblet cells, club cells, Tuft cells, ionocytes, neuroendocrine (NE) cells, mucous cell, serous cells, 
myoepithelial cells, and basal cells(Hogan and Tata, 2019) (Figure 1A). The initial identification and 
classification of AECs relied heavily on traditional histological techniques, primarily various forms 
of microscopy and staining protocols, which lead to the discovery of the ciliated cells, the goblet cells, 
and the club cells. However, the advent of single-cell RNA sequencing (scRNA-seq) has 
revolutionized the discovery of rare and functionally unique cell types, such as Tuft cells, ionocytes, 
and neuroendocrine (NE) cells(Travaglini et al., 2020). 

Although the airway epithelium was first mentioned in 1600, it wasn’t until 1834 that the 
presence of cilia was documented. Later research has shown that the ciliated cells are essential for 
pushing mucus along the airways (Widdicombe, 2019a). Ciliated cells are equipped with hairlike 
projections called cilia, and drive mucociliary clearance by moving mucus and trapped particles out 
of the airways using their motile cilia. The airway cilia also express Chemosensory receptors. They 
sense the bitter compounds and trigger intracellular signals that increase the ciliary beat frequency 
(Shah et al., 2009). 

Goblet cells, characterized by their distinct morphology resembling a drinking goblet, serve as 
primary secretory cells within the superficial epithelium of the large airways, where they synthesize 
and secrete mucin glycoproteins that form essential components of the protective airway surface fluid 
(Cortez and Schultz-Cherry, 2021). 

Club cells, initially described by Rudolph Albert von Kölliker in 1881 (Blackburn et al., 2023), 
are non-ciliated, non-mucous secretory cells that display a characteristic cuboidal shape with a 
distinctive bulging surface facing the bronchiolar lumen. These cells actively participate in the 
biotransformation of numerous harmful compounds introduced through inhaled air, including 
furan, hydrocarbons, naphthalene, ozone, and various components of tobacco smoke, thereby 
serving a detoxification function (Rokicki et al., 2016). They secrete multiple proteins, including the 
well-characterized CC16 protein, which demonstrates significant anti-inflammatory and 
immunomodulatory properties (Almuntashiri et al., 2020). Club cells can transdifferentiate into 
ciliated cells, a process that involves a critical regulatory mechanism through the inhibition of Notch 
signaling pathways, and plays a key role in airway epithelial regeneration and repair after injury 
(Bray and Bigas, 2025). Club cells also serve as precursors for goblet cells, and the differentiation 
process from club cells to goblet cells requires the expression of several transcription factors, notably 
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SPDEF, which can be influenced by environmental stimuli, such as allergens and inflammatory 
cytokines (e.g., IL-13) (Cumplido-Laso et al., 2023). 

 
Figure 1. The structures of the airway epithelial barrier. A. The cell components of the pulmonary epithelial 
barrier. The airway epithelium contains basal cells, ciliated cells, club cells, PNECs, ionocytes, and Tuft cells. 
Basal cells can differentiate into the other six types of cells and self-renew. The airway SMG is composed of 

myoepithelial cells, mucous cells, and serous cells. Myoepithelial cells can differentiate into mucous cells and 
serous cells. It can self-renew and differentiate into basal cells. The Alveoli are composed of AT1 and AT2. AT2 
can differentiate into AT1, and they can self-renew. B. The four types of intercellular junctions between AECs. 

C. The structural model of TACs. The TJs and AJs together form the TACs. The membrane proteins in TJs 
include claudins, occludins, and JAMs. The cytoplasmic tails of these proteins are connected to the branched 

actin filament network. The AJ membrane proteins include nectins and cadherins. The intracellular domains of 
these proteins are linked to the actomyosin belts, which are constituted of actin filaments and myosins. D. The 

three-dimensional structures of the AJC proteins. The examples of these structures shown here include 
claudin-15 (PDB ID: 7KP4), JAMs (PDB: 1nbq), Occludin (AlphaFold Protein Structure Database: AF-Q16625-

F1-v4), Nectins (PDB ID: 3ALP), and Cadherins (PDB ID: IL3W). 
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Tuft cells, another rare but distinctive lineage of epithelial cells, were first discovered in rats in 
1956(Rhodin and Dalhamn, 1956) and in the human trachea in 1959(J Rhodin, 1959). Tuft cells have a 
bottle-like shape and are named for their distinctive apical “tuft-like” microvilli extending into the 
luminal space of the airway. These cells are chemosensory sentinels and play a role in mediating type 
II inflammation by producing IL-25 and cysteinyl leukotrienes (Barr et al., 2022). 

The existence of pulmonary ionocytes was first suggested nearly three decades ago by 
Engelhardt and colleagues while surveying airway epithelial cells with cystic fibrosis (CF) 
transmembrane conductance regulator (CFTR), a chloride channel mutated in CF(Engelhardt et al., 
1992). CF is a muco-obstructive lung disease characterized by pulmonary ionocytes that express high 
levels of CFTR and other ion channels and transporters, such as epithelial sodium channel (ENaC), 
V-ATPase proton pump, barttin/Cl- channels, and anion exchanger protein 2 (AE2), forming a 
sophisticated molecular machinery for ion transport regulation(Lei et al., 2023; Okuda and Gentzsch, 
2024). One of the most significant functions of these cells is the regulation of airway surface liquid 
(ASL) pH through a complex interplay of ion transport mechanisms(Luan et al., 2024; Vila-Gonzalez 
et al., 2024). Although rare ionocytes exhibit the highest levels of CFTR expression, club cells comprise 
the majority of CFTR-expressing cells, albeit with lower levels per individual cell. While ionocytes 
regulate ASL pH, club cells modulate ASL volumes and hydration, both of which are linked to airway 
mucus dysfunctions and need to be targeted in CF therapy(Vila-Gonzalez et al., 2024). 

The pulmonary neuroendocrine cells (PNECs) were discovered by Fröhlich, who termed them 
‘helle zellen’ or ‘bright cells’ in German, as being responsible for detecting harmful agents(Thakur et 
al., 2024). This cell type displays a distinct architectural organization within the airways, appearing 
either as solitary cells or forming specialized clusters known as neuroepithelial bodies (NEBs). The 
sophisticated innervation of NEBs, involving both afferent and efferent nerve fibers, establishes a 
complex neural network that enables rapid communication between the airway environment and the 
central nervous system. The neural architecture, along with the expression of specialized molecular 
machinery, renders PNECs capable of detecting both chemical and mechanical environmental 
changes (Noguchi et al., 2020). 

Airway basal cells, anchored to the basal lamina via hemidesmosomes, are a sophisticated 
population of stem cells. Basal cells are remarkably regenerative and can differentiate into virtually 
every type of cell in a pseudostratified epithelium under steady-state conditions and after acute 
injury within the airways (Bray and Bigas, 2025). Beyond their stem cell functions, basal cells emerge 
as crucial players in pulmonary host defense and immune regulation. When exposed to Haemophilus 
influenzae, these cells demonstrate their immunological prowess by upregulating antimicrobial 
proteins, such as RNase7, and producing pro-inflammatory cytokines, including IL-6 and IL-8 
(Ruysseveldt et al., 2021). 

Mucous cells, serous cells, and myoepithelial cells constitute the airway submucosal glands 
(SMGs). The earliest mentions of airway glands can be traced back to 1602, but it was not until the 
end of the 19th century that the major histological features of airway submucosal glands were 
described(Widdicombe, 2019b). Mucous cells are primarily responsible for mucin production, and 
serous cells focus on the secretion of antimicrobial proteins and watery fluids(Di and Mou, 2024). In 
most parts of the SMG acini, the strategic intermingling of serous and mucous cells suggests a 
coordinated effort in producing mucus with optimal properties. While serous cells occasionally form 
clusters at the distal part of an acinus, areas solely populated by mucous cells are not typically 
observed (Yu et al., 2022). Myoepithelial cells are found enveloping the SMG acini, situated around 
the secretory units of exocrine glands, and between the basal lamina and secretory cells. 
Myoepithelial cells are less exposed to environmental hazards and represent a stem cell reservoir that 
can repair severely injured epithelium by differentiating into other types of epithelial cells(Duval et 
al., 2018). During injury, the SMGs’ basal myoepithelial cells can self-renew and differentiate into 
mucous cells and serous cells, and they can also differentiate back into basal cells (Lynch et al., 2018). 

Two types of epithelial cells contribute to the alveoli architecture: the Type 1 alveolar epithelial 
cells (AEC1 or AT1) and the Type 2 alveolar epithelial cells (AEC2 or AT2). AT1 exhibits a distinctive 
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squamous morphology, characterized by its thin, flattened structure, and emerges as the 
predominant cellular constituent, covering an impressive 96% of the internal surface of each alveolus. 
AT2 cuboidal morphology and specialized secretory capabilities. AT1 demonstrates three primary 
functions: facilitating gas exchange, maintaining ion and fluid balance within the alveoli, and 
engaging in sophisticated communication with AT2 to coordinate surfactant secretion in response to 
mechanical stimuli. AT2 produces and secretes pulmonary surfactant, expressing 
immunomodulatory proteins necessary for host defense, facilitating transepithelial water movement, 
and serving as progenitor cells capable of self-renewal and regenerating the AT2(Joo et al., 2024). In 
human respiratory bronchioles, a new type of secretory cell, which expresses SCGB1A1 and 
SCGB3A2, is called the respiratory airway secretory cell (RASC). RASCs are a lung progenitor 
population that can unidirectionally differentiate into AT2, a process controlled by Notch and Wnt 
signaling (Basil et al., 2022). 

2.1. Intercellular Junction Complexes 

The lung is a complex organ characterized by an intricate network of epithelial cells that perform 
vital functions in gas exchange and maintaining lung integrity. Among the structural components of 
these epithelial cells are four primary types of intercellular junctions: tight junctions (TJs), adherens 
junctions (AJs), desmosomes, and gap Junctions (GJs) (Figure 1B) (Fu et al., 2022; Kageyama et al., 
2024). 

TJs, also known as zonula occludens, are multiprotein complexes that seal the paracellular space 
and function as a selective diffusion barrier, regulating the paracellular passage of ions, water, and 
various molecules across tissues. They are localized in the apicolateral regions of pulmonary 
epithelial cells and have a “fence function,” which prevents the mixing of membrane proteins and 
lipids between the apical and basolateral domains of the cell membrane. This helps maintain cellular 
polarity, which is essential for the proper functioning of epithelial cells(Farquhar and Palade, 1963). 
AJs, or zonula adherens, are multiprotein architectures predominantly found in the apical region of 
epithelial cells and are closely associated with TJs (Naser et al., 2023; Wittekindt, 2017). AJs are 
essential adhesive contacts between neighboring epithelial cells, initiating cell-cell contacts and 
mediating their maturation and maintenance. They link the actin cytoskeleton of one cell to that of 
an adjacent cell, enabling groups of cells to function as robust structural units(Campas et al., 2024). 
Desmosomes, also known as macula adherens, are localized at the midpoints of neighboring 
epithelial cells(Zimmer and Kowalczyk, 2024). It provides strong adhesion between cells, preventing 
them from tearing apart. They mechanically integrate adjacent cells by coupling adhesive interactions 
mediated by desmosomal cadherins (desmogleins and desmocollins) to the intermediate filament 
network(Perl et al., 2024). Gap junctions are membrane channels that facilitate direct chemical and 
electrical communication between adjacent cells, allowing the passage of small molecules, ions, and 
second messengers. GJs facilitate direct electrical coupling and metabolic exchange between cells, 
enabling rapid and coordinated cellular responses (Jagielnicki et al., 2024). 

TJs are the primary intercellular junctions responsible for regulating the intercellular 
permeability and the barrier function of the airway epithelium(Otani and Furuse, 2020). TJs are 
referred to as zonula occludens because they form a thin, continuous circumferential belt that seals 
the intercellular space. In freeze-fracture electron microscopy (FFEM) micrographs, AJs are shown as 
a circumferential network of TJ strands or fibrils, which correspond to the focal sites of intimate 
apposition of outer plasma membrane leaflets in the transmission electron microscopy (TEM) images. 
The TJ strands are now defined as being formed by Claudin family proteins. The claudin family in 
mammals comprises 27 protein members, which share a structural topology of tetraspan membrane 
segments, a large extracellular loop containing a consensus sequence motif, and a second, shorter 
extracellular loop(Gunzel and Yu, 2013). 

The TJ complex contains other essential components, such as TJ-associated MARVEL proteins 
(TAMPs) and junctional adhesion molecules (JAMs). The TAMP family includes Occludin, 
Tricellulin, and MarvelD3 proteins. Occludin and Tricellulin were shown to jointly contribute to TJ 
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strand branching point formation and epithelial barrier maintenance, but marvelD3 was not 
associated with the morphology of TJ strands and barrier function in MDCK II(Saito et al., 2022). 
Occludin is a ~65 kDa integral membrane protein. Like Claudin, it also has four transmembrane 
domains and two extracellular regions. Evidence showed copolymerization of Occludin with 
Claudin(s) for proper stabilization of TJ strands(Cummins, 2012; Furuse et al., 1998). JAMs, including 
JAM-A, -B, and C, belong to the immunoglobulin (Ig) superfamily and are found to be localized in 
TJs. JAM-1 plays a role in maintaining the integrity of TJ morphology and barrier function (Otani et 
al., 2019). 

Beneath the membrane of TJs, there is a plaque constituted by scaffold proteins, including ZO-
1, ZO-2, ZO-3, MUPP1, MAGI-1, etc.(Gonzalez-Mariscal et al., 2003). These proteins contain 
specialized domains, including PDZ, Src homology 3 (SH3), and guanylate kinase domains, which 
facilitate protein-protein interactions and signal transduction(Godbole et al., 2022). ZO-1 undergoes 
liquid–liquid phase separation (LLPS) during TJ formation, which is regulated by multimerization, 
multivalent interactions, mechanical force, and dephosphorylation of ZO-1. Several additional TJ 
scaffolding and adaptor proteins are predicted to undergo LLPS based on the presence of intrinsically 
disordered domains(Sun et al., 2022). ZO-1 contains an actin-binding region that interacts with 
branched actin filaments so that it connects the TJ transmembrane proteins to a branched actin 
filament network(Citi et al., 2024). 

TJs and AJs are intimately connected spatially and functionally, and are collectively referred to 
as the apical junctional complexes (AJCs)(Jang, 2014; Naser et al., 2023). Both TJs and AJs form 
continuous circumferential belts that encircle the apical regions of epithelial cells, working together 
to integrate individual cells into a cohesive tissue and establish barrier function. The AJ is positioned 
immediately below the TJ and provides the structural integrity necessary for cell-cell adhesion, a 
prerequisite for the formation and function of TJs. While AJs maintain close cell apposition, they 
cannot form a seal, a function provided by TJs. AJs are located immediately below TJs and are 
associated with E-cadherin (CDH1) through α-catenin/β-catenin heterodimers(Arbore et al., 2022), 
which in turn connect to actin filaments (F-actins). Nectins are also crucial components of AJs. They 
are transmembrane proteins that, along with cadherins, form the adhesive domain of the cells. Their 
ectodomains facilitate adhesion, while their cytosolic regions connect the adhesive contact to the F-
actin cytoskeleton via the adaptors Afadin and PLEKHA7 (Troyanovsky, 2023). The F-actins, 
combined with Myosin-2 proteins, form a continuous circumferential actomyosin cytoskeleton belt 
beneath the cytoplasmic membrane, which plays a fundamental role in the architecture and assembly 
of AJs. The actomyosin belt connects to the AJs through a network of branched actin filaments, which 
act as a linker and force transducer to ZO-1 and TJ transmembrane proteins (Figure 1C). 

Structural biology has contributed a lot to the understanding of the architecture of the AJCs 
(Figure 1D). Crystal structure of mouse Claudin-15 (mCldn15) showed that the four transmembrane 
(TM1 to TM4) segments form a typical left-handed four-helix bundle, and large portions of the two 
extracellular segments form a prominent β-sheet structure. The two extracellular segments are 
referred to as extracellular strand 1 and 2 (ECS1 and ECS2). At the immediate downstream of ECS1, 
there is a short extracellular helix (ECH). In the crystal lattice, the protomers of mCldn15 constitute 
side-by-side interactions and form a linear polymer. The linear arrangement is maintained by a 
conserved hydrophobic residue (Met68) that protrudes from the ECH in one protomer and fits into a 
hydrophobic pocket comprising TM3 and ECS2 (Phe146, Phe147, and Leu158) of the adjacent 
protomer. It might present the linearly arranged TJs strands observed in FFEM. Claudins facilitate 
cell adhesion by head-to-head interactions between claudins in adjoining cell membranes. This could 
be mediated by the two variable loop regions (V1 and V2) located at ECS1 and ECS2, respectively 
(Suzuki et al., 2014). 

JAMs, including JAM-A, -B, and C, belong to the immunoglobulin (Ig) superfamily and are 
found to be localized in TJs. JAM-1 plays a role in maintaining the integrity of TJ morphology and 
barrier function[52]. In the crystal structure of the soluble extracellular part of JAM-A, two protomers 
form a U-shaped dimer via the interactions between the N-terminal Ig domains from each protomer. 
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This structure provided a model of homophilic interactions of JAM-A to explain its adhesive function 
(Kostrewa et al., 2001; Otani et al., 2019). 

In the crystal structure, C-cadherins have five extracellular cadherin-like domains (EC1 to EC5), 
where the membrane-distal end (EC1 domain) is approximately perpendicular to the membrane-
proximal end (EC5 domain). EC1 of two cadherin molecules from the juxtaposed cells form the 
“strand dimer” interface. A twofold symmetric exchange of the N-terminal beta strands between the 
EC1 domains of adjoining molecules defines this interaction. This strand dimer is oriented to mediate 
the adhesion between cadherins presented from adjacent cells, implying its role in trans interactions. 
The C-cadherin crystal structure also reveals a distinct “cis-oriented” interface that is proposed to 
mediate interactions between cadherin molecules on the same cell surface. These molecules are 
arranged in a parallel, front-to-back fashion, forming a continuous line of molecules. This type of cis 
interaction is believed to be necessary for cadherin adhesive function, likely by increasing avidity 
through molecular clustering (Boggon et al., 2002). 

Dimerization is a fundamental step in mediating Nectin adhesive functions, both on the surface 
of the same cell and between neighboring cells. Nectin molecules first dimerize in cis on the surface 
of the same cell. This cis-dimerization is a prerequisite for subsequent trans-dimerization. The crystal 
structure of the extracellular region of nectin-1 revealed that it forms a V-shaped homophilic dimer 
through its first immunoglobulin (Ig)-like domain, representing a cis-dimer. Following cis-dimer 
formation, these cis-dimers then undergo trans-dimerization between neighboring cells(Narita et al., 
2011). 

3. AEB Functions 

3.1. Physical Barrier 

The airway epithelium barrier represents a sophisticated biological interface that serves as the 
primary defense mechanism against environmental challenges while maintaining essential 
respiratory functions. As a physical barrier, the airway epithelium produces mucus primarily 
through goblet cells and submucosal glands, creating a protective layer that traps inhaled pathogens, 
particles, and allergens. This mucus contains mucins, high-molecular-weight glycoproteins such as 
MUC5AC and MUC5B, which form a viscoelastic barrier essential for airway protection. Tight 
junctions and adherens junctions at the apicolateral border of epithelial cells form a selective physical 
barrier that controls paracellular permeability. These junctions prevent the penetration of inhaled 
pathogens and environmental toxins into deeper tissues while maintaining cell polarity and 
structural integrity (Carlier et al., 2021). The airway epithelium is lined with ciliated cells, each 
bearing approximately 200 to 300 motile cilia that beat at frequencies of 20–25 Hz. This coordinated 
beating propels the mucus, along with trapped particles and microbes, away from the lungs toward 
the throat for expulsion. This mucociliary escalator is a critical defense mechanism that works 
synergistically with mucus production to maintain airway cleanliness and prevent infection. 
Respiratory cilia beat continuously in a coordinated metachronous fashion, with a rapid forward 
power stroke followed by a slower recovery stroke, generating effective mucus transport along the 
airway surfaces. This complex ultrastructure of respiratory cilia enables their essential function in 
airway defense by efficiently moving mucus and trapped particles out of the respiratory tract. 

Respiratory cilia are microtubule-based organelles approximately 6–7 μm long and 0.2-0.3 μm 
in diameter that extend from the apical membranes of airway ciliated cells (Horton et al., 2025; Kuek 
and Lee, 2020). They are motile cilia, and the core structure of each cilium is the axoneme, which 
features a “9 + 2” microtubule arrangement: nine outer doublet microtubule protofilaments arranged 
in a ring surrounding two central single microtubules. The axoneme arises from basal bodies located 
just beneath the cell membrane on the apical surface of AECs. Basal bodies anchor the cilium and 
initiate its growth. They consist of triplet microtubules that transition into the doublets of the 
axoneme(Greenan et al., 2020). 
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The fundamental structural units of the ciliary axoneme are dynein-decorated doublet 
microtubules (DMTs), the microtubule-based molecular machine that powers the rhythmic beating 
of motile cilia. Each DMT is composed of two distinct parts: a complete A-tubule and a partial B-
tubule. The A- and B-tubules are made of 13 and 10 protofilaments that spread along the extension 
direction of the DMT, respectively. The protofilaments consist of ⍺- and β-tubulin isoforms. The 
external surface of the DMT is patterned by a 96-nm repeating unit. This repeat is defined by the 
regular positioning of key axonemal complexes, including outer dynein arms (ODAs), inner dynein 
arms (IDAs), radial spokes (RSs), and the nexin–dynein regulatory complex (N-DRC). These 
complexes attach to the A-tubule of the DMT or link adjacent DMTs. The N-DRC links neighboring 
DMTs， the ODAs project from the A microtubule, and the RSs project from the A-tubule. The 
luminal surfaces of DMTs are patterned by microtubule inner proteins (MIPs), which have an overall 
48 nm periodic architecture. Of the 29 MIPs identified in bovine DMTs, four tektins and a tektin-
interacting protein, TEKTIP1 (C19orf71), form a bundle of helical tektin filaments within the A-tubule 
lumen. The tektin bundle likely stabilizes DMTs to withstand waveform-dependent mechanical 
forces (Gui et al., 2021). 

ODAs are motor proteins that use ATP hydrolysis to generate mechanical force for ciliary 
beating. These dynein arms cause sliding between adjacent microtubule doublets, resulting in ciliary 
motion that is necessary to propel mucus (Walton et al., 2023). Respiratory cilia perform efficient 
mucus transport along the airway surfaces by beating constantly in a coordinated metachronous 
fashion, with a fast forward power stroke followed by a delayed recovery stroke(Jing et al., 2017). 

3.2. Chemical Barrier 

The pulmonary epithelium isn’t merely a passive physical barrier; it actively secretes a variety 
of substances that contribute to the chemical defense of the lungs. These secretions form a complex 
milieu that neutralizes harmful agents and maintains a healthy environment in the airway. The AECs 
produce a variety of antimicrobial proteins and peptides (AMPPs), including human β-defensins 
(HBDs), cathelicidins (hCAP18/LL-37), PLUNC (palate, lung, and nasal epithelium clone) family 
proteins, lactoferrin, Lysozymes, secretory leukocyte protease inhibitor (SLPI), surfactant proteins 
(SP-A and SP-D). These AMPPs exhibit antimicrobial activity against viral, fungal, bacterial, or 
protozoan pathogens, playing a pivotal role in host defense(Di et al., 2024). The epithelial cells also 
produce antioxidants, which combat oxidative stress caused by inhaled pollutants and inflammatory 
processes (Huff et al., 2019). 

3.3. Immunological Barrier 

The airway epithelium is an immunological barrier. It is equipped with an array of pattern 
recognition receptors (PRRs), including toll-like receptors (TLRs) and Nod-like receptors (NLRs) 
(2021). These receptors act as sentinels, constantly surveilling the airways for the presence of 
pathogen-associated molecular patterns (PAMPs) from invading microorganisms and damage-
associated molecular patterns (DAMPs) released from injured or stressed cells. Upon detecting these 
danger signals, epithelial cells initiate a cascade of intracellular signaling pathways, leading to the 
production and release of various inflammatory mediators, including cytokines and chemokines 
(2022). These mediators, in turn, recruit and activate immune cells, orchestrating a coordinated 
immune response that eliminates the threat and restores tissue homeostasis. This early response is 
crucial for modulating subsequent immune activity (Burgoyne et al., 2021). 

The crosstalk between resident and recruited immune cells is crucial for maintaining immune 
homeostasis in the airways (Hewitt and Lloyd, 2021). Airway macrophages, especially alveolar 
macrophages (AMs), are the primary immune cells in the lung at steady state, primarily detecting 
and reacting to inhaled pollutants and pathogens, and thus play a role in causing both protective and 
pro-inflammatory reactions (Y. Feng et al., 2025). AECs maintain AMs in a quiescent state by 
expressing anti-inflammatory membrane proteins such as CD200. They significantly inhibit 
lipopolysaccharide (LPS)-induced pro-inflammatory responses in macrophages and increase the 
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secretion of TGF-β and IL-10 from macrophages even without LPS stimulation. This suggests that 
AECs induce tolerance in macrophages(Bissonnette et al., 2020). 

Pulmonary DCs, located beneath the AECs, are essential for initiating effective immune 
responses to harmful pathogens while maintaining tolerance against harmless antigens (Yoshida et 
al., 2025). Under homeostatic conditions, AECs secrete factors such as retinoic acid (RA), 
Transforming Growth Factor-beta (TGF-β), and granulocyte macrophage colony-stimulating factor 
(GM-CSF), which render DCs tolerogenic and help prevent inflammation in the airways. RA, in 
particular, is crucial for maintaining mucosal tolerance by acting on DCs to induce Foxp3+ regulatory 
T cells(Conrad et al., 2025). On the other hand, AECs enhance the immune surveillance capacity of 
myeloid DCs (mDCs) through upregulation of PRRs and downstream signaling molecules in mDCs, 
enabling them to react to danger signals and enhance leukocyte recruitment (Agrawal et al., 2017). 

Resident T cells, particularly intraepithelial γ𝛿 T cells, play pivotal roles in maintaining 
homeostasis in barrier tissues, including the airway. Epithelial resident γ𝛿 T cells are essential 
mediators of homeostasis through the regulation of the AMPPs. Through crosstalk with neighboring 
epithelial cells, these T cells can also detect the presence of invading bacteria. Besides, γ𝛿 T cells are 
involved in epithelial tissue repair (Witherden and Havran, 2013). Distinct immune cell populations, 
including resident memory B cells (BRM) and T cells (TRM), can be identified in the human nasal and 
nasopharyngeal swab samples. These cells were stable over time for more than one year in healthy 
subjects. In subjects with SARS-CoV-2 breakthrough infections, local virus-specific BRM, plasma cells, 
germinal center B cells, and virus-specific memory CD4+ TRM, and CD8+ TRM were identified, with age-
dependent upper airway immunological shifts observed (Ramirez et al., 2024). Therefore, the airway 
epithelium serves as a storage pool for resident adaptive immune cells, which can respond rapidly 
to reencountered pathogens. 

4. The Respiratory Exposome 

As previously discussed, the airway is constantly exposed to a complex mixture of 
environmental factors, collectively referred to as the respiratory exposome. Christopher Wild, who 
coined the concept of exposome, divided the exposome into three distinct and complementary 
research domains, which include general external (social-economic factors, the urban environment 
and climate factors, etc.); specific external (an individual’s direct regional environment, including 
exposure to chemicals, diet, physical activity, tobacco smoking and infections); and internal (referring 
to the internal biological processes, such as oxidative stress, inflammation, epigenetic changes, 
metabolism and the internal microbiome)(Vermeulen et al., 2020; Wild, 2012, 2005). Accordingly, the 
external respiratory exposome can be classified into the general external respiratory exposome 
(encompassing general external environmental factors associated with respiratory health) and the 
specific external respiratory exposome (comprising local external environmental components that 
impact the respiratory health of particular individuals). The internal respiratory exposome 
encompasses the entirety of internal biological processes triggered by the external respiratory 
exposome within the respiratory system. Given the importance of the airway epithelial barrier in the 
development of CRDs, the endogenous cellular and molecular processes occurring in the airway 
epithelium will be discussed here. 

Examples of general external respiratory exposome components include climate conditions (He 
et al., 2023), urban/rural environment (Reyfman et al., 2021), built environment (Bole et al., 2024), 
housing conditions(Kovesi et al., 2022), and green space (Nieuwenhuijsen et al., 2024). The specific 
external exposome components encompass ambient and indoor pollutants, pesticides, detergents, 
macro- and nano-plastics, pathogens, and allergens. Many of these agents have been reported to 
disrupt the airway epithelial barrier (Table 1). The most discussed biological processes that are 
associated with AEB damage include TJ disruption, ciliary clearance movement abnormalities, 
oxidative stress, inflammation, microbiome dysbiosis, etc. These pathophysiological processes 
typically initiate the CRD development and belong to the internal respiratory exposome domain 
(Figure 2). 
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Table 1. The specific external respiratory exposome factors that disrupt AEB integrity. 

Exposure factors Mechanisms 

Air pollution 

Particle matters (PMs) Induce oxidative stress and inflammation(Barbier et al., 2023). 

Lead to airway remodeling through oxidative stress, inflammation, and 

altered epithelial plasticity(Taylor-Blair et al., 2024). 

Cause mucociliary dysfunction by activating mucus secretory 

expression gene(Montgomery et al., 2020) and impacting the ciliary 

motion(Jia et al., 2019).  

Downregulate the level of Occludin, Claudin-1, E-cadherin, and ZO-

1(Lee et al., 2020). 

Ozone Induced respiratory epithelial cell death, oxidative stress, 

inflammation, and barrier damage(Russo et al., 2025). 

Nitrogen dioxide (NO2) Decrease TJ protein expression and induce inflammation(Moratin et al., 

2025). 

Tobacco smoke Reduce E-cadherin and ß-catenin expression and further destabilize cell 

adhesion by reducing the tension between epithelial cells via increasing 

actin polymer levels(Nishida et al., 2017). 

Pesticides Induce oxidative stress, and alter or disrupt of apical cell-cell junctions 

via decrease in the expression of proteins like E-cadherin, β-catenin, 

Occludin, and ZOs(Lima et al., 2022). 

Laundry detergents Disrupt epithelial barrier function with decreased transepithelial 

electrical resistance, increased paracellular flux, and irregular tight TJ 

structure(Wang et al., 2019). 

Allergens Induce mitochondrial or nuclear DNA release and nuclear DNA 

fragmentation in human bronchial epithelial cells(Srisomboon et al., 

2023). 

 Directly digest Occludin and zonula occludens-1 (ZO-1) in airway 

epithelium(Jacquet, 2011). 

Viruses 

   Respiratory syncytial 

virus (RSV) 

Disrupt AJC by decrease the expression of ZO-1, Occludin, Claudin-1, 

Cleaves extracellular fragments of E-cadherin, depolymerizes F-actin 
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and decreases cortactin, an actin-binding protein crucial for barrier 

stability(Gao et al., 2022; Smallcombe et al., 2019). 

 Lead to cilia loss and impaired mucociliary clearance(Koch et al., 2022).  

   Influenza A viruses 

(IAV) 

Causes significant damage to the alveolar epithelial barrier, leading to 

loss of tight junction integrity primarily through reduction or loss of 

tight junction proteins such as claudin-4(Short et al., 2016). 

 
Induce production of IFN-I, disrupting alveolar epithelial repair and 
tight junction integrity(Onufer et al., 2025), and causing the AEC 
death(Hoagland et al., 2025). 

   Coronaviruses (CoV) SARS-CoV-2 Disrupts TJ by the viral E protein-ZO-1 

interaction(Alvarez et al., 2025). 

 SARS-CoV-2 infection led to cilia loss in hamsters(Schreiner et al., 2022).  

 In bronchoscopy samples from long COVID patients, genes related to 

AEB dysfunction and mucus production were up-regulated(Gerayeli et 

al., 2024) 

   Rhinovirus (RV) Generate ROS and decrease Claudin, Occludin, E-cadherin and ZO-

1(Kim et al., 2024; Sajjan et al., 2008). 

 

Figure 2. The respiratory exposome. The respiratory exposome is divided into three domains: the general 
external respiratory exposome, the specific external respiratory exposome, and the internal respiratory 

exposome. Some representative components for the three domains of the respiratory exposome are shown. 
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5. The AEB Damage Involved in the Development of CRDs 

5.1. Asthma 

Asthma is characterized by reversible airflow restriction, airway inflammation, and bronchial 
hyperresponsiveness. AEB dysfunction is a significant contributor to the development of 
asthma(Heijink et al., 2020). Environmental triggers of asthma include primarily inhaled dust mites, 
molds, pollen, smoke, and other airborne particulates (Pijnenburg and Nantanda, 2021). The 
detrimental exposures, especially during the vulnerable early life stage (Rackley and Stripp, 2012), 
cause structural compromise in the AEB, including disruption of AJC and detachment of ciliated 
cells, which in turn increases mucosal permeability, allowing more allergens and pathogens to 
traverse the epithelium into the submucosa, where they encounter immune cells (Calven et al., 2020; 
Gon and Hashimoto, 2018). Most asthma patients display an aberrant epithelial barrier, with 
remarkable loss of E-cadherin and claudin-18 that constitute AJCs (Heijink et al., 2007; Sweerus et al., 
2017). 

The epithelial barrier disruption in asthma is associated with evaluated oxidative stress due to 
various environmental factors (Table 1). The excess reactive oxygen species (ROS) produced in 
oxidative stress activates signaling pathways such as NF-κB and Src-family kinases, leading to 
downregulation and structural disorganization of junction proteins like ZO-1, Occludins, Claudins, 
and E-cadherin, and thus directly impairs the airway epithelial barrier by damaging AJC proteins via 
downregulating, decreasing transepithelial electrical resistance, and increasing permeability. 
Cytokines induced by oxidative stress, such as TNF-α and IL-1β, further promote junctional 
disruption and inflammation (Zhang et al., 2025). 

The epithelial cells also respond to damaging environmental factors by releasing epithelial 
cytokines known as alarmins, including thymic stromal lymphopoietin (TSLP), interleukin (IL)-25, 
and IL-33. A newly discovered alarmin is TNF-like cytokine 1A (TL1A), a member of the TNF 
cytokine superfamily that is expressed by epithelial cells and binds to a trimeric receptor, DR3 (death 
receptor 3), expressed on a broad spectrum of immune and non-immune cells (Varricchi et al., 2025). 
These alarmins act on dendritic cells (DCs), group 2 innate lymphoid cells (ILC2s), and T cells, 
promoting the recruitment and activation of Th2 cells and other immune cells that produce Th2 
cytokines such as IL-4, IL-5, and IL-13. These cytokines amplify eosinophilic inflammation, airway 
hyperresponsiveness, mucus hypersecretion, and airway remodeling, which are hallmarks of 
asthma. In asthma, ILC2s are particularly abundant in airway tissues and produce large quantities of 
IL-5 and IL-13 in response to alarmins, playing a key role in early and augmenting type 2 responses 
in the airway. Therefore, Th2 cells and ILC2s are the primary regulators of type 2 inflammation (Kato 
and Kita, 2025). 

The Th2 cytokine-driven eosinophils release cytotoxic granule proteins, leukotrienes, and 
reactive oxygen species that contribute to tissue damage, airway remodeling, and mucus production 
(McBrien and Menzies-Gow, 2017). The Th2 cytokines also drive B cells to produce allergen-specific 
IgE, which binds with high affinity to FcεRI on mast cells and basophils. Allergen crosslinking of IgE 
bound to FcεRI triggers degranulation, releasing histamine, leukotrienes, prostaglandins, and 
cytokines that cause bronchoconstriction and mucus secretion (Owen, 2007). 

IL-4, IL-13, TNF-α, and inflammatory mediators released by sensitized airway smooth muscle 
(ASM) contribute to airway hyperresponsiveness (AHR), characterized by an exaggerated narrowing 
response of the airways to stimuli. The AEB disruption exposes the airway smooth muscle to inhaled 
irritants and reduces epithelial-derived relaxing factors, thereby enhancing ASM contraction and 
AH[118]. Th2 cytokines IL-13 and IL-14 induce mucin gene expression (particularly MUC5AC) in 
goblet cells and cause mucus hypersecretion, contributing to airway obstruction, cough, and airway 
hyperresponsiveness, with increased MUC5AC secretion playing a dominant role (Evans et al., 2009). 

In asthma, chronic airway inflammation triggers repeated tissue injury and repair, resulting in 
structural changes within the airways, a phenomenon known as airway remodeling. This is 
associated with a molecular process known as Epithelial-Mesenchymal Transition (EMT). The AECs 
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stimulated with pollutants or allergens release transforming growth factor-beta (TGF-β) and 
epidermal growth factor (EGF). These factors promote EMT and perpetuate airway inflammation. 
Eosinophils, inflammatory cells prominent in asthma, also induce EMT by secreting TGF-β1, 
aggravating airway fibrosis and remodeling. EMT-related mechanisms are pivotal in the 
development of persistent airway remodeling in asthma, which limits respiratory function and 
exacerbates disease severity (Zhang et al., 2025). 

ABE disruption also leads to alteration of the airway microbiome and microbiota dysbiosis. The 
airway harbors a consortium of microorganisms collectively known as the airway microbiome. The 
epithelial hypothesis posits that damage to the epithelial barrier allows microbiota typically located 
on the surface of the epithelium to translocate to the deeper layers beneath the epithelial cells. It 
stimulates the immune system, contributing to inflammatory processes. The epithelial damaged 
tissue is also characterized by microbial dysbiosis and transepithelial translocation of commensal 
microbes, as well as further colonization by opportunistic pathogens (Akdis, 2021). Firmicutes and 
Bacteroidetes are the predominant phyla in healthy lung microbiota, with Prevotella, Veillonella, and 
Streptococcus being the most common genera. The airway microbiota was found to differ in patients 
with asthma. Increased Proteobacteria were observed in asthmatic patients, and non-Proteobacteria 
taxa, such as Porphyromonas, Fusobacterium, and Sphingomonadaceae, were also elevated. A differential 
mycobiome was also evident according to asthma endotypes, with Fusarium, Cladosporium, and 
Aspergillus specifically enriched in T2-high asthma (refer to the following sections) (Yi et al., 2022). 

5.2. COPD 

COPD is one of the leading contributors to global mortality. It is a progressive condition of 
chronic bronchitis, small airway obstruction, and emphysema that represents a leading cause of death 
worldwide(Rao et al., 2020). It is characterized by the presence of persistent respiratory symptoms, 
structural abnormalities within the pulmonary system, and compromised lung function, which may 
manifest individually or in combination(Celli and Agusti, 2018). The primary risk factors of COPD 
are tobacco smoking, and smoke from biomass fuel used for cooking and heating are also risk 
factors(Agusti and Hogg, 2019; Christenson et al., 2022). In an umbrella review, smoking, ambient air 
pollution including nitrogen dioxide, a low BMI, indoor biomass burning, childhood asthma, and 
occupational dust exposure were identified as the exposome risk factors for COPD(Holtjer et al., 
2023). 

COPD bronchial epithelium showed lower Ciliary beat frequency (CBF) and higher dyskinesia 
index (DI), compared to healthy controls. It also exhibits a significant loss of ciliated cells, 
accompanied by shorter cilia and ultrastructural defects in the axoneme. Studies have consistently 
confirmed the presence of these defects across airway regions, from the nasal epithelium to the 
bronchioles, in patients with COPD and smokers. Furthermore, gene expression related to cilia 
structure and function, such as dynein arm proteins (DNAH5, DNAH9, DNAH11) and infraglabellar 
transport proteins (IFT43, IFT57, IFT144, IFT172), is reduced in COPD epithelial cells, exacerbating 
the dysfunction[127]. Additionally, bronchial epithelial cells from COPD patients exhibit an impaired 
ability to differentiate into ciliated cells, resulting in a sustained deficiency of functional cilia in the 
airway epithelium(Hedstrom et al., 2021; Hessel et al., 2014). These combined changes compromise 
mucociliary clearance, contributing to mucus retention, chronic infections, and airway inflammation 
characteristic of COPD(Thomas et al., 2021). 

In COPD, chronic inhalation of harmful pollutants such as cigarette smoke (CS) and biomass 
smoke generates ROS and promotes oxidative stress in AECs. This oxidative burden leads to 
inflammation, the secretion of proinflammatory cytokines, altered epigenetic modifications, and 
premature epithelial cell senescence, resulting in loss of epithelial integrity and promoting barrier 
dysfunction(Ortiz-Quintero et al., 2022). 

CS extract downregulates multiple TJ and AJ proteins and causes airway epithelial barrier 
damage(Aghapour et al., 2018). Woodsmoke contains many of the same toxic compounds as CS, 
including polycyclic aromatic hydrocarbons, carbon monoxide, and free radicals, which may 
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contribute to the breakdown of alveolar structure and function through a p44/42 MAPK-dependent 
pathway, with chronic exposure leading to the development and/or exacerbation of respiratory 
pathologies(Lee et al., 2021). Toxic exposures disrupt these intercellular junctions. PM2.5 led to the 
polarization of macrophages to the M2 subtype, characterized by the high expression of MMP12 via 
the IL-4/STAT6 pathway. In addition, PM2.5-exposed macrophages reduced the level of E-cadherin 
in alveolar epithelial cells, resulting in alveolar epithelial barrier dysfunction and excessive 
extracellular matrix (ECM) degradation, which ultimately led to COPD progression(Guo et al., 2024). 

Abnormal epithelial remodeling in smokers and patients with COPD involves the EMT, a 
process in which epithelial cells lose their characteristic polarity, cell-cell adhesion, and attachment 
to the basal membrane. This transition is characterized by the downregulation of epithelial markers, 
such as E-cadherin and tight junction proteins (e.g., ZO-1), alongside the upregulation of 
mesenchymal markers, including vimentin, N-cadherin, fibronectin, and transcription factors like 
Snail, Slug, and Twist. Such molecular and morphological changes contribute to airway remodeling, 
fibrosis, and obstruction, which are commonly observed in COPD (Su et al., 2022). The EMT process 
in COPD drives pathological tissue remodeling by promoting extracellular matrix deposition and 
facilitating epithelial barrier dysfunction, which leads to persistent inflammation and impaired repair 
mechanisms. Overall, EMT is a critical pathological mechanism linking chronic cigarette smoke 
exposure to airway fibrosis, remodeling, and the increased risk of lung cancer in COPD(Yang and 
Shaykhiev, 2017). 

6. CRD Precision Medicine by Targeting Airway Epithelial Barrier 

Precision medicine aims to tailor therapies based on individual genetic, biomarker, phenotypic, 
or psychosocial factors(Jameson and Longo, 2015). CRDs, including asthma and COPD, are highly 
heterogeneous diseases. However, until recently, individual patients were still diagnosed based on 
clinical presentation and associated lung function abnormalities and managed with a similar 
regimen. This results in suboptimized treatment, undesirable effects, or unnecessary reverse effects. 
As early as 2017, the European Respiratory Society convened a research seminar to discuss the 
application of precision medicine in airway diseases. The seminar questioned the traditional, 
physiology-based classification system that labels the airway diseases as asthma, COPD, etc. Instead, 
it advocated for relying on the biological network determined by the exposome and the genetic 
background, and classified airway diseases into endotypes and clinical phenotypes that describe 
differences between individuals as they relate to clinically meaningful outcomes, and identify 
biomarkers that can be used as treatable traits (Agusti et al., 2017). 

A clinical phenotype refers to any measurable or observable trait related to a disease’s 
manifestation in a patient. It is how a disease presents itself clinically, including symptoms, signs, 
and measurable biological markers (Chung and Adcock, 2013). Endotypes describe distinct 
pathophysiologic mechanisms at a cellular and molecular level. Precision medicine is used to describe 
therapy targeted at patient endotypes (Kuruvilla et al., 2019). 

Asthma endotypes can be broadly categorized as type 2 (T2) high or non-T2 (Kuruvilla et al., 
2019)(Ray et al., 2020). The T2 high asthma is driven by Type 2 cytokines (IL-4, IL-5, and IL-13). The 
three key biomarkers for T2 asthma are blood eosinophils, FeNO, and IgE[141]. AECs respond to the 
damaging stimuli by releasing alarmins (TSLP, IL-25, IL-33), which activate ILC2s, the potent 
producers of IL-5 and IL-13, and propagate early type 2 immune responses upon the alarmin 
stimulation. Alarmins and activated DCs also induce Th2 cells to secrete IL-4, IL-5, and IL-13, and 
these type 2 cytokines are associated with high IgE antibody titers and eosinophilia. A cardinal mark 
of T2 high asthma is the large number of eosinophils recruited to the inflammatory site, further 
amplifying T2 inflammation and driving goblet cell metaplasia or basement membrane thickening, 
which leads to tissue remodeling (Lu et al., 2021). 

The non-T2 asthma endotype is characterized by the absence of type 2 (T2) inflammation 
markers and typically involves neutrophilic or paucigranulocytic airway inflammation. It does not 
exhibit elevated eosinophils or the classical T2-high cytokine profile commonly seen in allergic 
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asthma, and often shows poor responsiveness to corticosteroid therapy. This endotype includes 
subtypes defined by increased neutrophil presence (neutrophilic asthma) or normal levels of both 
neutrophils and eosinophils (paucigranulocytic asthma). The underlying molecular mechanisms 
involve pathways such as the activation of Th1 and Th17 cells, as well as inflammasomes like NLRP3, 
which contribute to corticosteroid resistance and persistent airway inflammation. Biomarkers for 
non-T2 asthma are less well-defined but may include sputum neutrophil counts and markers such as 
IL-6 and MMP-9. This endotype generally represents a heterogeneous group with variable clinical 
courses and limited targeted treatment options currently available(Adrish and Akuthota, 2023). 

To date, the most well-characterized endotype of COPD is α1-antitrypsin (AAT) deficiency 
(AATD), which is commonly associated with early-onset lower-lobe emphysema and is supported 
by robust biomarkers at both the genetic and protein levels, thereby enabling targeted replacement 
therapy(Chapman et al., 2015; Ghosh et al., 2022). AAT is an endogenous serine protease inhibitor. In 
susceptible individuals—particularly those with a genetic deficiency of AAT—chronic inhalational 
exposure leads to dysregulated proteolytic activity, predominantly by neutrophil elastase (NE), 
resulting in unchecked degradation of the elastic matrix within the lung parenchyma (Gooptu et al., 
2009). Recently, natural products have been used to restore AAT activity and slow disease 
progression in AATD patients (Sun et al., 2025). 

In approximately 10–40% of adults with COPD, there is evidence of type 2 (T2)–mediated airway 
inflammation. This is commonly measured by counting eosinophils in the airways or blood. Elevated 
eosinophils mark the best-studied COPD endotype and are associated with a greater risk of 
exacerbations (Bhatt et al., 2023). Since T2 inflammation is present in asthma (50-70% of asthma 
patients), COPD, and certain forms of interstitial lung diseases, targeting this endotype can enhance 
clinical outcomes in responsive individuals while reducing unnecessary side effects in those less 
likely to benefit from specific therapies (Beech et al., 2024; Howell et al., 2023; Pellicano et al., 2023). 

Because many patients with T2-high asthma do not respond to approved IgE- or T2 cytokine-
targeting therapies, the trend in precision medicine has shifted toward targeting the AEB (Akenroye 
et al., 2025). The airway epithelium barrier continuously monitors and mounts appropriate responses 
to environmental exposures, and is also a primary initiating site for CRD, including not only asthma 
but also COPD. In both diseases, the epithelial barrier exhibits functional and structural 
abnormalities, including the increased release of epithelial alarmins, such as TSLP and IL-33, in 
response to environmental triggers like viruses, allergens, pollutants, and cigarette smoke. This 
heightened alarm release contributes to the initiation and exacerbation of airway inflammation and 
disease progression, as well as the potential of using alarmin singletons as a precision therapy target 
(Calderon et al., 2023). 

Several biologicals targeting IL-33/ST2 (the IL-33 receptor) axis have demonstrated effectiveness 
in clinical trials. In Phase II asthma trials, itepekimab, an anti-33 monoclonal antibody, significantly 
reduced the loss of asthma control events and improved lung function compared to placebo, although 
its efficacy was moderate(Wechsler et al., 2021). For COPD, phase 2a and 3 clinical studies showed 
that itepekimab reduced exacerbation rates and improved lung function, particularly in former 
smokers with moderate-to-severe disease. A notable clinical trial reported a 51% lower adjusted 
annualized exacerbation rate in this subgroup(Rabe et al., 2021). Astegolimab, an anti-ST2 antibody, 
significantly reduces the annualized asthma exacerbation rate (AER) in a broad population of patients 
with severe asthma, including both eosinophil-high (T2) and eosinophil-low (non-T2) subgroups. In 
clinical trials, at the highest tested dose of 490 mg, astegolimab reduced AER by 43% overall and by 
54% specifically in patients with eosinophil-low disease, indicating a strong effect in the non-T2 
subgroup(Kelsen et al., 2021). In COPD patients, astegolimab did not significantly reduce 
exacerbations. However, it improves health status and quality of life measures(Yousuf et al., 2022). 
Tozorakimab is a novel human anti-IL-33 monoclonal antibody with a dual mechanism of action, 
inhibiting both reduced IL-33 (IL-33red) and oxidized IL-33 (IL-33ox) forms, thereby blocking IL-33 
receptor ST2- and RAGE/EGFR-mediated pathways. Preclinical data show that tozorakimab has 
extremely high affinity and fast association rate with IL-33red, superior even to the natural decoy 
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receptor ST2, suggesting potent neutralization capabilities (England et al., 2023). Phase 1 clinical 
evaluation demonstrated that tozorakimab is well-tolerated, with no safety concerns, in healthy 
subjects and patients with mild COPD, as indicated by biomarker analyses showing reduced 
inflammation. A Phase 2a COPD trial for tozorakimab demonstrated positive efficacy signals in a 
subgroup of COPD patients, although full results have yet to be reported(Singh et al., 2025). 

Similarly, clinical trials also demonstrate the efficacy of anti-TSLP antibodies. Tezepelumab, a 
monoclonal antibody targeting TSLP, has shown strong efficacy in asthma by reducing exacerbations 
and improving lung function in patients with severe, uncontrolled asthma (Salvati et al., 2021). 
Furthermore, tezepelumab effectively reduces exacerbations across both T2 high (>150/μL blood 
eosinophils) and T2 low phenotypes of asthma (Agache et al., 2025; Corren et al., 2023). In COPD, 
although direct large-scale trial data are limited in the documents provided, tezepelumab is 
recognized for its potential to modulate upstream inflammatory pathways and is currently under 
investigation in clinical trials for COPD (Gauvreau et al., 2023). 

7. Conclusive Remarks and Perspectives 

The AEB plays a central role in maintaining respiratory homeostasis and defending against 
environmental insults, but is also associated with CRDs. The respiratory exposome’s impact on the 
AEB is a key driver in the onset and progression of CRDs, as it promotes barrier disruption, 
inflammation, structural remodeling, and susceptibility to infection. Precision medicine approaches 
that incorporate respiratory exposome knowledge with molecular and clinical data offer a promising 
avenue to personalize prevention and treatment strategies focused on restoring epithelial barrier 
function and modulating immune responses, ultimately improving outcomes for patients with CRDs. 

The advancement of exposome methodology is opening a new window to systematically 
measure the characteristics of exposure to both external and internal environments at both individual 
and population levels. For example, satellites equipped with optical, infrared, microwave, synthetic 
aperture radar (SAR), and hyperspectral imagers can capture data across different wavelengths and 
detect pollution in air, water, and soil. Geographical Information Technologies (GIT), such as the 
Global Positioning System (GPS), can be used to monitor individuals’ geographic locations and 
potential pollution in the surrounding area. Personal, portable sensors implemented in various 
wearables have been developed to detect a wide range of environmental factors, such as air pollution, 
noise, temperature, and green space, as well as health responses, including blood pressure, heart rate, 
lung function, emotional status, and physical activity levels(Turner et al., 2017). The smartphone-
based geospatial tools and sensors provide real-time, high-resolution data on individual exposure to 
multiple environmental factors (Wan et al., 2025). For respiratory exposome assessment, several 
portable spirometers are available for measuring FEV1, FVC, and PEF, including Spirotel and Piko-1 
(Hu, 2025). 

To determine the internal exposome, omics technologies such as transcriptomics, proteomics, 
metabolomics, epigenomics, and microbiomics analysis provide unprecedented breadth and high-
throughput capabilities for comprehensively profiling molecular changes. However, molecular 
techniques that in-depth analyze a few targeted individual biological molecules—such as specific 
proteins, genes, and metabolites—and their interactions remain essential for precisely elucidating 
molecular pathways and mechanisms (Hu, 2025). For the respiratory exposome, biological samples 
derived from the airway epithelium are particularly valuable for detecting omics and molecular 
mechanisms. These samples can be obtained from primary nasal, tracheal, and bronchial epithelial 
cells, which are collected using cytology brushes or bronchoscopes (Fawcett et al., 2023; Garner et al., 
2024), or from in vitro culture systems such as air-liquid interface (Lee et al., 2023) (Baldassi et al., 
2021), airway organoids (Matkovic Leko et al., 2023), 3D-printed airway models (Lee et al., 2024), or 
airway-on-chip (Gao et al., 2024). 

In addition to the technologies above, high-resolution mass spectrometry (HRMS) offers 
approaches to simultaneously measure a vast number of exogenous and endogenous compounds, 
offering a resolution of both external and internal chemical exposomes(Liu et al., 2020). The profile 
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of the external exposome defines the expotype, while the internal exposome defines the endotype. 
The ultimate avenue of precision medicine would be combining the expotype and the endotype 
(Figure 3). The term “expotype” refers to a specific subset or collection of exposures to which the 
investigated individuals are exposed. It primarily focuses on specific external exposures accumulated 
over a given time and space(Martin-Sanchez et al., 2021). 

 

Figure 3. Framework for integrating external and internal exposome data using computational models to 
derive expotypes and endotypes for precision respiratory medicine. Remote sensors, local environmental 

monitoring stations, or personal portable devices collect the external exposome data. In contrast, the internal 
exposome data are acquired using single- or multiple-omics technologies or molecular analysis (not shown 

here). Through a series of data processing and computational modeling methods, the expotype of the 
individual patients can be defined from the external exposome, and the endotype can be defined from the 

internal exposome. Both the expotype and the endotype can serve as references for upgrading the precision 
medicine strategy. 

Current precision medicine distinguishes and treats CRD patients using only a limited number 
of biomarkers, such as those related to inflammation. Many other pathogenetic molecular processes 
haven’t been adequately explored for their potential in defining the endotype or used as therapeutic 
targets, and the expotype hasn’t been widely considered in disease management. These defects may 
be the reasons for the unsatisfying treatment outcomes. Filling the gap between respiratory exposome 
research and clinical therapeutic practice may hold promise for improving respiratory health 
management and precision medicine. 
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