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Abstract
Chronic lung diseases result from alteration and/or destruction of lung tissue, inevitably causing
decreased breathing capacity and quality of life for patients. While animal models have paved the way
for our understanding of pathobiology and the development of therapeutic strategies for disease
management, their translational capacity is limited. There is, therefore, a well-recognised need for
innovative in vitro models to reflect chronic lung diseases, which will facilitate mechanism investigation
and the advancement of new treatment strategies. In the last decades, lungs have been modelled in
healthy and diseased conditions using precision-cut lung slices, organoids, extracellular matrix-derived
hydrogels and lung-on-chip systems. These three-dimensional models together provide a wide spectrum
of applicability and mimicry of the lung microenvironment. While each system has its own limitations,
their advantages over traditional two-dimensional culture systems, or even over animal models, increases
the value of in vitro models. Generating new and advanced models with increased translational capacity
will not only benefit our understanding of the pathobiology of lung diseases but should also shorten the
timelines required for discovery and generation of new therapeutics. This article summarises and
provides an outline of the European Respiratory Society research seminar “Innovative 3D models for
understanding mechanisms underlying lung diseases: powerful tools for translational research”, held in
Lisbon, Portugal, in April 2022. Current in vitro models developed for recapitulating healthy and
diseased lungs are outlined and discussed with respect to the challenges associated with them, efforts to
develop best practices for model generation, characterisation and utilisation of models and state-of-the-art
translational potential.
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Introduction
Chronic lung diseases contribute significantly to the global burden of healthcare [1]. Asthma, chronic
obstructive pulmonary disease (COPD), lung fibrosis, pulmonary hypertension and lung cancer are some
common examples [1]. Structural alterations and cellular damage in these chronic diseases can be the result
of (combinations of) prolonged exposure to environmental factors such as smoke (cigarette or other
sources), air pollution and pathogens or genetic predisposition [2]. As a result, chronic diseases are often
characterised by excessive mucus secretion [3, 4], reduced mucociliary clearance [3, 4] and aberrant
remodelling of the airways, pulmonary vasculature and distal parenchymal tissue [5]. Subsequently, airflow
limitation and alveolar tissue destruction results in the loss of lung function [3–5]. Localised repair and
regeneration in the lung can be facilitated by resident progenitor cells [2, 6], but these progenitor cells can
be functionally impaired in disease conditions [6]. Therefore, for most end-stage lung diseases, the only
definitive treatment is lung transplantation [7].

Developing appropriate treatments for chronic lung diseases can be bolstered through thorough
understanding of disease mechanisms. In spite of the abundance of and advancement in knowledge, the
pathogenesis and progression of most chronic diseases remains unclear. Much knowledge has been
obtained from rodent studies, which often do not completely recapitulate human diseases [8]. Traditional
two-dimensional (2D) in vitro cell culture approaches have played a fundamental role in advancing current
knowledge of cell behaviour and fate. However, these approaches lack a range of essential cell–cell and
cell–extracellular matrix (ECM) interactions that have been shown to define cell signalling and function [9].
Bioengineering has promoted the development of innovative in vitro systems for modelling diseases in
lung research [10]. Hence, three-dimensional (3D) models containing one or more matrix components and
multiple cell types are becoming the sought-after standard for in vitro studies. These models support the
growth of cells in all directions and allow for interaction with their surroundings. The use of models
emulating human disease will not only aid in increased understanding of disease processes, but new
models can also improve the drug development process and safety testing.

This review extensively describes the state of the art for in vitro models developed for ex vivo engineering in
lung research as a summary and postscript of the presentations and discussions that took place during the
European Respiratory Society (ERS) research seminar “Innovative 3D models for understanding mechanisms
underlying lung diseases: powerful tools for translational research” in Lisbon, Portugal, in April 2022. A
synopsis of various traditional and novel methods for characterisation of these models along with a
comprehensive overview of the advantages and disadvantages of each model are presented. Furthermore, the
translational potential of in vitro systems supplemented with potential challenges are reviewed.

Key terms

Click chemistry: Fast, simple and high-yielding reactions used to join molecular entities through a simple
action like snapping things together.

Crosslinking: Formation of bonds between two molecular chains to link them together.

Cryopreservation: Storing of cells, tissues or organs by freezing in protective substances that enable the
frozen object to be retrieved in a living state.

Decellularisation: Removal of cells and cellular content from any given tissue or organ.

Elastic modulus/stiffness: Measure of mechanical properties that defines the compressive elastic
deformation of materials.

Extracellular matrix (ECM): A bioactive and dynamic three-dimensional network composed of proteins,
glycosaminoglycans, glycoproteins and proteoglycans. It provides structure and support to the cells,
being present in all tissues and organs.

Feeder (layer): A layer of cells that do not grow themselves but provide support for other cells.

Lyophilisation: Removal of frozen water from frozen tissues or organs under vacuum conditions.

Microenvironment: The local environment surrounding a cell, composed of the ECM, other cells and factors
that dynamically interact with one another to affect the cell directly or indirectly.

Pluripotent stem cells (PSCs): Cells that have the capacity to self-renew and are able to differentiate into
all different types of cells in the body.

Remodelling: Series of changes in the content and organisation of the components (of the ECM).

Resident progenitor cells: Self-renewing cells resident in a tissue that are activated during injury to
participate in the repair process through differentiating into tissue-specific cell types.

Thermosensitive: Responsive to changes in temperature.

Viscoelastic (stress) relaxation: Measure of the decrease in the accumulated load (stress) in the structure
through both viscous (fluid) and elastic (solid) manners.
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Generation of (3D) innovative in vitro lung models
Currently, translation of respiratory therapies from bench to bedside remains limited in part due to the lack
of relevant in vitro and in vivo models. The need for more accurate and physiologically representative
models of the lung is thus clearly established. Various approaches to develop new models range from
models exclusively using the source material of the lung, like precision-cut lung slices (PCLS), to fully
engineered environments, like the lung-on-chip (LOC). This article will focus on disease modelling in four
main types of in vitro lung models: PCLS, organoids, lung ECM-derived hydrogels and LOC. Each of
these models has their strengths and weaknesses, as presented in figure 1.

The common ground in the above-mentioned models is the development of a cellular environment away
from stiff and non-physiological plastic culture dishes, proposing instead a transition towards softer
materials, with the possibility of including ECM proteins and/or reproducing the structural arrangement
and biochemical/biomechanical properties of the lung. To recapitulate the lung microenvironment, several
different factors are important. The main factors are biomechanics (mechanics of breathing and stiffness),
lung ECM (structure and composition) and lung cell composition (cell types and cell source). Other factors
that may be added include but are not limited to an immune component, hypoxic and normoxic regions
and blood flow (perfusion).

These in vitro models can be used to investigate the influence of individual mechanical parameters and
immune cell interactions on disease origin and progression, along with screening for druggable targets and
developing therapies. Animal models remain an indispensable tool for research because in vitro models
cannot yet mimic the complex structures of tissues and systemic effects. However, there is an evolving role
for these preclinical systems for modelling in vivo conditions and screening therapeutics to reduce the
burden on in vivo systems.

Each model has different advantages and disadvantages, and the choice of model is highly dependent on
the research question to be addressed and the availability of source material. This review section will
highlight some of the innovative in vitro lung models and their recent developments.

Precision-cut lung slices
PCLS are a unique translational ex vivo model of peripheral lung tissue that have applicability for many
different research approaches including drug discovery and toxicity screenings [11, 12]. The slice lung
model was first introduced as a pharmacological model by DANDURAND et al. [13]. Unlike tissue fragments
obtained by cutting or shredding explanted tumour resections [14], PCLS are well-defined models with
standardised protocols for preparation and use in experiments. Upon collection, the lungs are filled via the
trachea in animals or bronchi/bronchioles in human lung explants with a low melting agarose solution
(0.75–3%) and then cut into slices of 200–500 μm thickness [15, 16]. The slices consist of distal airways
and vessels with their intact lung architecture, maintaining cell–cell interactions and ECM.

It is possible to sequentially study various lung cell populations in airways and vessels of different sizes
and anatomical locations from a healthy or diseased lung, thus optimally using available resources. Such
an approach provides opportunities for specialised screening of the responses of alveoli, bronchioles,
vessels and surrounding ECM. Calcium fluxes and ciliary beat frequency can be followed and visualised in
the small airways [16, 17], with smaller airways being known to respond to a greater extent to
bronchoconstrictors than larger airways [15, 18].

In some instances, the thickness of the slices may be a concern because the readouts and functionality can
differ depending on the thickness. Therefore, it is important to describe slice thickness, area of the slices
and lumen size of airways and pulmonary vessels when reporting generated data. Moreover, cutting and
embedding the lung tissues in agarose can trigger repair and regenerative responses that can subsequently
affect further experiments. Thorough washing and resting periods prior to experimental procedures can
considerably reduce the effect of the processing steps. The viable culture period (5–28 days) is dependent
on the type of analysis to be performed and should always be specified to enable replication of the studies.
Cryopreservation of PCLS is a way forward to maximise the number of slices that can be used per lung
and the possibility of sharing valuable material; however, current protocols under development for
cryopreservation need further improvement to enhance PCLS viability and functionality upon revival.

PCLS can also be modified to mimic disease with different approaches and protocols either by treating the
animal prior to harvesting of the lung or by directly treating the PCLS. Examples of applications of such
models include allergic asthma [19, 20], emphysema [21, 22], acute respiratory distress syndrome [23] and
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Precision-cut

lung slices
Organoids

Lung
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Biological complexity

Proximal to distal regions modelisation

Cellular composition (E/M/V/I)

Macroscopic architecture

Remodellable environment

Relevant ECM composition
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FIGURE 1 A general comparison of in vitro models used for modelling the lung: precision-cut lung slices, organoids, lung extracellular matrix
(ECM)-derived hydrogels and lung-on-chip. The proportion of filled dots reflects the score of the model to fulfil the stated criterion, from least
representative (one filled dot) to a complete lung in vitro (five filled dots). Lung ECM-derived hydrogel comparisons were based on cell-seeded
hydrogels. Reported scores reflect the opinion of the authors and the meeting attendees rather than an objective scoring. E/M/V/I: epithelial cells/
mesenchymal cells/vascular cells/immune cells.
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fibrosis [24, 25]. PCLS can also be decellularised and used as lung scaffolds with native ECM architecture
for 3D cell culture studies with and without cyclic stretch [26–28].

Material availability and viable culture duration limit the use of PCLS; however, these models provide
unmatched resemblance of the physiological architecture and multicellularity of the lung. These models
represent the status of the lung at a given time of harvest, thus providing excellent tools to study different
stages of disease progression. Overcoming the current restrictions, combined with facilitating immune cell
recruitment, would aid in unlocking the true potential of PCLS.

Organoids
Organoid cultures are defined as 3D cultures grown from pluripotent stem cells (PSCs) or adult progenitor
cells that self-organise to form structures histologically similar to human organs [29, 30]. For a 3D culture
to be considered an organoid, it must have the capacity to self-renew and it must replicate some function
specific to the mimicked organ (such as the mucociliary function in the case of bronchial organoids)
[29, 30]. In contrast to organoids, spheroids are typically cell aggregates grown scaffold-free from a single
or a mix of multiple cell types and have lower complexity while recapitulating native tissue [31]. While
organoids modelling bronchial epithelium have been rapidly instituted, those for alveoli have been more
challenging to establish [32]. Early efforts employed flow cytometry sorting of murine alveolar type II
epithelial cells co-cultured with mesenchymal cells [33]. To date, the minimal composition of lung
organoids built from adult progenitor cells comprises bronchial epithelial cells that are embedded in a 3D
ECM-based hydrogel with a complex combination of growth factors [34]. This gives rise to spherical
organoids, often filled with secretions, that are classified into tracheospheres [35], bronchospheres [36] or
alveolospheres [33, 37], depending on the source of epithelial cells. More recently, isolation of epithelial
cells (often with selection of epithelial cell adhesion molecule-positive cells via flow cytometry [38] or
magnetic bead-based selection [39]), coupled with culture with or without mitomycin-restricted feeder
fibroblasts has been described for alveolar organoid culture [40, 41]. Moreover, generating alveolar
organoids without the presence of a feeder cell population has also recently become possible [42, 43].

Research using organoids has progressed exponentially during the last decade, and results obtained have
been reviewed in detail elsewhere [44, 45]. Relatively simple to obtain, human airway organoids derived
from epithelial cells and adult stem cells have been successfully used to study important processes such as
respiratory virus infections, including respiratory syncytial virus [46] and influenza viruses [47].
Donor-specific organoids can be generated from progenitor cells purified from human lung tissue to model
the healthy state and various respiratory diseases (table 1). In contrast, PSC-derived lung organoids rely on
complex manipulation of developmental signalling pathways to form a lung bud organoid that can develop
into branching airways with primitive alveoli [48]. PSC-based, in particular induced PSC (iPSC)-based,
organoids have great potential thanks to their ability to combine multiple cell types such as epithelial cells,
smooth muscle cells and fibroblasts [49]. However, owing to their intrinsic immature nature, generating
disease models is not straightforward, except for monogenic disorders such as cystic fibrosis [50]. Lung
organoids have rapidly shown their value for respiratory research thanks to their physiologically relevant
properties, the possibility to recreate and understand lung development, and their regeneration mechanisms.
Organoid amplification [46] and cryopreservation of organoids opens a world of possibilities for the
establishment of biobanks to facilitate greater availability of progenitors for organoid development for
biomedical research and personalised medicine [51].

Lung extracellular matrix-derived hydrogels
Hydrogels are hydrophilic polymers physically or chemically crosslinked to form a 3D network [52].
Hydrogels can hold copious amounts of fluids while maintaining their structural integrity and represent the
hydrated nature of physiological ECM. Individual ECM components or derivatives of them such as
collagen, gelatine, fibronectin, fibrin and hyaluronic acid have frequently been used to form hydrogels to
mimic the ECM and provide bioactive components in cell culture [53]. However, they do not fully
recapitulate the physiological complexity of the ECM and its macrostructure. Organ-derived ECM
recapitulates the tissue-specific biochemical and biophysical complexity of the native tissue [54]. Thus,
cell-seeded lung ECM-derived hydrogels have emerged as an important in vitro system to model the lung
microenvironment. The first lung ECM-derived hydrogel was reported in 2016 by POULIOT et al. [55] using
porcine lung ECM, which was followed by human lung-derived ECM [54, 56] for establishing such
models. Lung tissue can be decellularised using different methods, including chemical detergents, freezing
and thawing, sonication, enzymatic digestion [53, 57] and recently developed apoptosis-associated
approaches [58], followed by lyophilisation and milling into fine power [54] or homogenising using mortar
and pestle [53]. The decellularised ECM is solubilised using pepsin in acidic conditions with constant
agitation for 24–72 h [53]. Pepsin preserves the ultrastructure of collagens by cleaving collagen triple
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helices only at their telopeptide bonds [53], although the digestion time has been shown to affect hydrogel
properties and morphology and metabolic activity of cells seeded onto the hydrogels [53, 59]. The pH of
the solution is neutralised, followed by buffering with PBS to generate a self-assembling and
thermosensitive ECM pre-gel that forms a hydrogel at 37°C [54]. Ultrasonic cavitation has also been used
to solubilise milled ECM of porcine trachea [60] as an alternative to pepsin digestion, which also solves
the challenge of leftover pepsin in the lung ECM-derived hydrogels. Despite these rigorous treatments,
ECM-derived hydrogels retain most of the native composition and reflect mechanical properties of the lung
ECM both in healthy and diseased states [54]. A recent report illustrates organ-specific elasticity,
viscoelastic relaxation and gelling properties of ECM-derived hydrogels [56]. These studies highlight the
importance of mimicking the underlying architectural and mechanical properties of the ECM that are
disease- and organ-specific and can thus differentially regulate cellular responses. To this end, multiple
studies have demonstrated alterations in cellular morphology or phenotype [61, 62], differentiation [63, 64]
and gene and protein expression [61, 65] in cells cultured on or harvested from within ECM-derived
hydrogels. Further investigation into individual biomechanical properties in studies using novel tools such
as click chemistry for modulating elastic modulus [66], ECM-derived and synthetic material hybrid
hydrogels to modulate stiffness [67], or applying fibre crosslinking to native lung ECM-derived hydrogels
to increase stiffness and decrease viscoelastic stress relaxation [68] have provided novel insights into the
role of the lung microenvironment in driving disease processes.

Lung ECM-derived hydrogels are an innovative and powerful tool that can be manipulated. Through the
addition of cyclic stretch to mimic breathing, this model has the potential to further mimic the lung
microenvironment in vivo [62, 69], thus being one of the models that most closely represents physiological
conditions. A challenge yet to be addressed effectively is the capacity to mimic the physiological
architecture of peripheral lung tissue. Through the employment of this model system, the outcomes of
cell–ECM interactions in the lung are slowly becoming evident.

Lung-on-chip
LOC devices are microphysiological systems that model part of the lung and make it possible to combine
physiological flow, mechanical stretching, multi-compartment co-culture, drug/particle exposure and ECM
material in an in vitro system. The LOC models began with 2D or 2.5D systems; however, they have now
advanced to multicellular and multidimensional 3D systems. Microfluidic devices offer many possibilities
that have recently been used to develop different LOC devices and some relevant LOC devices are
highlighted here. The first LOC with physiological flow and mechanical stretch was developed by the
Ingber group [70]. This alveolus-on-chip, with lung epithelial cells and endothelial cells, was perfused
with neutrophils to mimic an infection, and later expanded to initiate COVID-19 research on the chip
[71, 72]. Diseases like asthma and COPD have been modelled in LOC mimicking small airways [73, 74].
In addition, a stromal layer can be included, combining LOC technology with hydrogel culture [75]. LOC
technology has evolved further and a LOC with a stretch regimen that is closer to physiological stretch was
recently developed. This platform uses a micro-diaphragm that stretches the cell culture membrane in three
dimensions [76, 77]. It can be used with immortalised primary alveolar cells for nanoparticle exposure and
lipopolysaccharide challenge [78]. To create a more in vivo-like environment, the polymer membrane of
the LOC was replaced by a collagen-elastin membrane spread by surface tension on an ultra-thin grid with
holes the size of alveoli, enabling the creation of an array of alveoli [79]. Lung microvasculature and
vascular diseases are also modelled with microfluidics. For example, side-effects of the idiopathic
pulmonary fibrosis (IPF) drug nintedanib [80], effects of physiological stretch on the endothelium [81],
and combined effects of hypoxia and cyclic stretch [82] have been investigated.

A challenge with LOC experiments is the incorporation of primary material that presents wide
heterogeneity. This has been tackled by generating type II alveolar epithelial cell organoids to enable
expansion of primary lung alveolar cells in hydrogels before culture in a LOC [42]. Another challenge is
the complicated fabrication of LOC devices, which often requires highly specialised equipment, although a
recent study showed that it is possible to develop a LOC to study ventilation-induced injury solely by
using a simple 3D printer and syringe pump [83]. In spite of these challenges, LOC as a technology has
been successfully commercialised by multiple startups, e.g. Emulate [71], AlveoliX [78] and Mimetas [84],
which support research on a wide range of human (lung) diseases. Often, these companies offer
customisation of chips, allowing easy technology transfer and adaptation of LOC systems, thus enabling
rapid uptake of LOC without the limitation of requiring development and manufacture in-house by various
research groups. However, the scalability and costs of these systems remain an important challenge. The
LOC field is still young and exciting with new developments continuously occurring. Overall, LOC
technology is promising for modelling lung diseases and drug efficacy/safety screening with the advantage
of being able to model the complexity of the different compartments of the lung in one system.
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Perspectives and future directions
A summary of recent applications of the use of PCLS, organoids, ECM-derived hydrogels and LOC as in
vitro systems for lung disease modelling is presented in table 1. Excitingly, the development of lung in
vitro models continues to rapidly advance. In the future, there is the potential for different models
highlighted in this perspective to be combined to create an optimal in vitro model that can use the
advantages of different models in concert. For example, by combining LOC technology with porcine lung
ECM hydrogels, a physiomimetic acute respiratory distress syndrome model incorporating primary rat
mesenchymal stromal cells and type II alveolar epithelial cells has recently been developed [62].
Furthermore, these in vitro models can be improved using techniques such as the 3D bioprinting that is
rapidly offering several new opportunities, e.g. bioinks with bioactive components and tuneable
mechanical properties [131, 132]. The cellular and ECM diversity in the lungs and an increase in the use
of human material in research calls for the use of spatio-specific material for defined research questions.
An indispensable feature of animal models that is yet to be recapitulated in in vitro models is the systemic
responses that arise from a functioning immune system. The inclusion of immune cells in in vitro models
developed for testing novel cellular and molecular interventions will aid in advancing knowledge about
local and systemic immune responses associated with lung diseases [133]. Furthermore, development of
advanced in vitro models will reduce the dependency on animal models for scientific research. However,
to reach this point, adequate characterisation of in vitro models is necessary, which will be discussed in the
next section.

Challenges associated with 3D in vitro models
In vitro models including PCLS, organoids, lung ECM-derived hydrogels and LOC are powerful methods
in the quest to decipher the in vivo status of lung diseases at the cellular and ECM level. A comprehensive
overview of the challenges associated with the above-mentioned in vitro models is presented in table 2. In
addition to the challenges specific for each model, there are overarching challenges for in vitro models in
general. As research using such models progresses, the materials used, methods applied and outcomes
tested also diversify. As one of the primary outcomes of the ERS 2022 research seminar “Innovative 3D
models for understanding mechanisms underlying lung diseases: powerful tools for translational research”,
the participants were invited to contribute to a discussion on defining best practices when using these
models and resources to improve reporting and reproducibility of data generated with these models. The
main take-home message from these discussions was the need for clear and detailed methodology sections
when reporting outcomes and open communication. Additionally, several other important issues
were highlighted.

TABLE 2 Main challenges associated with the four different in vitro culture systems for modelling lung environment in health and disease

PCLS Organoids Lung ECM-derived hydrogels Lung-on-chip

Patient-to-patient variations Heterogeneity in number and
sizes (due to intra- and

inter-patient variations and
various culture modalities)

Patient-to-patient variations
influencing ECM

hydrogel properties

Challenges associated with
incorporation of cells (only for closed

lung-on-chip systems)

Heterogeneity in the diseased
regions, resulting in intra- and

inter-slice differences

Closed architecture with limited
access to the lumen, which is
filled with liquid instead of air

Heterogeneity in the diseased
regions and in decellularisation

methods

Restriction of the morphogenesis to
predefined geometry

Absence of easy air–liquid
interface setting

Presence of necrotic cores Macroscopic architecture differing
from native lung

Non-permissive environment that
cannot be remodelled

Need for fresh starting material
that limits lifespan of various
cells and the tissue in vitro

Difficult to obtain fully
differentiated lung cell types

Pepsin removal currently
not possible

Non-physiological stiffness of
the device

Snapshot of the cell populations
in the tissue and absence of
access to infiltrating cells

Lack of vascularisation and
difficult to introduce perfusion or

immune cells

Incorporation of cells is
challenging

Challenges associated with translation
of observations from microscale to in

vivo systems
Difficult to preserve arteriole
morphology and function

Limited inclusion of mechanical
forces associated with breathing

Limited inclusion of mechanical
forces associated with breathing

For non-commercialised
lung-on-chips: rather long production
time of the microfluidic devices with

a small throughput
Cellular behaviour likely

impacted by processing and
agarose embedding

Limitations in hydrogel types to
develop organoid culture systems

Lack of vascularisation and
difficult to introduce perfusion

PCLS: precision-cut lung slice; ECM: extracellular matrix.
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Best practices for handling patient samples: All participants were appreciative of the opportunities and
importance of using precious human samples; however, the limitations of this practice were also recognised.
The variability in the results caused by sample processing can be addressed by suggesting optimal windows
of time between explanting of tissues and processing, and clarity of methodologies for processing when
working with human material [134]. Extensive information about each protocol used by investigators in the
materials and methods sections would improve the potential for accurate comparisons to be made between
different studies. Primary lung tissue material is generally seen as the optimal source for cell and ECM
material, but access to such primary tissue is limited and not equally distributed between research centres.
Obtaining ethical board permissions to use the sparse human-sourced material is a challenge [135], although
the establishment of local exchange networks has aided in tackling this. However, a European network
currently does not exist, which limits optimal distribution of primary samples. Moreover, limited-to-no access
to “true” healthy lung samples hinders how we can model truly “normal” tissues, resulting in potential bias in
the data generated. Extensive descriptions of the details of obtaining and processing animal-sourced materials
used in combination with patient-derived material for in vitro models would stimulate cumulative research.

Best practices for (description of ) the methods applied: Different in vitro models require different methods
for production. The development of innovative and novel techniques is encouraged by the interdisciplinary
nature of lung disease research, which is supported by the fields of cell biology, pulmonology, biomaterials
and bioengineering. As a result, various research groups are developing different methods for generating in
vitro models depending on available resources and applicability to the research questions explored. This,
however, results in diversity and hence variability in the outcomes obtained from in vitro models, making
comparison between different studies challenging. As we attempt to build on existing knowledge, the lack
of unified approaches renders our efforts more complex. Agreeing on minimum parameters to define the
steps required to create each version of these models, preparing such guidelines for the community and
encouraging clear communication are important starting points for tackling this conundrum [136].

Best practices for measuring and reporting end-points: Different research questions require generating and
measuring different outcomes. Characterisation of end-points can be performed with different
methodologies that can provide information that speaks towards similar end-points. While the separate
measurements will ideally provide data that can be informative for comparisons, differences in the sample
processing and individual experimental setups are likely to influence the outcomes, generating difficulties
when it comes to making subsequent comparisons between different studies. Defining certain standards or
establishing recommendations for reporting of specific details where variances may occur that influence the
outcomes (e.g. number of cells used, exact media composition, timing for all culture steps of experiment)
would greatly benefit the field. Such an approach will enable the field to move forward because it would
bring different studies performed at different locations and/or times to a comparable basis.

Establishing best practices for the materials used, the methods applied for generating in vitro models and
the end-points tested will be a difficult task. However, this newly advancing topic would strongly benefit
from starting discussions regarding best practices for above-mentioned criteria. Enforcing “gold standards”
to be met with each model system prematurely would potentially result in missing development
opportunities represented by the many innovative pioneering studies. It must also be noted that these
standards might vary based on the research question. One way to start such discussions is creating
awareness of the need to follow best practices by providing detailed information for other influential
elements of academic research. Engaging editors and journals regarding the development of good practices
for the field would be an ideal starting point. The development of agreements such as minimum
information about a microarray experiment (MIAME) [137], Animal Research: Reporting of in vivo
Experiments (ARRIVE) [138] and the US Food and Drug Administration Modernization Act 2.0 [139]
provide guidelines intended to improve quality and reproducibility of scientific reports involving
microarrays, animal research and alternative methods used to test drug safety and effectiveness. These
agreements are advanced to ensure unified evaluation and interpretation of results and better reproducibility
of experiments, moving towards new standards for certifying new methodologies for drug development.
Such initiatives could subsequently be moved forward by engaging with reviewers about what to look out
for when presented with manuscripts reporting such methodologies, as well as providing information for
the research community. Together with a scientific community working harmoniously, reviewers and
editors of journals paying attention and looking to apply such standards would greatly benefit the
advancements made in generating and using innovative in vitro models for translational research [140, 141].

Characterisation of in vitro models
Today, the use of complex 3D systems has made it possible to undertake translational studies in models
that more closely mimic the in vivo situation. State-of-the-art characterisation of these 3D in vitro models
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is therefore important. The characterisation of experimental 3D models such as PCLS, organoids,
(cell-seeded) ECM-derived hydrogels and decellularised lung matrices, and LOC presents different
challenges, with appropriate ways for characterising biological and physical aspects within the models
dependent on the research question being addressed. These research questions might include different
conditions, including but not limited to basal levels, challenged and stimulated. Here we present a
non-exhaustive summary of recent advances in the characterisation of these in vitro models.

Imaging
Imaging is a major methodology used for characterising the macroscopic architecture and spatial
localisation of specific proteins or cells, as well as cell–cell and cell–ECM interactions [142]. Light sheet
fluorescence microscopy (LSFM) is an emerging technique for imaging larger 3D samples with high
spatiotemporal resolution [143]. LSFM has been used extensively for organoid development studies, where
visualisation is essential for understanding the cellular complexity [144] and airway development [145].
LSFM, however, requires fixation of the sample and optical clearing, which is a challenge when working
with 3D structures with different thickness, e.g. PCLS. This is due to the difficulty with optical clearing in
thicker PCLS that render blurry images at ⩾100 µm depth. Scanning electron microscopy has also been
used to characterise cellular structures in PCLS [146], lung organoids [46, 147] and LOC [105] and fibre
structure of empty lung ECM-derived hydrogels [56]. Second harmonic generation microscopy [148, 149]
has greatly facilitated the characterisation of ECM components in a PCLS model [146]; however, it has yet
to be applied to other model systems for characterising cells and the microenvironment. The imaging
technique employed depends on several properties of the particular in vitro model, thus limiting the
applicability of different microscopic approaches to certain 3D models. Some important considerations
while choosing an imaging technique for an in vitro model include the thickness and size of the sample,
the effect on live cells and fixation methods.

Protein and gene level characterisations
Recent advances in sensitivity and resolution of mass spectrometry allow for deeper characterisation of all
3D models [26, 150] and have been commonly used for the characterisation of ECM composition, ECM
remodelling and cell phenotyping [151]. Isotope-labelled amino acids that tag chemical, metabolic and
enzymatic processes have been used to differentiate, in combination with mass spectrometry, between de
novo ECM synthesis and native ECM proteins in decellularised PCLS [26, 152]. While mass spectrometry
analysis on regional and disease-specific decellularised lung ECM has been recently performed [153],
employing such analysis on empty and cell-seeded lung ECM-derived hydrogels is yet to be completed.
Parallel to mass spectrometry, Raman spectroscopy is a label-free method that allows investigation of
biochemical composition of ECM-based models such as PCLS, decellularised PCLS and hydrogels [154].
Regarding gene level characterisation, RNA-sequencing approaches have been successfully applied to
PCLS [155], organoid [46] and LOC systems [156]. Single-cell RNA-sequencing, a method based on
capturing the mRNA content of each cell at single-cell resolution, has been recently applied to lung
organoid samples [157]; however, it has yet to be implemented on the remaining systems. Metabolomics
approaches have also been applied to PCLS [146] and iPSC-derived epithelial progenitor cells [158];
however, no application of these approaches to other model systems has been reported.

Mechanical characterisation
Lung diseases are often characterised by an alteration in physiological mechanical properties of the ECM,
and thus of the lung tissue as a whole. These changes in turn affect cellular behaviour. Importantly, the
macroscopic stiffness of a tissue is rarely the same as the local microscopic stiffness which is sensed by
cells through their cell surface focal adhesions [159]. Mechanical properties of in vitro models (mainly
hydrogel based) can be manipulated to mimic disease conditions and characterised using various methods
including rheometry [131], low-load compression testing [54, 68, 160] and atomic force microscopy
(AFM) [61]. On a cellular and thus a micrometre scale, spatial elastic modulus can be measured using
Brillouin microscopy. Brillouin light scattering allows for live measurements of viscoelastic properties over
the surface of the sample and can be applied on bioprinted cells and 3D in vitro models [161, 162].
Innovative use of 4D traction force microscopy and an open-source MATLAB software package is an
emerging method to measure and calculate traction forces exerted by cells in 3D hydrogel cultures over
time [163]. On a microscopic scale, AFM has been commonly used to measure both stiffness and
viscoelastic properties, which allows for a local assessment of the material properties [164]. Cells in the
lungs experience dynamic forces and are under constant cyclic stretching, which is exaggerated in patients
being mechanically ventilated [165]. Additionally, cells also receive biomechanical cues from the local
microenvironment [166, 167]. A novel approach using AFM was highlighted as a way to measure
microrheology of tissue exposed to different levels of stretch [168].
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All of these methodologies have the potential to be applied in the examination of PCLS, organoids,
cultures with ECM-derived hydrogels and decellularised lung matrices, and LOC. Generating such
information will further our understanding of how altered mechanical conditions in lung disease impact
cellular behaviour in the 3D environment [169].

Translational potential of in vitro models
The high number of failures of new drugs for respiratory diseases in clinical trials might be related to
limitations in preclinical studies [170, 171]. Many of these trials fail in phase 3; while the therapy is
not toxic, its efficacy cannot be demonstrated. One of the main problems with the preclinical models
that are currently used is the lack of attention given to the physical aspects that are characteristic of the
lung and (spatial) organisation of different cells [172, 173]. Because 3D models can be implemented
with human cells, they can more closely resemble human physiology, which has resulted in a growing
number of studies using 3D models to study lung development and lung disease pathogenesis.
Furthermore, these models have potential as screening tools for pharmacological drugs being developed
to treat pathologies such as lung fibrosis and other rare lung diseases. Figure 2 illustrates currently
available models for most common lung diseases while highlighting the models that have yet to be
developed for these diseases.

Healthy

lung

Lung 

cancer

Lung

fibrosis

Cystic

fibrosis

COPD

Asthma

Precision-cut

lung slices

Organoids ECM-derived

hydrogels

Organ-on-chip

In vitro models

FIGURE 2 Summary of the state-of-the-art status of different models used for modelling of different diseases.
COPD: chronic obstructive pulmonary disease; ECM: extracellular matrix.
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Mechanopharmacology is emerging as one of the key fields associated with the development of 3D models
and harvesting their potential in translational research, because it investigates the effects of mechanics in
dictating the efficacy of drugs and vice versa. Pioneering studies on healthy and asthmatic subjects
[174, 175] highlighted the difference in the mechanical properties of the airways and the relation with
strains produced by deep inhalations [176–178]. In IPF, transforming growth factor-β (TGF-β) signalling
[179] is involved in an aberrant feedback loop, because the composition of ECM [180] and stiffening of
the microenvironment activates TGF-β, which further promotes production and crosslinking of fibrillar
collagen [181]. Experiments performed with IPF fibroblasts cultured on either stiff tissue culture plastic, in
CytoSoft plates (2 kPa) or in soft spheroids (0.4 kPa) showed that softer materials induced expression of
cycloxygenase-2 (COX-2), suggesting that higher stiffness reduced COX-2 expression while activating
TGF-β [182].

Human airway organoids have been explored with respect to their translational potential for cell therapy [90].
However, dissociating such organoids into single-cell suspensions for subsequent therapeutic application
remains a challenge for advancing their use in cell therapy, as well as the development of platforms for
high-throughput drug screening. As an example, in the rare disease primary ciliary dyskinesia [183],
cultures of basal epithelial cells from patients have been performed in 96-well plates for the screening of
different drugs from a reduced starting cell number [184]. Methods to promote the expansion and
differentiation of epithelial cells within 3D organoids, only requiring low cell numbers, provide novel
opportunities to investigate how these cells behave in health and disease [185].

The translational capacity of preclinical models has recently been highlighted as a discussion point. Because
92% of the preclinical trials fail for new lung cancer treatments, it is clear that there is a need to increase
the preclinical “confidence” [186]. Therefore, new approach methodologies (NAMs) are needed [187]. The
main steps that must be considered when developing NAMs are 1) a detailed methodological description;
2) consideration of the diseased organ anatomy and control of the cell/cell ratio; 3) overcoming the
uncertainty due to interspecies differences, by using human cells and no animal-derived proteins, and
including the microbiome; and 4) exposure conditions and time points [188, 189]. Primarily driven by
cancer research, these lessons can be applied to develop the innovative 3D in vitro models described here to
investigate disease pathogenesis, progression and therapeutic targets for chronic lung diseases.

Conclusions
In vitro models with 3D structures are powerful tools that provide variability and versatility for both basic and
translational research in lung diseases. PCLS, organoids, lung ECM-derived hydrogels and LOC systems
present a wide spectrum of tune-ability and biomimicry. Each of these models have advantages and
limitations, and selection and application of the models for different studies requires a thorough understanding
of their strengths and disadvantages. The future of these models, moving towards increased complexity to
better represent the lung physiological conditions, will be built upon refinement of the currently developed
model versions, by defining best practices for the materials used, the characterisation methods applied, and
how the reported readouts can be compared. Similarly, combinations of these models to create increasingly
tailored models for specific research questions would also increase the lung mimicking capacity of the models.
By improving the currently existing models, generating new and innovative alternatives, and developing
creative combinations of these systems, the translational capacity of in vitro research for lung preclinical
studies will be greatly enhanced. The path to achieve more applicable and accepted models lies in open
communication, clear descriptions of all materials/components used and methods applied, and educating all
parts of the scientific community. It is not unlikely that in the near future advanced in vitro models will replace
several animal models that do not accurately reflect the diseased microenvironment of some lung diseases.

Points for future research

• Exploring opportunities for combining elements from precision-cut lung slices, organoids, lung extracellular
matrix-derived hydrogels and lung-on-chip models to expand 3D models for mimicking lung homeostasis
and pathogenesis will advance the field.

• Establishing best practices for reporting the materials used, methods applied for generation of in vitro
models and the end-points tested, based on the research question and model used, would greatly benefit
the field. Thorough and cross-platform characterisations of different in vitro models have great potential in
furthering our understanding of how altered biochemical and mechanical conditions in lung disease affect
cellular behaviour in the 3D environment.

• New approach methodologies for in vitro models are required to increase the preclinical confidence in
these models.
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