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Simple Summary

Chronic obstructive pulmonary disease (COPD) represents a major global health burden,
prompting substantial efforts to identify and promote novel therapeutic strategies. How-
ever, the physiological relevance of conventional two-dimensional cell culture systems
often limits the effectiveness of high-throughput screening approaches. This review ex-
plores three-dimensional models that better reproduce key structural and functional fea-
tures of this complex, multifactorial disease. Particular attention is given to their applica-
tion in evaluating emerging therapeutic approaches, including probiotics and extracellu-
lar vesicle-associated microRNAs.

Abstract

Chronic obstructive pulmonary disease (COPD) represents a major global health issue,
characterized by persistent airflow limitation, chronic inflammation, and progressive tis-
sue remodeling. Its clinical and molecular heterogeneity, combined with the lack of resol-
utive therapies, underscores the urgent need for advanced experimental tools to improve
understanding and therapeutic development. Traditional 2D cell culture systems, though
historically useful, fail to replicate the complexity of the human lung. In this review, we
analyze the remarkable relevance of advanced 3D models for studying COPD pathophys-
iology, including epithelial injury and regeneration, extracellular matrix remodeling, and
interactions with environmental triggers such as cigarette smoke and airborne pollutants.
Three-dimensional in vitro models, such as ALI cultures, lung organoids, and lung-on-a-
chip platforms, PCLS, and lung ECM-derived hydrogels offer more physiologically rele-
vant environments to investigate epithelial dysfunction, immune responses, and host-
pathogen interactions. We discuss the contribution of viral and bacterial infections to
COPD exacerbations, and explore how 3D models have become essential tools for mod-
eling these events. We also highlight recent advances in personalized medicine that use
patient-derived organoids and ALI cultures for drug screening and biomarker discovery.
Furthermore, we examine the therapeutic potential of probiotics and extracellular vesicle-
associated microRNAs to modulate inflammation and epithelial repair. Collectively, these
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innovative systems represent powerful platforms to promote precision medicine in
COPD.

Keywords: COPD; air-liquid interface (ALI); lung organoids; lung-on-a-chip;
precision-cut lung slices (PCLS); lung ECM-derived hydrogels; extracellular vesicles;
microRNAs; organ failure; personalized medicine

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major global health challenge
that significantly impacts health care systems worldwide. With an estimated 300 million
people suffering from it, COPD is the fourth leading cause of death globally [1-3]. COPD
is characterized by irreversible airflow limitation and progressive respiratory symptoms,
including chronic cough, mucus production, and dyspnea, which worsen over time.

COPD manifests itself in various forms, including emphysema, chronic bronchitis,
and small airway disease, with overlapping features between these subtypes [4]. This het-
erogeneity is one of the key challenges in understanding the pathophysiology of COPD
and developing effective treatments. This disease affects the lung parenchyma and air-
ways in different ways, with variable degrees of tissue damage, airway remodeling, and
functional decline. While chronic bronchitis is characterized by airway inflammation and
mucus hypersecretion [5], emphysema is defined by the destruction of alveolar walls and
the formation of enlarged airspaces, resulting in impaired gas exchange [6]. Additionally,
some COPD patients exhibit features of asthma, a condition that further complicates di-
agnosis and management [7]. At the cellular and molecular level, COPD is driven by
chronic inflammation in the airways, alveoli, and vasculature. Inhalation of harmful sub-
stances such as cigarette smoke, air pollutants, occupational dust, and fumes [8,9] triggers
the innate immune system. This leads to the recruitment of neutrophils, macrophages,
and T lymphocytes. These immune cells release a wide range of pro-inflammatory medi-
ators, including cytokines (e.g., tumor necrosis factor alpha [TNF-a]), chemokines (e.g.,
interleukin-8 [IL-8]), and proteases such as matrix metalloproteinases (MMPs) that play a
crucial role in tissue destruction, mucus production, and fibrosis [10-13]. Chronic inflam-
mation drives airway remodeling, fibrosis, and the progressive destruction of the lung
parenchyma, particularly in the alveoli. The result is the characteristic loss of lung func-
tion observed in COPD patients [14]. The airway epithelium plays a pivotal role in initi-
ating and maintaining the inflammatory response in COPD. Under normal conditions, the
epithelium acts as a protective barrier against inhaled pathogens, particulates, and pollu-
tants. However, in COPD, repeated injury from these harmful substances leads to im-
paired epithelial repair and regeneration. The damaged epithelium is unable to fully re-
store its integrity, leading to chronic inflammation and tissue remodeling. This impaired
repair capacity is one of the main features of COPD pathogenesis, and contributes to the
progressive nature of the disease [15,16]. Furthermore, respiratory pathogens play a role
in disease progression and acute exacerbations [17,18]. Recent evidence indicates that the
dysregulation of extracellular vesicles (EVs), along with oxidative stress, epigenetic mod-
ifications, and microRNAs (miRNAs), constitute critical factors able to influence COPD
pathogenesis and progression [19].

An important limitation in COPD research is the lack of robust in vitro models that
recapitulate the cellular complexity and dynamic environment of the human lung. Con-
ventional two-dimensional (2D) culture systems are unable to simulate spatial architec-
ture, mechanical forces, and multicellular interactions that occur in vivo [20]. Conse-
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quently, the integration of advanced three-dimensional (3D) platforms is essential to sup-
port translational studies and enhance the relevance of preclinical findings [21]. The de-
velopment of such models requires systematic efforts in model validation, cell sourcing,
and integration of patient-derived materials, as emphasized by recent expert roadmaps
[22].

Despite their many limitations, traditional 2D cell culture models are instrumental in
studying the molecular mechanisms behind COPD. These models typically consist of a
single layer of epithelial cells cultured on a flat surface, which fails to accurately represent
the complex 3D structure of the lung [23,24]. Indeed, 2D culture cells are exposed to the
same conditions across the entire monolayer, and the lack of architectural complexity im-
plies that key interactions between different cell types and the extracellular matrix (ECM)
are not fully assessed. In contrast, 3D culture systems provide a more physiologically rel-
evant environment for studying the pathophysiology of COPD [25]. By simulating the
architecture of the lung and the interactions between epithelial cells, immune cells, and
ECM components, 3D models offer a more accurate representation of the cellular re-
sponses to injury and inflammation [25,26]. These models enable the study of tissue re-
modeling, epithelial dysfunction, and barrier integrity, all of which are critical aspects of
COPD progression. Additionally, 3D models can be used to investigate how chronic ex-
posure to harmful substances, such as cigarette smoke or pollutants, impacts epithelial
repair and regeneration, providing valuable insights into the mechanisms driving disease
progression [27,28].

Furthermore, current strategies promote the use of multi-cellular and patient-specific
models to capture heterogeneity in disease mechanisms and therapy responses. For in-
stance, the use of induced pluripotent stem cell (iPSC)-derived epithelial cells or primary
cells obtained from well-phenotyped COPD patients, can support personalized ap-
proaches and improve biomarker identification for precision medicine applications
[22,29].

The integration of air-liquid interface (ALI) cultures into 3D models has further en-
hanced their relevance in COPD research. ALI cultures are particularly valuable for stud-
ying lung diseases such as COPD, allowing researchers to investigate the effects of air
exposure and inhaled pollutants on epithelial cell function and barrier integrity [23]. Fur-
thermore, ALI cultures can be combined with other advanced 3D models, such as lung
organoids or lung-on-a-chip systems, to create more complex and dynamic platforms to
study COPD pathophysiology [25,26]. The application of 3D lung models has also ex-
panded to studying COPD exacerbations triggered by viral and bacterial infections. By
using ALI cultures and lung-on-a-chip systems, researchers can investigate host-pathogen
interactions in a physiologically relevant setting, facilitating the development of targeted
antiviral and antibacterial strategies [30,31].

The most advanced approaches aim to replicate both the cellular and biomechanical
properties of the lung, including air pressure, cyclic stretch, and microvascular flow.
These features are particularly evident in lung-on-a-chip systems [32,33]. Such dynamic
platforms improve the assessment of epithelial repair kinetics, drug responsiveness, and
pathogen entry mechanisms under conditions that simulate physiological or pathological
stress, including exacerbations or hypoxia [32,34,35].

In this review, we aim to critically evaluate the potential of advanced 3D culture
models, such as ALI cultures, organoids, and lung-on-a-chip platforms, and elucidate
complex cellular and molecular mechanisms leading to COPD pathology. Specifically, we
explore how these models contribute to the investigation of epithelial dysfunction, chronic
inflammation, and host-pathogen interactions, particularly during disease exacerbations
triggered by viral and bacterial infections. Furthermore, we examine the role of 3D sys-
tems in personalized medicine and drug discovery. Finally, we highlight the diagnostic
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and therapeutic potential of extracellular vesicles (EVs) and microRNAs (miRNAs) in
COPD, proposing their integration with 3D platforms to enhance biomarker identifica-
tion, and support the development of innovative, targeted treatment strategies. While sev-
eral reviews have addressed the use of 3D lung models in respiratory diseases, this review
combines three key aspects: a critical, side-by-side comparison of ALI cultures, organoids,
lung-on-a-chip, PCLS and ECM-derived hydrogels in COPD; how these models connect
with EV- and miRNA-based diagnostics and therapeutics; and probiotic strategies as
emerging candidates for testing in 3D co-culture. Our aim is to bridge reductionist in vitro
findings to patient-centered clinical applications, with particular attention to the trends
currently reshaping the field: patient-specific disease modelling, single-cell and spatial
methods, Al-assisted analysis, and multi-omics integration.

2. COPD Cellular Models

The human lung is a highly complex organ composed of conducting airways and
alveolar regions, lined by a pseudostratified epithelium in the upper airways and a simple
squamous epithelium in the alveoli [36]. Alveolar sacs, consisting of type I and type 1I
pneumocytes, are critical for gas exchange and surfactant production. Basal, club, goblet,
and ciliated epithelial cells contribute to mucociliary clearance and innate immunity
within the bronchial tree [37]. Lung structural and cellular heterogeneity plays a funda-
mental role in its homeostasis and immune response to injury. Chronic obstructive pul-
monary disease (COPD) disrupts this architecture through a combination of airway in-
flammation, epithelial damage, mucus hypersecretion, and alveolar destruction (emphy-
sema), often triggered by exposure to cigarette smoke or environmental pollutants [38].
This multifaceted pathophysiology requires in vitro models capable of recapitulating both
the cellular complexity and the 3D organization of the lung microenvironment. Tradi-
tional 2D monolayer cultures lack spatial orientation, mechanical cues, and multicellular
interactions observed in vivo. In contrast, 3D models (including ALI systems, lung organ-
oids, PCLS, and lung-on-a-chip platforms) offer enhanced physiological relevance incor-
porating relevant lung-resident cell types such as epithelial cells (e.g., basal, ciliated, gob-
let), fibroblasts, endothelial cells, and immune cells [39]. These systems enable to study
tissue remodeling, epithelial barrier dysfunction, immune responses, and drug permea-
bility under conditions that closely mimic the in vivo lung. From a therapeutic perspec-
tive, the current clinical management of COPD includes bronchodilators ($2-agonists and
muscarinic antagonists), corticosteroids, and phosphodiesterase-4 inhibitors. In parallel,
ongoing clinical trials are exploring biologic therapies that target inflammatory pathways
[40]. However, the heterogeneity of COPD and its variable response to treatment require
predictive and personalized in vitro models supporting drug screening and mechanistic
studies [41]. A wide array of in vitro and ex vivo models has been developed to investigate
the cellular and molecular mechanisms of COPD, each with distinct advantages and lim-
itations depending on the research question [42-44]. Among these, ALI cultures, 3D or-
ganoid systems, lung-on-a-chip technologies, PCLS, and lung ECM-derived hydrogels are
increasingly used to replicate the complex pathophysiology of COPD [24,45]. Despite tra-
ditional 2D models are still widely used for basic mechanistic studies, these advanced
platforms offer improved physiological relevance by reproducing the multicellular archi-
tecture, mechanical dynamics, and cell—cell interactions of the human lung. ALI cultures
allow epithelial cells to differentiate into functionally distinct subtypes at the interface
between air and medium, simulating the bronchial epithelium under exposure to air pol-
lutants [46]. Three-dimensional organoid cultures can recreate the spatial structure and
multilineage composition of airway or alveolar regions, while co-culture formats allow
the investigation of epithelial-stromal or epithelial-immune interactions [47]. Lung-on-a-
chip systems, through their microfluidic design, enable dynamic modeling of airflow,
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stretch, and blood flow, mimicking essential aspects of lung physiology [32]. PCLS main-
tain native tissue architecture and include all resident cell types and ECM components,
offering a high-fidelity ex vivo platform to study airway inflammation and remodeling
[48,49]. Lung ECM-derived hydrogels, obtained from decellularized lung tissue, provide
a bioactive and tunable scaffold that recapitulates the biochemical and mechanical prop-
erties of the lung microenvironment [49]. These hydrogels enable 3D cultures of epithelial
and stromal cells within disease-specific ECM contexts, facilitating studies of COPD-asso-
ciated fibrosis, epithelial dysfunction, and therapeutic response [50,51]. A schematic rep-
resentation of these advanced 3D in vitro lung models is shown in Figure 1.

1. Air - Liquid Interphase Cultures 2.3D - Organoids culture

s %NSy

3. Lung-on-a-chip

(b)

2 PR

§ ,
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4. Precision-Cut Lung Slices (PCLS) 5. Lung ECM-derived hydrogels

Figure 1. Schematic overview of advanced 3D in vitro lung models for COPD research. 1. Air-Liquid
Interface (ALI) Cultures: (a) Airway epithelial cells are cultured on permeable membranes (synthetic
or biological) with the apical surface exposed to air and the basal surface in contact with the culture
medium. This configuration has shown to promote a range of cellular processes, including epithelial
polarization, mucociliary differentiation, and the formation of a functional barrier. (b) Epithelial
cells can also be co-cultured with additional cell types, such as fibroblasts (in the basal compart-
ment), endothelial cells (on the opposite side of the membrane), and immune cells (e.g., macro-
phages or dendritic cells added to the apical or basal compartments). This allows to model epithe-
lial-mesenchymal and immune interactions more realistically. 2. 3D Lung Organoids: Self-organiz-
ing spherical structures derived from primary airway basal cells or pluripotent stem cells, embed-
ded in extracellular matrix-based hydrogels (e.g., Matrigel). These organoids recapitulate key as-
pects of epithelial tissue architecture, multilineage differentiation, and regenerative potential. 3.
Lung-on-a-chip Devices: Microfluidic platforms composed of parallel microchannels lined with ep-
ithelial and endothelial cells, separated by a porous membrane. These systems are designed to sim-
ulate key biomechanical and biochemical features of the lung, including air flow, vascular perfusion,
and cyclic mechanical stretch. 4. Precision-Cut Lung Slices (PCLS): Thin slices of intact lung tissue
(typically 100-300 um) preserving native airway and alveolar architecture, and containing epithe-
lial, endothelial, mesenchymal, and immune cell populations. PCLS facilitate the execution of func-
tional ex vivo studies within a physiologically relevant multicellular microenvironment. 5. Lung
ECM-Derived Hydrogels: Decellularized lung extracellular matrix processed into hydrogels that
retain native biochemical cues. Various cell types, including epithelial, stromal, and immune cells,
can be embedded to study cell-matrix interactions, remodelling, and morphogenesis in a 3D con-

text.
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In the following sections, we describe in detail the application, relevance, and limita-
tions of the models for the study of COPD pathogenesis, focusing on epithelial dysfunc-
tion, inflammation, repair mechanisms, and exacerbation biology. Because these plat-
forms are not interchangeable, we compare using criteria that typically guide model se-
lection. These include physiological fidelity, the presence of mechanical and vascular cues,
throughput and scalability, reproducibility and standardization of cell sources, achievable
culture duration, and translational readiness. ALI cultures and organoids are accessible
and support patient-specific differentiation, but they lack vascular and mechanical com-
ponents. Lung-on-a-chip systems restore biomechanical and barrier dynamics, albeit at
the expense of throughput and technical complexity. PCLS preserve native multicellular
architecture but have limited viability and high donor variability, while ECM-derived hy-
drogels reproduce disease-specific matrix cues yet continue to face challenges in stand-
ardization (Table 1).

2.1. Air-Liquid Interface (ALI) Cultures

The air-liquid interface (ALI) model has revolutionized COPD research, providing a
closer representation of the lung epithelial environment. Unlike conventional 2D cultures,
ALI systems cultivate epithelial cells at the interface between air and liquid, mimicking
the physiological conditions of human airways in a 2D system. These models enable the
differentiation of polarized epithelial cells into functional types, including ciliated cells,
goblet cells, and basal cells, critical for mucociliary clearance and barrier integrity [23,52].
ALI models effectively simulate COPD-related epithelial and inflammatory responses to
environmental factors such as cigarette smoke and pollutants. Exposure to cigarette
smoke extract (CSE) in ALI systems has been shown to induce the production of pro-in-
flammatory cytokines like interleukin-6 (IL-6) and Tumor Necrosis Factor Alpha (TNF-a),
trigger oxidative stress, and compromise epithelial barrier function, typical hallmarks of
COPD pathogenesis [53-55]. These findings highlight the relevance of ALI for studying
early disease mechanisms, in which epithelial injury initiates inflammatory cascades.
Chronic exposure to harmful stimuli drives structural remodeling in the airway epithe-
lium, including goblet cell hyperplasia, basement membrane thickening, and epithelial-
to-mesenchymal transition (EMT) [27,55].

ALI models are instrumental to study the impaired repair mechanisms that charac-
terize COPD. Unlike healthy epithelium, which regenerates rapidly post-injury, COPD
epithelium exhibits delayed or incomplete repair, leading to persistent damage. ALI cul-
tures provide a controlled environment for examining the role of basal cells and signaling
pathways such as Notch and Wnt in epithelial regeneration. This research has elucidated
mechanisms of repair failure, informing potential therapeutic strategies [56].

More recently, ALI models have evolved to incorporate multicellular co-cultures, in-
cluding fibroblasts, endothelial cells, and immune cells such as macrophages or dendritic
cells, enhancing the model’s physiological relevance. These advanced ALI models simu-
late epithelial-mesenchymal and immune-epithelial crosstalk, allowing to investigate of
how stromal signals and immune responses shape epithelial remodeling in COPD [57,58].
For example, macrophage-epithelial co-cultures under ALI conditions have shown how
proinflammatory polarization amplifies epithelial damage in response to pollutants and
smoke [24].

Cell sources significantly influence model behavior. While immortalized cell lines
(e.g., BEAS-2B) are frequently used, they exhibit mesenchymal rather than epithelial char-
acteristics and limited differentiation capacity, thus undermining the reproducibility of
barrier and secretory phenotypes [59]. Primary human bronchial epithelial cells (HBECs),
especially those derived from well-characterized COPD donors, offer superior fidelity in
replicating goblet cell hyperplasia, impaired ciliation, and altered cytokine profiles [28,60].
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Integration of patient-derived iPSCs and gene-edited cells also enables to explore disease-
specific genetic backgrounds and responses to stimuli.

Beyond mechanistic studies, ALI models serve as platforms for drug discovery and
evaluation. Their ability to replicate human airway conditions makes them ideal for test-
ing anti-inflammatory drugs, mucolytics, and target therapies for epithelial repair. For
example, gene therapy approaches targeting epithelial proliferation and barrier restora-
tion have shown promise in ALI systems, offering potential to mitigate COPD inflamma-
tory and fibrotic effects [61,62]. ALI models are also valuable for studying viral infections
that exacerbate COPD, such as those caused by influenza or respiratory syncytial virus
(RSV). By replicating compromised epithelial barriers in COPD, ALI systems facilitate re-
search into viral entry mechanisms and potential antiviral interventions, addressing a crit-
ical aspect of disease progression [63].

The combination of ALI cultures with organoids, airway-on-chip platforms, and per-
fusable scaffolds further broadens their application, including biomarker validation, tox-
icology, and patient-specific therapeutic screening [64]. For example, ALI-organoid hy-
brids allow longitudinal assessment of epithelial regeneration under cyclic air-liquid ex-
posure, while enabling real-time imaging of mucociliary dynamics [65].

2.2. 3D Models
2.2.1. 3D Organoid Cultures

The adoption of 3D models and organoids in COPD research marks a transformative
shift from traditional 2D cultures. These systems more accurately replicate the structural
and cellular complexity of the lung, and provide a more in-depth understanding of dis-
ease mechanisms, including epithelial dysfunction, inflammation, and tissue remodeling
[25]. Three-dimensional lung models incorporate epithelial cells, fibroblasts, and immune
cells within a matrix that mimics the extracellular environment (Figure 1). This design
allows researchers to explore cellular interactions and disease processes, such as how pol-
lutants and cigarette smoke damage the epithelial barrier and drive chronic inflammation.
These systems also facilitate studies on immune cell contributions, including neutrophils
and macrophages, to the persistent inflammation characteristics of COPD [21,66].

Lung organoids, self-organizing 3D structures derived from stem or progenitor cells,
represent a cutting-edge tool for COPD research. Organoids emulate lung architecture
and cellular function, encompassing ciliated, goblet, and basal cells. They have been used
to study key COPD features, such as impaired epithelial regeneration, mucus hypersecre-
tion, and fibrosis, offering valuable insight into epithelial repair mechanisms and molec-
ular pathways [22,56,67]. A major advantage of 3D models is their ability to accurately
simulate the lung microenvironment more effectively than 2D systems. For example, epi-
thelial cells in 3D cultures experience both air and liquid phases, promoting differentiation
and barrier function. These models also enable co-cultures with immune and stromal cells,
enhancing the study of interactions central to COPD pathogenesis, such as epithelial-im-
mune cell communication and extracellular matrix remodeling [25]. Organoids have
proven especially useful in investigating epithelial injury and repair in COPD. Exposure
to pollutants or cigarette smoke disrupts epithelial integrity, impairing regeneration. Or-
ganoids provide a platform to study growth factors, such as EGFR and TGF-f3, and screen-
ing therapeutic compounds aimed at promoting epithelial repair or reducing inflamma-
tion [67,68]. These models also illuminate the role of immune dysregulation in COPD. In
3D systems, co-cultures with immune cells have revealed how chronic inflammation
worsens epithelial damage and tissue remodeling.

Recent scRNA-seq profiling of COPD-derived alveolar organoids has identified dis-
ease-specific progenitor dysfunction, including ATII cell subsets with impaired prolifera-
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tive and regenerative potential [69]. This confirms that the behavior of even in vitro or-
ganoids can reflect the clinical status of the donor, suggesting that personalized COPD
organoids are a powerful tool for endotyping disease heterogeneity and testing therapies.
Recent single-cell atlases of the human lung have provided integrated, consensus-anno-
tated reference datasets covering millions of cells across healthy and diseased states, in-
cluding COPD [70]. Spatial transcriptomic studies of human lung biopsies have further
advanced these insights by mapping where cell types sit and how gene expression varies
across tracheal, bronchial, and alveolar regions in both healthy and COPD tissue. These
data provide an anatomically grounded molecular reference [71].

Importantly, the origin and differentiation stage of progenitor cells (adult tissue vs.
iPSC vs. fetal lung) dramatically impact organoid fidelity and functionality [72]. There-
fore, rigorous standardization of protocols, matrix composition, and validation metrics
are crucial for reliable COPD modeling and translational applications.

2.2.2. Lung-on-a-Chip

Lung-on-a-chip models have emerged as sophisticated tools in COPD research, rep-
licating the lung complex architecture and dynamic functionality. These microfluidic de-
vices combine epithelial, endothelial, and smooth muscle cells within a controlled envi-
ronment, mimicking the physiological and mechanical conditions of the human respira-
tory system (Figure 1). Unlike traditional cell culture models, lung-on-a-chip systems in-
corporate dynamic processes such as mechanical stretching and fluid flow, crucial for the
study of COPD mechanisms [73].

A key feature of lung-on-a-chip models is their ability to reproduce the blood-air bar-
rier and simulate exposure to air and liquid phases to evaluate in vitro the effects of ciga-
rette smoke, pollutants, and viral infections. Studies using lung-on-a-chip systems have
demonstrated typical COPD-related changes, including epithelial barrier disruption, in-
creased production of pro-inflammatory cytokines such as IL-6, TNF-a, and IL-8, and el-
evated oxidative stress markers [74]. These models provide valuable insights into how
environmental exposure drives chronic inflammation and structural lung changes [75].
Moreover, lung-on-a-chip devices are helpful in studying the impaired epithelial repair
characteristics of COPD. Under normal conditions, the airway epithelium regenerates rap-
idly after injury. In COPD, however, this process is delayed or dysfunctional, leading to
persistent damage and remodeling. Lung-on-a-chip systems facilitate the study of growth
factors, extracellular matrix interactions, and stem cell dynamics that influence epithelial
repair. This research has highlighted potential therapeutic targets for restoring epithelial
integrity and improving lung function [76,77]. These models also serve as platforms for
drug testing and evaluation. By accurately simulating COPD pathology, lung-on-a-chip
systems allow researchers to assess the efficacy of anti-inflammatory drugs, mucolytics,
and experimental therapies targeting epithelial repair and inflammation. Furthermore,
lung-on-a-chip devices enable toxicity testing, ensuring novel therapies are both effective
and safe [78,79]. The integration of patient-derived cells into lung-on-a-chip systems
marks a significant advancement in personalized medicine. Cells obtained from patients,
including those derived from induced pluripotent stem cells (iPSCs), can be used to build
models that reflect individual genetic and environmental factors influencing COPD pro-
gression. These personalized systems facilitate the study of patient-specific responses to
therapies, paving the way for tailored treatment strategies [80-82]. Despite their promise,
lung-on-a-chip models face challenges. Creating systems that incorporate all lung cell
types, mechanical forces, and biochemical signals remains complex. While many models
effectively replicate core aspects of lung physiology, further refinements are needed to
include components such as immune cells, vascular networks, and lymphatic systems for
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even greater realism. Additionally, the technical expertise and resources required for fab-
rication and maintenance may limit their accessibility [30,83].

Nizamoglu et al. [22] emphasize that lung-on-a-chip technologies should be embed-
ded within multi-scale experimental pipelines including omics, functional imaging, and
machine learning for data integration. These strategies are vital for translating microflu-
idic outputs into clinically meaningful endpoints, particularly in early drug development
and toxicity prediction [84,85].

The use of whole cigarette smoke exposure rather than smoke extract, and the inclu-
sion of breathing motion via cyclic mechanical stretch, has improved model fidelity and
increased alignment with in vivo responses, for example, in models demonstrating oxi-
dant-mediated epithelial injury and mucus hypersecretion [86].

Moreover, lung-on-a-chip devices are an interesting platform to investigate comor-
bidities frequently associated with COPD, such as cardiovascular disease and diabetes.
Multi-organ-on-a-chip systems could elucidate interactions between COPD and these
conditions, helping identify therapeutic strategies that address systemic effects. For exam-
ple, combining lung and heart-on-a-chip systems could reveal how COPD-related inflam-
mation impacts cardiovascular health and vice versa. Lung-on-a-chip models offer critical
insights into disease mechanisms, drug discovery, and personalized medicine simulating
lung physiology and pathology with unprecedented accuracy. These systems will play an
increasingly central role in advancing our understanding of COPD and improving treat-
ment outcomes for patients.

2.2.3. Precision-Cut Lung Slices (PCLS) Model

PCLS represent an ex vivo model that retains the native lung architecture, multicel-
lular composition, and physiological microenvironment, offering a bridge between in
vitro and in vivo systems in COPD research [48]. PCLS are generated by slicing inflated
lung tissue into thin sections (100-500 um) using a vibratome, preserving alveolar struc-
tures, bronchioles, resident immune cells, and extracellular matrix components [87]. This
model allows to study airway reactivity, inflammation, fibrosis, and epithelial injury in a
near-native context [88]. In COPD research, PCLS have proven especially valuable for in-
vestigating the functional consequences of airway remodelling and inflammatory re-
sponses. Exposure of PCLS to cigarette smoke, ozone, diesel particles, or pathogens, in-
duces hallmark features of COPD, including goblet cell hyperplasia, mucin overproduc-
tion, neutrophilic infiltration, and cytokine release (e.g., IL-8, TNF-a, GM-CSF) [89,90].
Moreover, PCLS have been applied to investigate acute exacerbations of COPD
(AECOPD) by mimicking co-exposure to pathogens and environmental pollutants. For
example, co-incubation with influenza virus and cigarette smoke extract results in syner-
gistic epithelial damage and barrier breakdown, reproducing in vivo-like exacerbation
dynamics [45,91,92]. This capacity to simulate multifactorial insults makes PCLS a rele-
vant model to study host-pathogen interactions, antiviral responses, and drug efficacy.
One of the key advantages of PCLS lies in their compatibility with functional assays, in-
cluding airway contraction, calcium imaging, immunohistochemistry, and multiplex cy-
tokine quantification [88,93]. Furthermore, they can be cultured for several days, allowing
longitudinal studies of disease progression and resolution under controlled conditions.
However, limitations include restricted viability beyond 5-7 days, donor variability, and
limited scalability for high-throughput applications [94]. The integration of PCLS into
COPD research pipelines provides a complement to ALI, organoid, and lung-on-a-chip
models by offering a native tissue platform for validating cellular and molecular findings.
This, in turn, helps to bridge the translational gap between reductionist in vitro systems
and complex in vivo models.
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2.2.4. Lung ECM-Derived Hydrogels

Lung ECM-derived hydrogels represent an emerging bioengineering platform that
aims to more faithfully reproduce the biochemical and mechanical microenvironment of
human lung tissue. These hydrogels are generated through decellularization of human or
animal lung tissue, followed by enzymatic digestion and gelation, preserving native ECM
proteins such as collagen, elastin, fibronectin, and glycosaminoglycans [95,96].The result-
ing hydrogel mimics the viscoelastic and biochemical cues of the lung matrix, providing
a bioactive scaffold that promotes cellular differentiation and functional maturation [66].
In COPD research, lung ECM-derived hydrogels are used to culture airway epithelial
cells, fibroblasts, and immune cells under conditions that closely simulate the diseased
microenvironment. Notably, hydrogels prepared from decellularized COPD lungs retain
pathological ECM signatures: These include altered stiffness and abnormal collagen/elas-
tin composition, enabling disease-specific modeling of fibrosis, inflammation, and epithe-
lial-mesenchymal transition (EMT) [50,51]. These hydrogels support long-term 3D cul-
tures and enable co-culture systems, allowing exploration of cell-ECM and cell-cell inter-
actions that drive COPD progression. Moreover, lung ECM hydrogels facilitate the study
of epithelial regeneration under physiologically relevant matrix constraints. For instance,
basal cells seeded within ECM-derived hydrogels exhibit context-dependent differentia-
tion into ciliated and secretory lineages. This process is influenced by matrix origin and
stiffness [97]. Integration with ALI cultures or microfluidic systems further enhances
model complexity, bridging the gap between static 3D matrices and dynamic organ-level
models [98].

Recent studies have also employed lung ECM hydrogels for drug screening and per-
sonalized medicine applications [99,100]. Patient-derived cells cultured within ECM-
matched hydrogels retain disease-specific phenotypes, including mucus hypersecretion,
impaired ciliation, and cytokine production. These features make ECM hydrogels a prom-
ising tool to evaluate antifibrotic, anti-inflammatory, or regenerative compounds in a
COPD relevant environment [51,101]. However, technical challenges remain, including
batch-to-batch variability in hydrogel composition, incomplete decellularization, and dif-
ficulties standardizing across donors [102,103]. Despite these limitations, lung ECM-de-
rived hydrogels offer a physiologically rich and modular platform that complements or-
ganoids, PCLS, and lung-on-a-chip devices in the preclinical modeling of COPD (Table 1).

Table 1. Comparative overview of advanced in vitro and ex vivo models for COPD research.

. . R S Scalabil- Max Culture  Translational  Best Suited for (Re-
Model - Physiological Fidelity Reproducibility ity/Throughput  Duration Readiness search Question)

ALI Moderate-High Moderate High Up to 4-6 Good Epithelial barrier func-
Polarized pseudostrati-Dependent on cell Compatible with weeks at ALI  Established pro- tion; mucociliary clear-
fied epithelium; lacks source; primary multi-well for- tocols; used in  ance; pollutant expo-
vascular and mechani- HBECs show donor mats and high- drug toxicology sure; viral/bacterial in-
cal cues [23,39] variability; immor- throughput drug and regulatory  fection; drug toxicology;

talized lines (e.g.,  screening [45] testing [23,46]  patient-specific COPD
BEAS-2B) lack full modelling [39,46]
epithelial fidelity

[39,78]

OrganoidsHigh Low-Moderate Moderate Weeks/months Moderate-Good Epithelial regeneration;
3D multicellular archi- Lack of standard-  Passageable; in- Patient-derived EMT; mucus hyperse-
tecture; multilineage ized medium com- creasingly com- iPSC organoids cretion; patient-specific
differentiation; lacks  position and matrix patible with auto- enable disease- drug screening; endo-
ALI and vascular com- protocols; signifi- mated platforms specific drug typing COPD heteroge-
ponents [47,67] cant inter-laboratory[104] screening [29,67] neity [67,104]

variability [72,104]
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Lung-on- Very High Low Low Days/weeks  Promising (early- Biomechanical model-
a-chip Integrates epithelium, Fabrication variabil- One condition per stage) ling; host-pathogen in-
endothelium, cyclic ity (PDMS-based  device; not com- Useful in drug ef-teractions; smoke/pollu-
stretch and airflow;  devices); limited  patible with high- ficacy and antivi- tant exposure under air-
most physiologically standardization throughput ral testing, not  flow; precision pharma-
complete in vitro across laboratories screening [32] yet in regulatory cology; COPD exacerba-
model [32,73] [73] pipelines [32,73] tion dynamics [32,73]
PCLS Very High Low Low 5-7 days Good (valida-  Airway reactivity; na-
Preserves native multi- High donor varia- Limited tissue  (standard); up tion) tive inflammation; fibro-

cellular architecture,

bility; inter-labora- availability; la-  to 14 days with Used to bridge in sis; host-pathogen inter-

ECM, resident immunetory differences in bour-intensive  optimized me- vitro findings  actions; ex vivo valida-

cells; closest to in vivo tissue acceptance  preparation; not dia [105] and in vivore-  tion of cellular/molecu-
[48,105] criteria; no stand- amenable to high- sponses; relevant lar findings from reduc-
ardized protocol  throughput for- for ex vivo drug tionist models [48,105]
[105] mats [105] testing [48,49]
ECM Hy- High Low Moderate Weeks Moderate ECM remodelling; fibro-

drogels  Retains native bio-

Batch-to-batch vari- Can be created in (long-term 3D Used in drug sis; epithelial-mesenchy-

chemical and mechani- ability in decellular- multi-well for-  culture feasible)screening and  mal interactions; cell-

cal cues of lung ECM, ized matrix compo- mats; compatible personalized ECM signalling; COPD-
including disease-spe- sition; no standard- with 3D culture of medicine; not yet specific matrix pathol-
cific signatures in ized protocol across multiple cell in regulatory ogy; antifibrotic drug
COPD tissue [49,50] labs [50,51] types [51] frameworks testing [49-51]

[49,51]

2.3. Critical Limitations of Current 3D Models and Strategies to Address Them

Each platform presents technical and biological limitations that currently hinder their
translational potential. These must be weighed against the benefits summarized in Table
1. ALI cultures and organoids lack vascular and mechanical components and heavily de-
pend on the cell source: primary cells vary considerably from donor to donor, while im-
mortalized lines only partly reproduce epithelial differentiation. Conditional reprogram-
ming, defined serum-free media, and iPSC-derived cell banks with agreed differentiation
protocols are increasingly being used to make cell sources more reproducible and stand-
ardized [39,72]. A further issue for organoids is batch-to-batch variability of animal-de-
rived matrices such as Matrigel, which chemically-defined synthetic hydrogels and stand-
ardized matrix formulations aim to solve [104]. Lung-on-a-chip systems are the most
physiologically complete, but also the most demanding. Building perfusable microvascu-
lar networks is still a hurdle, and the one-condition-per-device format keeps throughput
low. Self-assembling endothelial co-cultures, injection-molded or PDMS-free devices, and
multiplexed chip arrays are being developed to improve vascularization and scalability,
and reduce device-to-device variability [32,73]. PCLS preserve native multicellular archi-
tecture but lose viability over prolonged culture and vary widely between donors. Opti-
mized media, controlled oxygenation and minimum reporting standards have extended
viability and made results easier to compare across laboratories [105]. ECM-derived hy-
drogels reproduce disease-specific matrix cues yet are held back by batch-to-batch varia-
bility of decellularized tissu, an issue that pooled-donor matrices, standardized decellu-
larization, and hybrid synthetic-ECM scaffolds try to address [50,51]. Before any single
approach can be broadly adopted for COPD drug development, several challenges must
be addressed, including adding immune components, multi-organ interaction, and agree-
ing on quality-control metrics. These platforms are complementary rather than inter-
changeable, and none of them is currently optimal on every axis. Once cell sources are
standardized, ALI cultures and organoids offer high reproducibility and throughput,
making them well suited for mechanistic studies and medium-scale screening. However,
they still lack vascular and immune compartment, which limits their translational reach.
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Lung-on-a-chip systems provide the most physiologically representative models. They re-
produce breathing-like mechanics and the epithelial-endothelial air-blood barrier using
patient-derived cells [73]. In addition, perfusable microvascular networks are increasingly
built in to improve biological relevance [106]. Their limitations are practical: PDMS de-
vices absorb small molecules and show batch-to-batch variability. Also, the one-condition-
per-device format restricts throughput, driving the field toward thermoplastic and multi-
plexed formats [107]. Consequently, these systems are currently better suited for hypoth-
esis validation than for large-scale screening. PCLS and ECM-derived hydrogels preserve
native architecture and disease-specific matrix cues. However, their reliance on donor tis-
sue and decellularization limits inter-laboratory reproducibility [105]. From a transla-
tional standpoint, the field is moving towards a fit-for-purpose approach in which plat-
forms are selected according to the biological question rather than ranked hierarchically,
while shared reporting standards, defined cell sources, and inter-laboratory validation re-
main the key prerequisites for regulatory acceptance in COPD drug development.

3. Respiratory Infections
3.1. Role of Respiratory Infections in COPD

In addition to evaluating the effects of pollutants and/or cigarette smoke, 3D ALI cul-
tures have been used to investigate the role of respiratory infections in exacerbating COPD
[108]. While the role of environmental factors and smoking in COPD development is well-
known, in recent years it has been understood that infectious pathogens, including viruses
and bacteria, can contribute to disease exacerbation and progression. Acute worsening of
respiratory symptoms is a hallmark of COPD and significantly impacts on the disease
morbidity and mortality. These exacerbations are most triggered by respiratory infections.
Patients with COPD are particularly vulnerable to viral and bacterial infections, which
can cause acute exacerbations and lead to further lung damage [109,110]. Using 3D lung
models at the ALI, researchers can replicate how COPD-affected epithelial cells respond
to pathogens, allowing a more accurate simulation of infection dynamics in the disease.
For instance, COPD-derived epithelial cells cultured in ALI systems exhibit an exagger-
ated inflammatory response and increased susceptibility to pathogens like rhinovirus and
influenza [111,112]. These findings have important implications for understanding why
COPD patients experience more severe and frequent infections, and they highlight the
potential of targeting epithelial cell dysfunction to mitigate the effects of respiratory in-
fections in COPD [113].

3.2. Respiratory Pathogens
3.2.1. Viruses

Respiratory viruses are major triggers of COPD exacerbations, with rhinoviruses, in-
fluenza virus, RSV, and coronaviruses being the most frequently detected [114-122].
These infections exacerbate airway inflammation, airflow limitation, and symptom sever-
ity [120]. Among them, rhinovirus is particularly prevalent during the colder months and
may worsen the disease by promoting IL-6 and TNF-a production, increasing airway in-
flammation and obstruction [123,124]. COPD patients may also have higher rhinovirus
loads and reduced type I and III interferon responses in sputum and lung tissue, poten-
tially impairing antiviral defense [117,125,126]. However, increased IFN-A1, IFN-A2, IFN-
[, and broader type I and III interferon responses have also been observed in rhinovirus-
infected COPD airway epithelial cells in vitro [116,124,127,128]. These apparently conflict-
ing findings may reflect a delayed rather than absent interferon response [129].

Influenza and RSV are strongly associated with severe COPD exacerbations that re-
quire hospitalization [130-132]. Influenza can also increase susceptibility to secondary
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bacterial infections, further supporting annual vaccination as an important preventive
measure against COPD [131]. Recently, RSV vaccines have been approved [133], and their
use is recommended for individuals with chronic respiratory diseases, including COPD.
However, their effect on the frequency and severity of COPD exacerbations remains to be
fully established and warrants further evaluation [134].

COPD is associated with an increased risk of hospitalization and mortality from
COVID-19 [135,136]. Several SARS-CoV-2 vaccines are currently available [137-139], and
vaccination is expected to reduce the risk of severe outcomes in COPD patients, although
its specific effect on COPD exacerbations is not yet fully understood [134]. During the
COVID-19 pandemic, masking, social distancing, and infection-control practices were as-
sociated with a reduction in severe COPD exacerbations, likely owing to decreased expo-
sure to respiratory pathogens [140].

3.2.2. Bacteria

Several bacterial pathogens are associated with COPD, including Pseudomonas aeru-
ginosa [141,142], Streptococcus pneumoniae [143,144], Haemophilus influenzae [145,146], Staph-
ylococcus aureus [147], and Moraxella catarrhalis [145,148]. These organisms can colonize the
respiratory mucosa even during clinically stable phases of the disease [149]. Hospitalized
or mechanically ventilated COPD patients are also vulnerable to secondary infections
caused by multidrug-resistant bacteria, particularly Klebsiella pneumoniae and Acinetobacter
baumannii. This vulnerability highlights the potential value of vaccines that reduce infec-
tion risk and disease exacerbation [142,149-152]. The upper respiratory microbiome is
dominated by Moraxella, Staphylococcus, Corynebacterium, Haemophilus, and Streptococcus in
the nasal cavity and nasopharynx. Prevotella, Veillonella, Streptococcus, Leptotrichia, Rothia,
Neisseria, and Haemophilus are instead more abundant in the oropharynx [153]. Although
modest microbiome differences have been reported between smokers and nonsmokers
across COPD stages [154,155], severe disease is generally associated with reduced bacte-
rial diversity and enrichment of potentially pathogenic species [156—-158]. This dysbiosis
correlates with increased inflammatory mediators, including IL-13 and CXCL8
[157,159,160]. However, the severity of exacerbation may depend more on strain-specific
virulence than on the bacterial species alone [161-163]. Consistent with this notion, certain
H. influenzae strains exhibit enhanced epithelial adherence and induce greater CXCLS se-
cretion [164].

Antibiotics are widely used to manage or prevent severe bacterial COPD exacerba-
tions [165-167], but increasing resistance limits their effectiveness. S. pneumoniae, S. aureus,
H. influenzae, P. aeruginosa, K. pneumoniae, and A. baumannii are included in the World
Health Organization (WHO) 2024 Bacterial Priority Pathogens List, underscoring the ur-
gent need to develop new preventive and therapeutic approaches [168]. Vaccination is
recommended when effective vaccines are available. For S. pneumoniae, these include 13-,
15-, and 20-valent conjugate vaccines and a 23-valent polysaccharide vaccine, recom-
mended for adults over 65 years of age and for individuals with COPD [134,169]. Alt-
hough effective in many high-risk populations, protection remains restricted to the sero-
types included in each formulation [170]. Studies conducted in Germany [171], Greece
[172], Turkey [173], and Thailand [174] nevertheless show low uptake among COPD pa-
tients, largely due to doubts on efficacy, limited awareness of benefits, or cost concerns.

No licensed vaccines are currently available against P. aeruginosa [175], S. aureus [176],
non-typeable H. influenzae [177,178), K. pneumoniae [179], A. baumannii [180], or M. catarrh-
alis [178]. While Hib vaccines have proven highly effective against H. influenzae type b
[181], non-typeable strains remain important drivers of COPD exacerbations [182]. Com-
mercial bacterial lysate preparations containing inactivated strains of M. catarrhalis, S.
pneumoniae, K. pneumoniae, S. aureus, H. influenzae, and other respiratory bacteria are also
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available [183-190]. These products may provide some protection against exacerbations
with few reported adverse effects, but their activity is limited to the strains or serotypes
represented, and none of them has received FDA approval [191].

3.3. Bacterial and Viral Co-Infections

Bacterial-viral coinfections occur in approximately 25% of patients hospitalized for
COPD exacerbations and are associated with greater lung impairment, longer hospital
stays, and increased risk of readmission [17,192]. Although some infections may arise in-
dependently, respiratory viruses, particularly rhinovirus, can predispose patients to sec-
ondary bacterial infections. Experimental rhinovirus infection was indeed followed by
bacterial infection in 60% of COPD patients, most commonly involving H. influenzae and
S. pneumoniae [17,193,194]. These episodes may reflect expansion of bacteria already pre-
sent in the airways, especially H. influenzae, rather than acquisition of new strains [195].
This susceptibility may partly result from reduced levels of antibacterial peptides such as
secretory leukocyte protease inhibitors and elafin [196]. Rhinovirus can also disrupt epi-
thelial barrier integrity, increase permeability, and promote bacterial adherence by upreg-
ulating fibronectin and platelet-activating factor receptors [197]. In addition, degradation
of interleukin-1 receptor-associated kinase 1 reduces CXCL8 production and neutrophil
recruitment, weakening bacterial clearance [198]. Viral-bacterial coinfection may further
amplify airway inflammation by increasing CCL20, human p-defensin-2, and IL-17C ex-
pression [199-201]. However, COPD patients produce less human (3-defensin-2, impairing
antibacterial defense, while exhibiting increased IL-17C production that promotes CXCL1
expression and neutrophil chemotaxis [199,200]. This combination of weakened antimi-
crobial activity and excessive inflammation may contribute to the greater severity of coin-
fection-associated COPD exacerbations.

3.4. 3D Models for Evaluating the Role of Viral and Bacterial Infections in COPD

Because bacterial and viral infections are major drivers of COPD exacerbations, phys-
iologically relevant models are required to investigate the underlying host-pathogen in-
teractions. Conventional 2D cultures fail to reproduce the cellular complexity, tissue or-
ganization, or mechanical environment of the lung. However, advanced 3D systems, in-
cluding lung organoids, ALI cultures, and lung-on-a-chip platforms, provide more repre-
sentative models of airway infection, epithelial injury, inflammation, and immune re-
sponses. Lung organoids reproduce aspects of pulmonary architecture and cellular diver-
sity and have been used to examine pathogen-induced tissue damage and inflammatory
responses [30]. Lung-on-a-chip systems additionally incorporate tissue interfaces, fluid
flow, and immune-cell circulation. In SARS-CoV-2 models, infection induced cytokine-
dependent epithelial innate immune responses and endothelial detachment. Microfluidic
airway chips, on the other hand, enabled simultaneous evaluation of antiviral activity,
cytokine production, and circulating immune cells during influenza and SARS-CoV-2 in-
fection [31,202]. An alveolus-on-chip containing epithelial and endothelial cells together
with macrophages successfully reproduced barrier disruption and endothelial injury fol-
lowing infection with influenza virus, S. aureus, or both. These findings support the use of
this platform for studying viral-bacterial coinfections, which are relevant to severe COPD
exacerbations [203].

ALI cultures generate a differentiated pseudostratified epithelium containing ciliated
and mucus-producing cells, making them particularly well suited for investigating micro-
bial adherence, invasion, and viral entry [23]. These models have supported the propaga-
tion and study of multiple rhinovirus strains and have been used to examine interactions
between S. aureus and P. aeruginosa, including biofilm formation and epithelial inflamma-
tory responses [204-208].
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Although their direct application to COPD-specific exacerbation models remains lim-
ited, organoids, ALI cultures, and lung-on-a-chip systems provide valuable platforms for
reproducing infection-associated epithelial dysfunction, inflammatory signaling, and
polymicrobial interactions. Incorporating COPD-derived cells and disease-relevant envi-
ronmental conditions into these systems could enhance mechanistic insight and facilitate
the development of targeted anti-infective and immunomodulatory therapies.

3.5. Drug Discovery and Personalized Medicine

Three-dimensional ALI cultures have shown great promise in drug discovery and
personalized medicine. Given the high heterogeneity of COPD, patients display different
degrees of airway obstruction and different responses to treatment, therefore making per-
sonalized approaches increasingly important. By generating 3D ALI cultures from COPD
patient-derived cells, researchers can model individual disease phenotypes and test drug
efficacy in a patient-specific manner. This approach allows for the screening of novel ther-
apeutics under conditions that closely resemble the in vivo lung environment This poten-
tially reduces the failure rate of COPD drugs in clinical trials, and improves treatment
outcomes for patients [209,210].

The ability to integrate 3D lung models and ALI cultures into high-throughput drug
screening platforms is also a promising advancement in COPD research. The basis of con-
ventional drug testing predominantly relies on animal models, which frequently fail to
accurately replicate the human lung physiology and the complexity of COPD. Three-di-
mensional ALI cultures provide a more human-relevant model for testing pharmacologi-
cal compounds, allowing researchers to evaluate drug effects on epithelial barrier func-
tion, mucociliary clearance, and inflammatory responses. Additionally, the ability to cul-
ture cells derived from COPD patients in these models facilitates the development of per-
sonalized therapeutic approaches. This offers the potential to tailor treatments to the clin-
ical characteristics of individual patients [15,22,87]. Recent advances in this field have
brought new insights into potential therapeutic and diagnostic approaches. In particular,
probiotics represent a valuable support for COPD treatment. Moreover, the recognition
of the pivotal role played by miRNA in diagnostic and therapeutic approaches constitutes
a promising field of interest.

A promising avenue for COPD precision medicine is the integration of patient-de-
rived 3D models with high-resolution molecular profiling. Organoids and ALI cultures
grown from individual donors can be profiled by single-cell RNA-sequencing and spatial
transcriptomics and compared against integrated human lung cell atlases [70,71]. This ap-
proach enables the assignment of a donor’s epithelial and progenitor states to distinct
COPD endotypes. Adding proteomic, epigenomic, and EV/miRNA data to the same mod-
els allows to identify candidate biomarkers in a system where matched patient-derived
material is still on hand for functional testing. The emerging endotype-specific signatures
can be used to stratify patients and, most importantly, to predict how they will respond
to treatment exposing the matched patient-derived model to candidate drugs. This closes
the loop between molecular classification and functional validation. AI- and machine
learning-assisted analysis [211,212] can transform these large, complex datasets into pa-
tient stratification and treatment-prediction tools.
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4. Emerging Diagnostic Strategies and Therapeutic Approaches for
COorD
4.1. Probiotics

Probiotics are live bacteria or yeasts that, when consumed in adequate amounts, con-
fer a health benefit on the host. Common probiotic microorganisms include species of Lac-
tobacillus, Bifidobacterium, and Saccharomyces that support gut microbial balance, intestinal
barrier integrity, and immune function, and help prevent gastrointestinal disorders and
infections [213-219]. A recent meta-analysis reported that probiotic formulations contain-
ing Streptococcus thermophilus, Bifidobacterium longum, and several Lactobacillus species
were associated with reduced symptom severity in COPD patients [220]. Intranasal ad-
ministration of lactobacilli has also shown potential benefits in chronic rhinosinusitis, si-
nusitis, and chronic rhinoconjunctivitis [221-223]. Probiotic strains of Saccharomyces cere-
visige may further support epithelial barrier function and modulate immune response by
promoting the production of anti-inflammatory cytokines and regulating macrophage
and dendritic-cell activity [224,225].

COPD-derived ALI cultures and lung-on-a-chip models could provide valuable plat-
forms for determining whether selected probiotics can reduce pathogen-induced inflam-
mation and improve airway defense mechanisms. These systems enable the assessment
of epithelial barrier integrity, cytokine production, immune cell recruitment, pathogen
clearance, and tissue repair under physiologically relevant conditions. Probiotics may ex-
ert beneficial effects reducing the production of pro-inflammatory cytokines, increasing
anti-inflammatory mediators, and preserving epithelial integrity [225]. Studies using
these models may help identify strains capable of reducing infection-driven COPD exac-
erbations. They may also support the development of probiotic-based strategies to rein-
force respiratory mucosal immunity.

Despite these encouraging findings, the clinical translation of probiotics for COPD
and other chronic respiratory diseases remains complex. Probiotic activity depends on
multiple factors, including the specific strain, dose, formulation, route of administration,
and disease context. Consequently, results obtained with one species or strain cannot be
broadly extrapolated to others [226-228]. Clinical studies also substantially differ in de-
sign, sample size, intervention duration, baseline microbiome characterization, and out-
come measures. This limits direct comparison across studies and complicates regulatory
interpretation [229,230]. In respiratory applications, several key questions remain unre-
solved. These include the optimal route of administration, persistence or engraftment at
mucosal sites, interactions with pre-existing airway dysbiosis, and the durability of im-
munomodulatory effects [227,231]. Safety considerations are particularly important in el-
derly patients with COPD, individuals with advanced disease, and patients with frequent
exposure to antibiotics, corticosteroids, impaired epithelial barriers, or other forms of im-
munosuppression [226,232]. Potential risks include product contamination, transfer of an-
timicrobial-resistance determinants, inappropriate immune modulation, and, in rare
cases, invasive infections [226,232-234]. Future studies should integrate mechanistic test-
ing in COPD-derived ALI cultures and lung-on-a-chip systems with adequately powered,
strain-specific clinical trials. Standardized manufacturing and viability controls, genomic
safety assessment, and rigorous monitoring of adverse —events will also be essential. To-
gether, these measures are needed before probiotic-based respiratory interventions can be
advanced toward routine clinical use [226,230,232,233].

4.2. Extracellular Vesicles and miRNAs in COPD Diagnosis

The challenging clarification of COPD onset mechanisms including host-pathogen
interactions, and in vitro and in vivo models have opened new perspectives on how to
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integrate functional studies with biomarker discovery and therapeutic innovation. In this
regard, EVs and miRNA have emerged as active modulators of inflammation, tissue re-
modeling, and immune responses, while also representing attractive non-invasive diag-
nostic biomarkers for early COPD detection [235-237]. EV/miRNA-based molecular pro-
filing with 3D patient-derived cultures may ultimately support the development of per-
sonalized therapeutic strategies and improve disease stratification [237] (Figure 2).

expression
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Figure 2. Emerging strategies in diagnosis and potential therapeutic approaches for COPD treat-
ment. Biological samples from patients and in vitro models (organoids) were analyzed to detect
differentially expressed miRNAs. The identified miRNAs were evaluated in in vitro models to re-
duce the effect of the disease. EVs from MSCs or other sources as a useful tool for miRNAs or An-
tagomiRNA delivery and therefore a potential therapeutic strategy.

MiRNAs are a class of small non-coding RNAs (19-22 nucleotides) that regulate gene
expression by binding to the 3’ untranslated region of mRNA. One single miRNA specif-
ically inhibits the translation of different genes through its specific binding. These small
RNAs play a fundamental role in several normal and pathological processes, from organ
development [238] to neoplastic transformation [239]. In 2024, Ambros and Ruvkun were
awarded the Nobel Prize in Physiology or Medicine for discovering and describing miR-
NAs and the remarkable impact of these regulating factors [240]. Furthermore, it has been
observed that miRNAs represent a powerful instrument for diagnostics [239]. In particu-
lar, it has been demonstrated that EVs can carry different miRNAs through circulating
body fluids [239]. As a result, numerous research groups have focused on the characteri-
zation of specific circulating miRNAs for disease prognosis and staging [241,242], as they
can be readily detected and analyzed in a range of biological fluids [239]. At this regard,
it has been demonstrated that air pollution and cigarette smoke inhalation can affect EV
and miRNA release, not only in serum [243], but also in bronchial alveolar lavage fluid
(BALF) [19] and breastfeeding milk [244]. The release of EVs mediates intercellular com-
munication, carrying miRNAs that can modulate inflammatory response [245,246]. The
opportunity to establish the specific signature of miRNA EVs to define COPD pathological
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onset has prompted diverse groups to analyze various body fluids [19,243,247,248]. One
example is the exhaled breath condensate (EBC), recently revised by Kita et al. [249]. With
this method, some authors have found a reduction of miR-328 and miR-21 in COPD pa-
tients versus healthy subjects [250]. Bronchoalveolar lavage (BAL) has been used to eval-
uate, by RT-PCR, the expression of specific miRNAs (hsa-miR-223-5p, 16-5p, 20a-5p, 17-
5p, 34a-5p, and 106a-5p) in COPD and other lung diseases, such as non-small cell lung
cancer (NSCLC), which can be considered an end stage of the disease [251]. This analysis
was carried out in a small cohort of patients [251], allowing to identify characteristic ex-
pression changes of some miRNAs (Figure 2). In particular, miR-34a was clearly upregu-
lated in patients with COPD, not only compared to normal samples, but also to NSCLC
[251]. This miRNA is involved in many processes, ranging from proliferation inhibition
[252] to tumor suppression [253]. Similarly, a recent study promoted by the Karolinska
Institute, Clinical & Systems Medicine Investigations of Smoking-related Chronic Ob-
structive Pulmonary Disease (COSMIC), examined COPD development in 120 smoking
and non-smoking patients. The study analized numerous factors, from anamnesis to mo-
lecular aspects, in order to discover specific diagnostic COPD markers [254]. Microarray
analysis in BAL-derived exosomes has revealed the upregulation of the miR-29 family in
COPD patients [254] (Figure 2). Recently, Sundar et al. identified miR-29a-3p through
NGS analysis of the miRNA pattern in EVs isolated from the serum of smokers and non-
smokers [255]. The NGS results showed a pattern of 15 miRNAs expressed in common in
EVs from smokers and COPD patients [255]. Some of these (the most abundant based on
their read counts) were validated on bronchial epithelial cells (BEAS-2B) treated with 0.5%
of cigarette smoke extract (CSE). RT-PCR analysis revealed that miR-29 a-3p is upregu-
lated in EVs derived from CSE-treated BEAS [255]. The same result was observed in other
miRNAs (miR-99a-5p, miE-110-5p, miR-151b, miR-375, miR-486-5p), in particular let-7a,
let-7i-5p. The association of let-7 with COPD and lung cancer has been demonstrated in
various reports [256,257]. In particular, a clear reduction of let-7c in the sputum of COPD
smokers was observed by RT-PCR [258] (Figure 2). Similarly, in other studies, the serum
level of let-7 in COPD patients is reduced, as assessed by RT-PCR [259] (Figure 2). This
reduction has been associated with an increase in IL-6, considering the direct action of let-
7 in this cytokine expression [259,260]. This result is consistent with the observation in
mouse models exposed to cigarette smoke (CS), where the treatment induced an aug-
mented expression of IL-6 and a reduction of let-7, associated with airway remodeling
and increased inflammation. In particular, the effect of let-7 on IL-6 expression was corre-
lated with macrophage M2 polarization in the alveoli of COPD patients and mouse mod-
els [261]. Macrophage polarization was also correlated with miR-21 expression in COPD
mouse models [262]. In particular, CS and CSE-exposed mice showed increased levels of
miR-21, which were correlated with macrophage polarization [262]. As a result, miR-21
inhibition reduced macrophage transformation to the M2 phenotype, diminishing lung
damage [262]. Recently, the potential effect of miR-21 was also linked to the regulation of
phospholipase and tensin homolog (PTEN) [263]. Its expression is regulated by the direct
binding to the mRNA 3'UTR, allowing modulation of the PTEN/AKT/NF-«B axis [263].
The consequent evaluation of lung tissues from COPD patients displayed an increased
expression of miR-21, and a reduction of PTEN in contrast to non-smokers [263] (Figure
2). Furthermore, downstream pathway analysis in COPD patients showed an increase of
pAKT and p-NF-kB in association with PTEN reduction [263]. These results corroborate
the observation of serum miR-21 increase, associated with the early pathogenic COPD
onset in asymptomatic heavy smokers [264]. The high level of circulating miR-21 has also
been correlated with a significant increase in mortality in younger hospitalized COVID-
19 patients [265].
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Despite the limitations of this indication, miR-21 could represent an interesting cir-
culating marker in patients in association with clinical parameters [264]. However, the
integration of multi-network modeling is essential to correlate the diverse layers of gene
regulatory networks and improve our classification of the biological mechanisms stratify-
ing COPD [211]. A machine learning approach has recently been developed in this field
as diagnostic support, based on circulating miRNA classification [266]. Given the crucial
role of miRNAs in genetic expression regulation, several studies have demonstrated that
these small molecules are a useful tool for diagnosis and staging of numerous diseases,
including COPD (Table 2). Artificial intelligence (Al)-assisted analysis goes beyond clas-
sifying miRNAs. Open-source digital-pathology platforms offer extensible tools for auto-
mated batch processing, cell detection and quantitative classification on histological sec-
tions [212] These are becoming an effective tool to characterize the phenotypes of tissue-
based experimental systems. Integrative multi-network approaches combining gene-ex-
pression similarity, protein-protein interactions, transcription-factor regulons, and vali-
dated miRNA interactions, have also been used to pinpoint the biological functions al-
tered in specific COPD conditions [211]. Further enrichment of data generated from 3D
models could facilitate the development of Al-assisted platforms for multi-omic analysis
and patient stratification.

For circulating miRNAs, the main barrier to clinical implementation in COPD is var-
iability before and during measurement. Blood collection, hemolysis, centrifugation, RNA
extraction, and the quantification platform can all influence the results. Also, the lack of
an agreed normalization strategy makes signatures hard to reproduce across studies
[267,268]. Consequently, no validated cut-offs or robust inter-laboratory signatures are
currently available, representing a major obstacle to the routine use of miRNA assays
[269]. Reliable diagnostic use will require harmonized reporting, standard operating pro-
cedures, and adequately powered validation cohorts.

4.3. EV and miRNA Therapeutic Perspective

Following their identification as circulating diagnostic signatures, EVs and miRNAs
have emerged as potential therapeutic agents for COPD due to their ability to influence
different molecular pathways. The dualistic diagnostic and therapeutic role of these mol-
ecules is important: the recent evaluation of their effect in 3D in vitro platforms allows
mechanistic validation and targeted delivery studies.

Current therapeutic treatment of COPD relies mainly on three classes of molecules:
beta-2-agonists, including short-acting (SABA) and long-acting (LABA); long-acting mus-
carinic antagonists (LAMA); and inhaled corticosteroids (ICS) [270]. However, all these
approaches have significant limitations. First, these drugs are primarily aimed at reducing
the symptoms, rather than slowing down or halting disease progression. Moreover, their
use is associated with a variety of side effects, primarily cardiovascular events [271]. An-
other significant limitation of COPD therapy arises from the branched structure of the
respiratory system, which affects the successful delivery of drugs to the lower airways
(bronchi, bronchioles, alveoli), where drug absorption typically occurs more efficiently
[272]. In order to overcome these challenges, the scientific community has progressed on
two different fronts: enhancing drug delivery through optimized carrier dimensions, and
identifying new therapeutic targets. In this context, nanoparticle (NP) delivery systems
have emerged as a promising strategy to improve drug delivery and anti-inflammatory
effects. Two different research groups demonstrated that NPs can promote anti-inflam-
matory cytokine expression in in vitro COPD model [273], and mitigate inflammation and
oxidative stress in a human in vitro model exposed to cigarette smoke [274]. This approach
led to growing interest in the dual diagnostic-therapeutic role of EVs and miRNAs, par-
ticularly when studied in conjunction with advanced 3D in vitro platforms such as ALI
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cultures and lung-on-a-chip systems [275]. These models offer physiologically relevant
environments in which to validate the functional impact of these molecules, and assess
targeted delivery approaches. Alongside the use of biological drugs, which unfortunately
are not always effective, research into new therapeutic treatments for COPD is making
significant efforts to improve drug distribution.

Drug adsorption is associated with intrinsic physical and chemical particle proper-
ties, and with specific patient features, including disease stage [272]. Recently, in this con-
text, Zimmermann et al. proposed a spray-dried microparticle system consisting of lipid
nanoparticles with encapsulated siRNA to work as a new siRNA-based therapy system
for respiratory diseases, including COPD [276]. Many years ago, the efficacy of nano-
based delivery was exploited to specifically target corticosteroids, and attempt to reduce
systemic side effects [277]. Given the opportunity offered by nanoparticle systems,
Zoulikha et al. proposed a specific polymeric nanoparticle for miR-146a delivery [278]. In
particular, it was demonstrated that this miRNA, adsorbed into this nanoparticle, showed
a continuous release after 24 h and exerted a dual biological function. There is in vitro
evidence that miR146a reduces the gene expression of Interleukin 1 Receptor Associated
Kinase 1 (IRAK1) playing a key role in triggering the innate immune response versus ex-
ternal microbiological attacks. Moreover, the in vitro activity of the IL-8-promoter shows
a potential anti-inflammatory effect for COPD treatment [278] (Figure 2).

Mesenchymal stromal cell (MSC)-derived EVs represent a unique tool for carrying
drugs, nucleic acids (DNA, RNA) or proteins [279-281]. Their use has been investigated
in various pulmonary diseases [135,239,282-284]. MSCs have immunomodulatory char-
acteristics, connected to their secretome [285]. As a result, MSCs of various sources have
been investigated and tested with different methods to enhance their therapeutic potential
[286-289] (Figure 2).

A recent study demonstrated that EVs derived from umbilical cord MSCs in a murine
model of cigarette smoke-induced COPD 3D organoid culture showed an anti-inflamma-
tory and immunomodulatory action on epithelial regeneration and alveolar repair in lung
epithelial progenitor derived cells [290].

Baker et al. identified miR-570-3p as a novel regulator of cellular senescence and in-
flammation [291] and found elevated levels of this miRNA in samples from COPD pa-
tients (tissues, epithelial or mononuclear cells), alongside altered senescence markers.
These included reduced gene expression of anti-aging genes sirtl and cdk4, in addition to
elevated p21 and the senescence-associated secretory phenotype (SASP) proteins, MMP-
9 and CXCLS8 [291]. Baker et al. also found that miR-570-3p inhibition, through a specific
antagomir, can suppress senescence, and reduce pro-inflammatory release [291]. Almost
ten years ago, another team of researchers demonstrated that miR34a could also represent
an interesting therapeutic target [292]. In particular, they observed that antagomir-medi-
ated miR34a inhibition can counteract the overexpression of this miRNAand, conse-
quently, restore SIRTUIN-1 and -6 mRNA levels, both codifying for anti-aging proteins
[292].

Numerous miRNAs have been identified as relevant in COPD pathogenesis, because
of their involvement in inflammation, vascular or airway remodeling, mucociliary clear-
ance, and epithelial-mesenchymal transition. Another potential therapeutic target for in-
hibition is mir155, related to inflammation and lung function parameters of airflow limi-
tation [293]. Indeed, the administration of miR-155 inhibitors in the lungs of a COPD
mouse model exposed to cigarette smoke led to a reduction of pro-inflammatory immune
cells [293] (Figure 2).

Some miRNAs represent promising therapeutic agents for other diseases (e.g., colon,
ovarian or breast cancer) and therefore could have potential applications in the context of
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COPD (Table 1), in particular miR21 and miR145. The latter, for example, has a controver-
sial role: it has shown a protective action in human bronchial epithelial cells by inhibiting
apoptosis and inflammation [294]. However, another study focused on the link between
miR145 and cystic fibrosis transmembrane conductance regulator (CFTR) expression
[295]. One of the features of COPD is CFTR dysfunction and, consequently, mucociliary
clearance impairment [296,297]. Given this scenario, Dutta et al. demonstrated the im-
portant involvement of miR145 for CFTR suppression induced by cigarette smoke and
that inhibition of miR145 using antagomir in an in vitro model can restore the expression
of both CFTR and another important chloride channel [295] (Figure 2).

In the context of altered miRNA inhibition in COPD, a recent study conducted a mi-
croarray analysis of the miRNA expression pattern in the lungs of a COPD mouse model
[298]. This in-depth molecular analysis highlighted that miR-21 is the second highest up-
regulated miRNA, both in lung epithelium and macrophages [298]. The inhibition
through a specific miR-21 inhibitor induced a decrease in the pro-inflammatory cell re-
cruitment in the airways and was associated with improved lung function and NF-kB ac-
tivity [298] (Figure 2).

The effect of miR-21 inhibition was also demonstrated on macrophage polarization
in COPD mouse models, where it can stimulate the discovery of promising applications
to therapeutic intervention [262]. The inhibition of this miRNA in knockout mice can im-
pact the occurrence of emphysema by modifying M1/M2 polarization [262]. In particular,
it has been observed that the M2 reduction caused by miR-21 inhibition induces a clear
change in TNF-a expression [262]. It has also been observed that adipocyte-derived EV
miR-34a inhibits M2 macrophage polarization [299], and prompts an M2 to M1 switch in
NSCLC [300-302]. EVs have been found to carry miR-34 to target cells [253] for therapeutic
purposes in neoplastic disease, as well as being evaluated in two clinical trials
(NCT02862145, NCT01829971). Unfortunately, to date, no studies have been attempted in
COPD models or patients. In this regard, a recent study evaluated the use of inulin-stabi-
lized EVs to produce an inhalable dry powder [303]. This compound was tested on lung
organoid models, demonstrating that EVs significantly enhance organoid formation. The
main goal of this system is the preservation method that enables handling EVs at room
temperature without compromising their stability [303]. These advances could pave the
way for the development of a spray formulation with convenient administration potential.

Table 2. miRNA-COPD Association in Therapeutic and Diagnostic Studies.

miRNAs Involvement in Lung Disease Study Model Clinical Impact References
Reduction associated with increased =~ Sputum and bronchial epithelial
expression of Tumor Necrosis Factor cells from severe COPD smoking pa- Diagnostic marker [258]
Receptor-2 (TNFR2) tients
Brochial epithelial cells from COPD
Down-regulation associatetd with IL-6 smoking patients; in vi'tro model of Diagnostic marker [259]
increased expression CS-exposed HBE; peripheral lung
let-7c tissue of CS-exposed mice
Decreased expression induced by CS
treatment promotes increased release
Of IL-6, acting on filveol'ar macrophages Human lung tissue and serum; lung Therapeutic target to
and inducing . . [261]
L tissue of CS-exposed mice slow COPD
polarization of M2 macrophages re-
sponsible for COPD emphysema
through MMPs release
Increased expression of this miRNA in- Ir; Vltro_RAW%g'Z cells CS—expc()ised; Gene targeting to in-
miR-21 duced by CS promoting macrophage ung tissue and bone marrow-de- hibit M2 macrophages [262]

rived macrophages isolated from

COPD mice transformation

M2 phenotype
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Associated with early pathogenic
COPD onset in asymptomatic heavy

smokers. Peripheral lung tissue of COPD pa-

Its inhibition reduces

Increased in COPD smokers, associated tients; 1.n vivo CS-exposed mice; in inflammation [263]
. . vitro CS-exposed HBE
with PTEN reduction, and consequent
increase of pAKT and p-NF-kB
Increased levels associated with early In vivo mouse model; patient serum Predictive marker for
pathogenic COPD onset in asympto- (healthy, symptomatic heavy smok- COPD development in [264]
matic heavy smokers ers, COPD heavy smokers) heavy smokers
miR-29 " Upregulated in exosomes (COSMIC COPD BAL samples Diagnostic marker [254]
family study)
Strong translational po-
Upregulated in EVs derived from EVs derived from plasma of non- tential to develop
. BEAS treated with CSE. smokers, smokers and COPD pa- biomarkers for diagno-
miR-29 a-3p , . ) : S . [255]
EV miRNAs are novel circulating pul- tients; human bronchial epithelial sis, prognosis, and ther-
monary disease biomarkers cells exposed to CS apeutic treatment of
COPD
Upregulated in bronchoalveolar lavage
. . . . .. Lung samples from cohort of . .
R- -
miR-34a (BAL?, .arlld involved in prohfera’Flon in NSCLC and COPD patients Diagnostic marker [251]
hibition and tumor suppression
Inflammation profiling
. Reduced in COPD, and targeting IL-13, using EBC as noninva-
R-
miR-328 IL-5, IL-1b, IL-8, TLR2 Exhaled Breath Condensate (EBC) sive source of COPD [250]
biomarkers
Therapeutic use of spe-
Up-regulated miRNA in airway epithe- cific mir-21 inhibitor to
. lium and lung macrophages and corre- Lungs of mice with COPD induced decrease pro-inflamma-
miR21 . .. . . [298]
lated with reduced lung function in by CS treatment tory cell recruitment in
COPD airways, and improve
lung function
Atagomir inhibition to
reduce overexpression
Overexpression of miR-34a mimic re- . and restore anti-aging
L f PD
miR34a sponsible for reduced SIRT1/-6 (MRNA ung tissue and sPutum rom CO proteins SIRTUIN-1 [292]
. patients
and protein) and -6, usually down-
regulated in COPD pa-
tients
Antagomir inhibition
restores expression of
CFTR and other chlo-
miR145 Upregulated from TGF.-[S and CS, capa- Human bronchial epithelial cells ride channels and [295]
ble of suppressing CFTR .
exherts protective ac-
tion inhibiting apopto-
sis and inflammation
Lung tissue of healthy smokers and
COPD patients; lung tissue and alve-
olar macrophages of in vivo mouse New therapeutic target
mirl55 Increased expression of miR-155 targets model afte1j CS-treatment; wild type m COPD to rec?uce pro- [293]
and KO mice model CS-exposed to inflammatory immune
quantify inflammatory cells, chemo- cell levels
kines and cytokines in BAL fluid
and lung tissue
Ant i inhibifi
Elevated levels in inflammation and re- sun ali(sns?srslen;s);ef;
miR-570-3 duced anti-aging genes sirtl and cdk4, Epithelial or mononuclear cells of a};z reduces pro-in [291]
P clevated proteins p21, MMP-9, and COPD patients pro-t
flammatory cytokine
CXCLS8
release
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5. Conclusions

The adoption of advanced 3D in vitro models, including ALI cultures, lung organ-
oids, and lung-on-a-chip platforms has significantly enhanced our ability to investigate
the complex pathophysiological mechanisms underlying COPD. These systems provide a
physiologically relevant environment that closely mimics the human lung microarchitec-
ture. As a result, they enable the study of epithelial dysfunction, tissue remodeling, im-
mune dysregulation, and host-pathogen interactions under dynamic and controlled con-
ditions.

Most importantly, the integration of 3D models with emerging biomolecular ap-
proaches, such as EVs and miRNAs, is opening new perspectives for both diagnostic and
therapeutic applications. Circulating EV-associated miRNAs have shown promise as non-
invasive biomarkers for early COPD detection, disease staging, and phenotypic stratifica-
tion. At the same time, numerous miRNAs have demonstrated regulatory functions in
inflammation, epithelial regeneration, and aging pathways, highlighting their potential as
targeted therapeutic interventions. Their delivery through engineered EVs or nanoparti-
cle-based systems may further enhance their clinical potential.

Moreover, 3D in vitro models provide an essential translational platform to validate
the mechanistic roles of miRNAs and EVs, assess their delivery efficacy, and advance per-
sonalized medicine approaches. Probiotic-based strategies also emerge as promising ad-
junct therapies. Their potential can be explored in dynamic co-culture systems that repli-
cate airway infections and immune interactions.

A further evolution of these 3D models is represented by multiorgan-on-chip sys-
tems. These platforms enable a more precise evaluation of this complex pathology and
facilitate the standardization of treatment strategies in high-throughput screening, while
overcoming the limitations of in vivo models. A complementary direction is the integra-
tion of patient-derived 3D models with multi-omics profiling and Al Patient-derived ALI
cultures, organoids, and lung-on-a-chip systems can generate individualized epithelial
and immune signatures that recapitulate patient-specific inflammatory and treatment re-
sponse phenotypes in COPD and asthma [107]. When combined with single-cell and spa-
tial multi-omics, these platforms generate high-dimensional datasets that require ad-
vanced computational integration. In this context, Al and machine-learning methods offer
scalable tools to interpret imaging data, integrate multi-omic layers, and guide experi-
mental workflows. These approaches link mechanistic in vitro readouts with patient strat-
ification [304]. Moreover, the integration of Al with bioinformatics and multi-omics anal-
yses is creating an intelligent framework for COPD research and management, spanning
the continuum from early risk prediction to phenotype-driven therapeutic decisions [305].
The convergence of patient-derived organ-on-chip technologies, multi-omics, and Al is
therefore expected to accelerate the transition from descriptive disease modeling to pre-
dictive, patient-centered precision medicine in COPD.

Despite the promising therapeutic potential of EVs in COPD, their clinical translation
remains limited by the lack of standardized procedures for EV preparation, characteriza-
tion, and quality control. Addressing these issues is essential for the development of reli-
able cell-free therapies [306]. Standardization is particularly challenging because EV prop-
erties can vary according to their cellular source, including Wharton's jelly-derived MSCs,
dermal MSCs, bone marrow-derived MSCs, and umbilical cord-derived MSCs [299-304].
This variability has important implications for potency, reproducibility, safety, and regu-
latory acacceptance. In this context, the implementation of robust GMP-compliant manu-
facturing procedures is critical for the development of EV-based advanced therapy me-
dicinal products [306-311]. At present, establishing suitable GMP processes for clinical-
grade EV preparations remains a major challenge [307,310-312]. Nevertheless, despite
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these limitations, cell-free EV-based strategies represent a promising future approach to
improve therapeutic intervention in patients with COPD.

In conclusion, the integration of 3D lung models with molecular and cellular innova-
tions is driving more precise, predictive, and patient-centered approaches to COPD re-
search and treatment. Future studies should focus on validating these strategies in clini-
cally relevant settings to accelerate their translation into effective diagnostic and thera-
peutic tools.
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