
R E V I E W

Airway Organoid Models as Pivotal Tools for 
Unraveling Molecular Mechanisms and 
Therapeutic Targets in Respiratory Diseases: 
A Literature Review
Shu-Ping Jiang1,*, Bing-Qi Lin1,*, Xing-Qiang Zhou2,*, Min-Hua Li1,*, Zhen-Cheng Feng1,  
Yue-Ying Qin1, Shi-Qi Lin1, Zi-Qing Zhou1, Yang Peng1, Lian Li 1

1State Key Laboratory of Respiratory Disease, National Clinical Research Center for Respiratory Disease, Guangzhou Institute of Respiratory Health, 
The First Affiliated Hospital of Guangzhou Medical University, Guangzhou Medical University, Guangzhou, Guangdong, People’s Republic of China; 
2Department of Otorhinolaryngology Head and Neck Surgery, Huizhou Central People’s Hospital, Huizhou, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Lian Li; Yang Peng, Email lilian@gzhmu.edu.cn; pengyang0121@163.com

Abstract: Respiratory inflammatory and infectious diseases continue to impose a substantial global health burden, compounded by 
persistent gaps in understanding their pathogenic mechanisms and limited therapeutic advancements. To address these challenges, this 
review systematically analyzed literature from PubMed, Web of Science, and Scopus databases (2005–2025) to evaluate the evolution 
and applications of airway organoid models in respiratory disease research. Key findings include: (1) the convergence of traditional 
culture techniques with advanced methodologies — including 3D matrix embedding, bioprinting and organoids-on-chips technolo
gies — has enabled unprecedented recapitulation of human airway architecture and multicellular interactions; (2) these novel models 
provide unique insights into disease pathogenesis, host-microbe dynamics, and drug response variability; (3) the inherent capacity to 
maintain native cellular diversity and disease-associated phenotypes positions airway organoids as crucial platforms for personalized 
medicine approaches. Collectively, these advances establish airway organoids as transformative tools that bridge conventional in vitro 
models and clinical reality. Looking ahead, coupling organs-on-chips platforms with microgravity culture and single-cell lineage 
tracing will catalyze fundamental breakthroughs in respiratory disease research.
Keywords: airway organoids, respiratory diseases, precision treatment, technological progress

Introduction
Respiratory diseases impose a staggering global health burden, exemplified by chronic obstructive pulmonary disease 
(COPD), asthma, and infectious diseases, which collectively rank as the third leading cause of global mortality. These 
conditions emerge through complex interactions between genetic susceptibility and environmental triggers such as 
chronic smoking, air pollution, and respiratory pathogen exposure. Despite progress in clinical management, fundamental 
gaps persist in mapping the spatiotemporal dynamics of disease progression, particularly the molecular regulation of 
cellular crosstalk, immune-microenvironment remodeling, and host-pathogen interplay.1–3 Current experimental models, 
limited by their inability to mirror the multidimensional complexity of human airway pathophysiology, inadequately 
address these challenges. This critical unmet need drives the demand for next-generation platforms capable of achieving 
two complementary objectives: (1) The dissection of disease mechanisms across tissue hierarchies, cellular, and 
molecular; (2) the establishment of patient-specific frameworks for therapeutic development.

Airway organoid technologies, through their unique capacity to preserve native tissue architecture while enabling 
controlled microenvironmental modulation, now offer a transformative solution to these translational barriers.4 
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Organoids, derived from primary tissues, embryonic stem cells (ESCs), or induced pluripotent stem cells (iPSCs), 
demonstrate self-renewal and self-organization properties, closely recapitulating in vivo counterparts and faithfully 
replicating physiological and pathological conditions.5 The pioneering cultivation technologies of organoids were 
initially introduced in 2009 by Hans Clevers and his team, who successfully isolated and cultured mouse intestinal 
stem cells, as a result the formation of crypt and villus structures characteristic of the small intestine.6 Since then, 
organoids have progressively showcased substantial potential for a wide range of applications, Airway organoids 
technology emerged in 2015, technology provide a novel platform for facilitating a deeper understanding of the 
pathogenesis of pulmonary diseases, the development of novel treatment modalities, and drug screening.7,8

Recent years have witnessed a transformative paradigm shift in respiratory research, with airway organoid models 
emerging as a rapidly evolving frontier fueled by synergistic breakthroughs in stem cell biology and 3D tissue engineering. 
This convergence of interdisciplinary innovations has effectively circumvented longstanding limitations of traditional model 
systems, thereby catalyzing a new era of mechanistic discovery and therapeutic development in pulmonary medicine.

This review synthesized evidence through a systematic search of PubMed, Web of Science, and Scopus databases 
(2005–2025) using controlled vocabulary: Airway organoids, Respiratory diseases, Precision treatment, Technological 
Progress. Our review elucidates key technologies and recent progress in construction, while systematically analyzing 
applications in disease modeling, host-microbe interactions, and drug screening. Looking ahead, we propose 
a developmental roadmap leveraging microgravity culture and single-cell lineage tracing to achieve fundamental break
throughs in respiratory disease research.

The Emergence, Development and Cellular Sources of Airway Organoids
Cell cultures and animal models are widely utilized in the field of research on respiratory diseases, but they both possess 
inherent limitations.9 Traditional cell line cultures, typically conducted on two-dimensional (2D) surfaces, are commonly 
utilized in cell biology research and drug screening.10 However, these methods fail to adequately simulate the complex 
3D environment in vivo, resulting in less reliable outcomes.11 As illustrated by Marta Kapałczyńska’s team, the bulk of 
cancer biology research leans heavily on 2D cell cultures, which possess constraints such as disrupted cell-extracellular 
matrix interactions and alterations in cell morphology, polarity, and division patterns, posing significant challenges in 
accurately mimicking the in vivo setting.12 While animal models have provided valuable insights into recapitulating key 
aspects of human airway disease pathophysiology, evolutionary divergence imposes fundamental biological constraints 
that limit their translational fidelity to human conditions. Moreover, the establishment and maintenance of animal models 
incur high costs, require longer experimental durations, and raise ethical concerns.9

As the cellular sources of airway organoids, stem cells were initially applied in the research to investigate fetal 
development processes, cellular assembly mechanisms, and the tumor formation.13 Recent research has deepened our 
understanding of airway adult stem cells(ASCs), which present new directions for the treatment of pulmonary diseases.14 

ASCs are primarily derived from bronchoalveolar lavage fluid and surgically resected lung tissue.15,16 Importantly, nasal 
and nasopharyngeal epithelia also serve as alternative sources of ASCs. For example, the nasal epithelium harbors 
abundant basal cells capable of forming organoids in vitro, which have been widely used to model upper respiratory tract 
pathologies such as chronic sinusitis, allergic rhinitis, and viral infections.17 These stem cells possess self-renewal and 
multipotent differentiation capabilities, including basal stem cells, neuroendocrine stem cells, and bronchial-alveolar 
stem cells, which are distributed across different regions of the airways.18 In a specific nurturing environment, these stem 
cells undergo induced differentiation, they subsequently develop into tissues that exhibit structural and functional 
similarities to those of in vivo organs, thereby constituting the precursors to organoids.19 Additionally, airway organoids 
can be further categorized based on their anatomical origins into trachea ball organoids, bronchial organoids, and 
bronchoalveolar organoids, which have been widely applied in exploring the mechanisms underlying disease onset and 
progression.20

Progress of in vitro Functional Airway Models
In vitro functional airway models can be classified into four major categories based on their construction methods: (1) Air-liquid 
interface (ALI) cultures established through differentiated epithelial cell layers; (2) 3D organoids primarily embedded within 
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matrix gels; (3) organoid models integrated with bioprinting technology; and (4) organoids-on-chips (OrgOCs) fabricated using 
organs-on-chips (OOCs) technologies (Figure 1). Each category demonstrates unique biological properties and plays indis
pensable roles across various research contexts in respiratory medicine, from mechanistic studies to translational applications.

Figure 1 Comparison of the advantages and limitations of four different models in the study of pulmonary disease. (A) Air-liquid interface culture (ALI), (B) Three- 
dimensional (3D) Organoids, (C) 3D bioprinting, (D) Organoids-on-Chips (OrgOCs).

Therapeutics and Clinical Risk Management 2025:21                                                                          https://doi.org/10.2147/TCRM.S526727                                                                                                                                                                                                                                                                                                                                                                                                    977

Jiang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



ALI Culture Method
Serially passaged normal human bronchial epithelial cell monolayers were established on Transwell inserts via an ALI 
culture method.21 To mimic this unique physiological structure in an experimental setting, scientists have introduced the 
ALI culture technique. Compared to traditional submerged culture systems, ALI culture has demonstrated unique 
advantages in studying airway epithelial barrier functions.22

ALI primarily relies on a semi-permeable membrane to establish the interface between air and liquid, enabling airway 
epithelial cells (ECs) to proliferate, and differentiate. This model closely mimics the physiological environment of the 
airway in vivo in terms of both structure and function.23 (Figure 1A) Notably, it demonstrates functional electrophysio
logical characteristics of well-differentiated bronchial epithelial barriers.24 Figure 2A shows H&E staining and 
Immunofluorescence photos of ALI, these morphological characteristics can be harnessed to investigate normal biolo
gical processes, disease mechanisms, as well as to advance the development of novel therapeutic interventions.25

Weiling Xu et al advanced ALI models by designing an insert for a hippocampal analyzer capable of measuring the 
oxygen consumption rate and extracellular acidification rate of airway ECs.28 This innovation successfully assessed the 

Figure 2 Morphological diagram of four different models in the study of pulmonary disease. (A) H&E staining (upper panel) and Immunofluorescence staining (lower panel) of 
ALI. Nuclear was label with DAPI (blue), goblet cells were label with MUC5AC (green), ciliated cells were label with Acetylated α-Tubulin (Ac-TUB) (red), and basal cells were 
marked by KRT5 (grey).Scale bars: 20 µm (upper panel), 50 µm (lower panel). (B) Bright field image and Immunofluorescence staining of 3D airway organoids in expansion 
medium (upper panel) and differentiation medium (lower panel). Nuclear was label with DAPI (blue), basal cells were marked by KRT5 (red, upper panel), ciliated cells were label 
with FOXJ1 (green, lower panel), and goblet cells were label with MUC5AC (red, lower panel). Scale bars:100 µm. (C) Confocal and brightfield images of a 3D bioprinting 
bronchioid model. Longitudinal and transverse slices of bronchioid printed by 3D bioprinting (upper panel), and brightfield images of bronchioids before and during air perfusion 
(lower panel). Scale bars: 100 µm (upper panel), 200 µm (lower panel). (Adapted with permission from Maurat E, Raasch K, Leipold AM, et al. A novel in vitro tubular model to 
recapitulate features of distal airways: the bronchioid. Eur Respir J. 2024;64(6):2400562.26) (D) Upper panel: Phase contrast images of bronchial epithelial cells and endothelium 
on an Airway Chip.Scale bars: channel width is 1 mm; bar, 2 mm. Lower panel: Representative immunofluorescence confocal microscopic images of vertical cross sections of 
healthy and CF Airway Chips, showing ciliated cells expressing β-Tubulin IV (green) and basal cells expressing CK5 (magenta) (Adapted from J Cyst Fibros, volume 21(4), Plebani R, 
Potla R, Soong M, et al. Modeling pulmonary cystic fibrosis in a human lung airway-on-a-chip. 606–615, Copyright 2022, with permission from Elsevier27).

https://doi.org/10.2147/TCRM.S526727                                                                                                                                                                                                                                                                                                                                                                                                                                  Therapeutics and Clinical Risk Management 2025:21 978

Jiang et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



oxidative metabolism and glycolysis of airway ECs, providing a novel approach to investigate the metabolic mechanisms 
underlying airway diseases and evaluate new therapeutic agents. Additionally, Mark E Becker et al developed an inverted 
ALI model that allows for real-time imaging to dynamically study the impact of mucociliary clearance in human airway 
epithelium cell infected with SARS-CoV-2.29

However, the ALI model is not devoid of limitations. Although culturing bronchial ECs at the ALI allows for the 
reconstruction of fully differentiated epithelia with functional cilia and facilitate accessibility to both the apical and 
basolateral sides, it lacks a 3D structural organization and cannot accurately replicate the gas flow dynamics associated 
with human breathing movement.30,31

3D Organoids (Matrigel Embedding Method)
3D organoids are commonly generated using Matrigel embedding methods, which allow cells to grow in 3D space and 
form organoid structures (Figure 1B). Alyssa J. Miller utilized 3D culture techniques with Matrigel to replicate the 
in vivo extracellular matrix environment.32 Matrigel serves as a physical scaffold that facilitates cellular self-organization 
into 3D airway-like tissue structures. When combined with optimized culture conditions, including a 5% CO2 atmo
sphere, maintenance at 37°C, and regular media supplementation with specific growth factors and nutrients, this system 
promotes the development of organoids displaying characteristic lung tissue architecture. The resulting structures 
recapitulate key pulmonary features, including alveolar formations and branching airway-like morphologies.15

Matrigel, the most widely used matrix in 3D culture, primarily composed of laminin, collagen IV, entactin, and 
heparan sulfate proteoglycans, which facilitates cell proliferation, differentiation, and self-organization, enabling the 
formation of 3D structures that closely resemble in vivo organs.33 In Matrigel culture, various growth factors and signal 
molecules can be added, such as Wnt signaling-related proteins (eg, R-spondin1, Wnt3A), fibroblast growth factors (eg, 
FGFs), and a range of small molecules (eg, TGF-beta/Smad inhibitors). These signal molecules possess the capacity to 
activate or inhibit intracellular signaling cascades, thereby enabling the differentiation of airway stem cells into diverse 
airway epithelial cell types, including ciliated cells and goblet cells. Consequently, they contribute to the formation of 
airway organoids that exhibit intricate structures and functional properties.

Within a 3D environment, ESCs can differentiate into airway ECs and other lung development-associated lineages, as 
demonstrated by Darrell N Kotton’s team, which induced iPSC differentiation into lung progenitor cell marker- 
expressing organoids using small molecules and enriched lung ECs through fluorescence reporter genes and cell surface 
marker sorting, ultimately constructing tracheal organoids.34 (Figure 2B) Additionally, Lian Li and colleagues con
structed airway and alveolar organoids from ESCs by modulating signaling pathways and integrating CRISPR/Cas9 
technology, providing a critical research framework for investigating the role of SRY-Box Transcription Factor 9 (SOX9) 
in human lung epithelial development.35

In terms of model advancements, increasing evidence suggests that 3D organoids offer significant advantages over 
traditional 2D cell methods and animal models.36,37 Traditional homogeneous epithelial organoids lack cellular diversity, 
but co-culture techniques, such as the metastatic model developed by David R. Jones’ team using lung adenocarcinoma 
patient-derived organoids and autologous peripheral blood mononuclear cells, preserve metastatic traits, enabling studies 
on tumor biology, drug efficacy, and immuno-stimulatory strategies, advancing lung adenocarcinoma treatment.38

In contrast to airway organoids derived from healthy epithelium, which prioritize physiological mimicry of mucociliary 
functions and barrier integrity, lung cancer organoids (LCOs) are predominantly established from tumor biopsies or circulating 
tumor cells, necessitating tailored niche factors (eg, R-spondin, Noggin) to sustain malignant clones.39 While airway models 
maintain structured differentiation (eg, basal-to-ciliated cell transitions), LCOs exhibit anarchic proliferation with genetic 
instability, mirroring tumor heterogeneity. Notably, co-culture innovations address LCOs’ limitations in immune- 
microenvironment recapitulation, bridging their utility in both basic tumor biology and precision oncology.40

However, embedding organoids in 3D Matrigel matrices possesses certain limitations. Firstly, the intricate composi
tion of Matrigel may introduce batch-to-batch variability, potentially compromising the consistency of the culture. 
Secondly, the lack of dynamic controllability hinders the modification of culture conditions. Lastly, the substantial cost 
of Matrigel, coupled with its stringent storage demands, further contributes to the overall expenditure.
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3D Bioprinting:Organoid-Like Model of Distal Airways
The 3D bio-printed bronchial model represents a cutting-edge technology for organoid construction.41 This process 
begins with the isolation of ESCs or the differentiated stem cells, which are then mixed with biomaterials such as 
collagen and sodium alginate to create bio-inks. Using 3D printing techniques, these cell-laden bio-inks are extruded or 
sprayed layer by layer according to bronchial 3D model data, allowing cells to proliferate and differentiate into bronchial 
structures that include lumens, wall layers, and matrix components. (Figure 1C) This approach effectively simulates 
physiological and pathological processes and provides a realistic in vitro platform for related disease research and 
therapeutic applications.42

Researchers have developed a so-called “bronchial model” by encapsulating human bronchial stem cells derived from 
clinical samples within tubular scaffolds made of alginate gel.26 (Figure 2C) Utilizing cell encapsulation technology, 
bronchial ECs are co-encapsulated with Matrigel in alginate-based tubular structures. Analysis of experimental data has 
shown that these bronchial organoids exhibit robust mucociliary and contractile functions, with advantages in recapitu
lating the characteristics and functions of distal airways. This model serves as a powerful tool for preclinical research, 
allowing for the assessment of clinical endpoints related to respiratory diseases. The 3D tissue model represents an 
advancement over existing technologies, aiming to overcome the limitations of 2D models and animal studies, while 
providing opportunities for drug development and the simulation of biological processes.43 Self-healing hydrogels have 
demonstrated significant potential in the field of 3D bioprinting.44 Building on this foundation, researchers have 
successfully developed a range of 3D tissue models encompassing both normal and diseased states, with the blood-air 
barrier models constructed via extrusion-based bioprinting techniques particularly drawing attention.45 To further 
enhance the realism of these models, researchers have ingeniously incorporated simulated respiratory motion, bringing 
these models functionally closer to actual physiological states, thereby laying a solid foundation for future biomedical 
research and clinical applications.26

While traditional bioprinting and assembly have advantages, complex tissue regeneration remains constrained.46 This 
technology faces two key shortcomings: limited achievable tube length, and the 3D printing of the final branches of the 
bronchial tree remains below the resolution limit of current bioprinting technologies. Achieving organ biomanufacturing 
and its clinical application necessitates collaboration across multiple disciplines. Currently, preclinical model structures 
have been developed and have been expanding to human-scale tissues.47 In this context, developing in vitro models with 
enhanced physiological fidelity to human systems represents a critical prerequisite for advancing this research field.

OrgOCs
The concept of OrgOCs was first introduced in 2019 in Science, which characterized this platform as an “advanced 
iteration” of conventional OOCs systems.48 Emerging from accelerated innovations in microphysiological engineering, 
OrgOCs capitalize on breakthroughs in OOCs technology to synergistically combine organoid self-organization princi
ples with precise microenvironmental control. This hybrid approach achieves quasi-physiological tissue architectures 
through dynamic regulation of biochemical and biophysical cues, thereby orchestrating multipotent stem cell self- 
organization and guided organoid maturation.49 (Figure 1D)

In comparison to airway organoids derived from ASCs, OrgOCs can replicate the respiratory motion, thereby more 
accurately mimicking the functional characteristics of lung tissue found in vivo.27 (Figure 2D) Currently, OrgOCs have 
gained widespread application across diverse fields, including drug development, disease modeling, and precision 
medicine.50 Kambez H Benam et al demonstrated that an airway-on-a-chip device composed from COPD patient 
epithelial cells can reconstitute goblet cell hyperplasia, ciliary dysfunction, cytokine hypersecretion, infection-based 
exacerbation, and smoke-induced pathologies (ie, oxidative stress).51,52

However, the complexity and high cost of OrgOCs technology, along with issues such as inadequate model integrity 
and representativeness, challenging experimental manipulations and data analysis, and suboptimal long-term stability and 
reproducibility, pose limitations on its broader and more efficient application.
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Applications of Airway Organoids
The applications of airway organoids in disease research encompass disease modeling, host-microbe interactions, and 
drug screening. In recent years, organoids have gained increasing attention in the study of respiratory diseases. For 
instance, COPD organoids exhibit distinct pathological features and uncover potential therapeutic targets;53 Cystic 
Fibrosis (CF) organoids successfully replicate CFTR defects, thereby contributing to advancements in therapy 
development;54 furthermore, lung cancer organoids mirror tumor heterogeneity, enabling the facilitation of targeted 
therapies, immunotherapies, and personalized medicine approaches.55

Application of Disease Models
The rapid development of organoid research is becoming increasingly pivotal in the field of respiratory disease studies. 
Organoids contribute to elucidating the cellular foundations of diseases such as COPD, CF, asthma, and airway tumors. 
Furthermore, by establishing coculture systems, they enable the analysis of intercellular interactions and allow for the 
tracking of disease dynamics.20 For instance, Louisa L. Y. Chan and colleagues established organoids from healthy and 
COPD patients, revealing disease characteristics and the effects of SARS-CoV-2 infection.53,56 In exploring the relation
ship between COPD and SARS-CoV-2, researchers constructed an ALI model to simulate the status of peripheral lung 
distal airway cells in COPD, observing the changes in expression and functionality of angiotensin-converting enzyme 2 
and their influence on susceptibility to SARS-CoV-2 infection.57

ALI and airway organoids enable the study of CF and asthma by replicating disease-specific pathophysiology, providing 
insights into cellular dysfunction, immune responses, and therapeutic strategies. In the study of hereditary airway diseases 
like CF, the ALI culture method can be employed to cultivate patient-derived airway organoids to observe cellular 
differentiation abnormalities in the disease context. For instance, airway ECs from CF patients exhibit chloride channel 
dysfunction, and organoids cultured via ALI can mimic this pathological state for investigating its underlying mechanisms. 
Airway organoids can emulate CFTR protein dysfunction, offering valuable insights into strategies aimed at enhancing 
CFTR function and facilitating gene repair.54 Regarding asthma, airway organoids serve as models to replicate the 
pathophysiological processes of the disease, showcasing epithelial damage repair, alterations in mucus production, and 
inflammatory responses.58 Furthermore, airway organoids facilitate the investigation of immune responses and mechanisms 
underlying airway remodeling, thereby contributing to a deeper understanding of disease pathogenesis.59

In the realm of airway tumors, organoids assist in studying tumorigenesis mechanisms, identifying diagnostic 
biomarkers and prognostic assessment models, developing precision treatment strategies, and exploring novel therapeutic 
options.60 In addition, single-cell analyses can also be utilized to characterize tumor cell subpopulations.61

Host-Microbe Interaction
In the field of microbiome-host interactions, organoid technology is increasingly recognized as a versatile and powerful 
tool, with expanding applications that are becoming more comprehensive and sophisticated, particularly in viral research 
for investigating infection mechanisms, transmission pathways, and host immune responses. Yang Peng and colleagues 
developed ALI to simulate virus-host interactions, allowing for drug efficacy evaluation against SARS-CoV-2 Omicron, 
which offers therapeutic strategies for COVID-19 and sets a precedent for organoid use in studying other viral diseases.62 

(Figure 2B) Jie Zhou and Guoyong Yuan ‘s research team successfully established a continuous culture of human 
rhinovirus type C using human airway organoids, elucidating the interaction mechanisms between the virus and its 
host.63 Additionally, Shanshan Zhao and colleagues established human adenovirus infection models using airway and 
alveolar organoids, elucidating the high pathogenicity mechanisms of human adenovirus type 55, highlighting the 
advantages of organoids in studying viral airway diseases by more accurately simulating virus replication and infection 
processes in human airways compared to species-limited animal models.64

Organoids also exhibit pertinent applications in mimicking bacterial infections within the respiratory tract. For 
instance, Pseudomonas aeruginosa is a significant pathogen in chronic lung infections, particularly in individuals with 
CF and COPD.65,66 Through the study of pneumonia-associated bacterial infections utilizing airway organoids, research
ers can gain a deeper understanding of the colonization and dissemination patterns of bacteria within respiratory ECs, 
thereby identifying potential targets for the development of antibacterial therapies.20 Pseudomonas aeruginosa biofilms 
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exhibit higher antibiotic tolerance and immune resistance than planktonic forms, complicating eradication and promoting 
chronic infections.67 There is an urgent need for novel therapeutic approaches to combat Pseudomonas aeruginosa, given 
its increasing resistance to antibiotics and its significant role in chronic infections. The team led by Philipp Grubwieser 
utilized 3D organoids to simulate the initial stages of Pseudomonas aeruginosa respiratory infections.68 The experimental 
results demonstrated that following epithelial barrier penetration by Pseudomonas aeruginosa, robust bacterial prolifera
tion occurred within the epithelial compartment. This infectious challenge triggered a potent innate immune defense 
mechanism, characterized by significant upregulation of critical genes within the nitric oxide biosynthesis pathway, 
including inducible nitric oxide synthase (iNOS/NOS2) and associated reactive nitrogen species (RNS)-generating 
enzymes. The activation of inducible nitric oxide synthase in airway organoids exposed the bacteria to nitrosative stress, 
effectively inhibiting the proliferation of pathogens within the epithelium.6

However, the selective pressures and adaptive strategies that govern Pseudomonas aeruginosa growth dynamics and 
antibiotic resistance evolution within the human pulmonary niche remain poorly characterized. Future research employ
ing human lung models holds promise for exploring the adaptive compromises faced by Pseudomonas aeruginosa during 
colonization of mucosal surfaces and its adaptation to antibiotic pressures. While these lung models mimic numerous 
aspects of the human airway, they do not fully capture the intricacies of in vivo human infections, particularly in terms of 
immune responses and interactions with another lung microbiota.

Drug Screening
Airway organoids increase the likelihood of successful clinical translation for drugs identified through organoid-based 
screening systems. By mimicking key aspects of the human airway, such as its architecture, cell types, and interactions, 
airway organoids provide a more physiologically relevant context for drug testing and personalized medicine.69 

Researchers have the capacity to test a vast array of pharmaceutical compounds on airway organoids in order to pinpoint 
potential drugs that could enhance airway function, alleviate inflammation, or arrest disease progression. Organoids 
function as an outstanding platform for drug development, facilitating the screening and assessment of medications’ 
impacts on critical parameters, such as ion transport and mucus secretion.39 Additionally, they enable the elucidation of 
therapeutic efficacy and the investigation of the mechanisms underlying drug action, thereby advancing our under
standing of how drugs interact with human airway tissues and guiding the rational design of more effective therapies.70

While organoid-based high-throughput drug screening offers patient-specific insights, batch-to-batch variability in 
Matrigel remains a critical bottleneck. Recent advance in synthetic hydrogels (eg, PeptiGels) and suspension cultures (eg, 
AggreWell™) can be adapted for the culture of human organoids.71 Coupled with microfluidic platforms that standardize 
drug delivery, these innovations may bridge the gap between preclinical models and clinical predictability.72

In personalized medicine, airway organoids can be customized and analyzed based on individual patient profiles, 
facilitating patient stratification and precision treatment. Genomic sequencing of these organoids enables the identifica
tion of disease subtypes and prognosis prediction, facilitating real-time treatment response monitoring, dynamic 
therapeutic evaluation, and timely adjustment of treatment strategies. This patient-specific approach offers crucial support 
and provides powerful tools for advancing research, treatment strategies, and the practice of precision medicine in CF 
and other respiratory diseases.73

In cancer therapy, tumor organoids derived from patient tumor tissues maintain the heterogeneity and individual 
characteristics of the tumors. By testing a range of anticancer drugs on these personalized tumor organoids, researchers 
can swiftly determine the most effective treatment regimen for each patient. Specifically, in lung cancer patients, tumor 
organoids can mirror the specific genetic mutations, cellular composition, and microenvironment features of the tumors.74 

During drug screening, researchers can precisely select drug combinations that demonstrate high cytotoxicity against the 
patient’s tumor cells while minimizing side effects, thereby circumventing the “one-size-fits-all” paradigm of traditional 
therapies.75 This approach enhances treatment success rates and patient survival. Furthermore, by assessing changes in 
organoid cell viability, inflammatory factors, and mucus secretion, researchers can screen for potential drugs and 
simultaneously utilize these organoids to evaluate drug efficacy tailored to individual patients, ultimately achieving 
personalized medical care.76
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Challenges and Prospects of Airway Organoids
Airway organoids are currently hampered by various limitations. In terms of culture techniques, their cultivation systems are 
complex and unstable, with differences in methods and reagents used across laboratories affecting the reproducibility of results 
and impeding the development of standardization. Regarding physiological relevance, airway organoids predominantly 
emphasize airway ECs and lack the representation of other crucial cell types, such as smooth muscle cells and fibroblasts, 
along with their interactions. This limitation makes it difficult to depict the comprehensive spectrum of complex respiratory 
diseases that involve multicellular interactions. In terms of data interpretation and application, the extensive datasets generated 
from techniques like single-cell sequencing pose substantial challenges in processing and interpretation.

Despite these challenges, airway organoids possess considerable potential to address existing medical dilemmas, 
offering promising prospects for the future. Serving as a high-throughput drug screening platform, they facilitate the 
identification of potential pharmaceuticals for diseases such as COPD and enable personalized drug susceptibility testing. 
Airway organoids can also validate the feasibility of gene editing technologies, such as CRISPR-Cas9, for the repair of 
genetic mutations, optimize gene delivery strategies, and support immune cell therapies. Furthermore, they provide an 
avenue for the investigation of drug mechanisms, aiding in the discovery of novel drug targets and furnishing 
a foundation for innovative drug design aimed at tackling respiratory diseases.

Looking ahead, through the integration of cutting-edge innovations such as OrgOCs, microgravity culture environ
ments, and single-cell lineage tracing techniques, we are optimistic that research in the field of airway organoids will 
unveil unprecedented significant discoveries in the study of human respiratory diseases.
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