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Abstract

Air-liquid interface (ALI) culture models currently represent a valid instrument to recreate the
typical aspects of the respiratory tract /n vitro in both healthy and diseased state. They can help
reducing the number of animal experiments, therefore, supporting the 3R principle. This review
discusses ALI cultures and co-cultures derived from immortalized as well as primary cells, which
are used to study the most common disorders of the respiratory tract, in terms of both
pathophysiology and drug screening. The article displays ALI models used to simulate
inflammatory lung diseases such as chronic obstructive pulmonary disease (COPD), asthma, cystic
fibrosis, lung cancer, and viral infections. It also includes a focus on ALI cultures described in
literature studying respiratory viruses such as SARS-CoV-2 causing the global Covid-19 pandemic
at the time of writing this review. Additionally, commercially available models of ALI cultures are
presented. Ultimately, the aim of this review is to provide a detailed overview of ALI models
currently available and to critically discuss them in the context of the most prevalent diseases of
the respiratory tract.
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1 Introduction

Chronic respiratory inflammatory conditions observed in patients with asthma, cystic
fibrosis and COPD are major causes for death and morbidity worldwide.[!] Besides, lung
cancer and respiratory infections, including the global COVID-19 pandemic in the year
2020, are frequent causes of mortality. Therefore, more efficient treatment strategies are
urgently sought for, particularly for diseases causing irreversible tissue destruction and loss
of lung function. The complex cellular composition of the respiratory tract and its location at
the air-liquid interface (ALI) hamper an accurate mimicking of the physiological situation.
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Various models have been applied in the past ranging from /n vitro lung cell models to /in
vivo animal experiments.[2] In this field of research, animal models are routinely used since
all /in vitro models lack one or another aspect of lung anatomy or physiology, hampering
validation of research results. Consequently, animal models are widely regarded as the sole
reliable choice that is available. Yet, the anatomical differences between rodents and humans
emphasize a substantial lack of functional homology regarding various biomolecules, drug
deposition rates and localization of particulate drug delivery systems.[3! For example, the
alveolar and the airway architecture show fundamental differences.[4:5] Mice only have 6-8
levels of branching airways while humans have up to 20 or more. Furthermore, mice do not
have respiratory bronchioles comparable to humans, which are characterized by
interruptions on their walls that project into the alveoli. They only have short terminal
bronchioles opening straight into the alveolar ductules.[®] Therefore, interpretation of data
derived from rodent models cannot easily be translated into human context. Furthermore, the
strong support for the 3R principle (reduce, refine, replace) in experimental animal testing is
constantly increasing.[”] These key facts have driven the development of alternative /in vitro
cell culture methods aimed at mimicking the respiratory tract. Hereby, ALI models derived
from the field of inhalation toxicology have been described as the most promising approach.
[8] The most important characteristic of ALI culture is that the apical surface of cells is
exposed to air while the basal side is nourished by contact with liquid cell culture medium.
This configuration allows cell differentiation towards a mucociliary phenotype, simulating /n
vivo conditions better than it is possible in conventional cell culture. ALI models hence
allow to obtain relevant data of the respiratory tract since they can be constructed from
human-derived cells and are therefore capable to model scenarios close to /n vivo conditions.
[91 Another advantage is that drugs administered as aerosols and particles are not diluted or
changed structurally by contact with cell culture medium before they impact on the
epithelium differently from submerged models. Furthermore, dosing can be exactly
controlled in contrast to /n vivo administration, resulting in a a better optimization of
parameters /n vitro and subsequently reduced amounts of experimental animals required in
follow-up /n vivo experiments. Besides, these lung models cannot only be used to help
understand pathophysiological processes and perform drug screening. They also support the
mechanistic understanding of the interaction of xenobiotics at the cellular level in healthy
and diseased tissue, complementing findings gained from /n vivo studies. However, for many
applications, ALI mono-culture platforms fail to represent the cellular arrangement
thoroughly, e.g. by lacking direct cell-cell interactions. Hence, co-culture models constituted
of more than one cell type are widely being developed.[10] For many applications, they are
beneficial over ordinary ALI culture models because they provide a morphology, function,
and intercellular interactions with enhanced resemblance to physiological /7 vivo conditions.

This article focuses on the different types of ALI cell culture models resembling the human
respiratory tract including the commonly used cell types and applications. Hereby,
importance is given to models mimicking healthy as well as diseased states of the lung, e.g.,
in patients suffering from asthma, cystic fibrosis or COPD. Especially advanced systems
using multiple cell types or even culturing cells with viruses or bacteria for pathogen-host
interaction studies will be presented in detail.
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2 Anatomical and cellular structure of the respiratory tract

The respiratory tract is part of the respiratory system that also includes parts of the central
nervous system, the chest wall and the pulmonary circulation.[!1] One can picture the
respiratory tract as an upside-down tree with a complex network of bifurcations getting
thinner and thinner with every branching step. Generally the respiratory tract can be divided
into three main regions: (a) the extrathoracic (ET) region which includes the oral and nasal
cavity, the pharyngeal and laryngeal tract to the trachea entrance, (b) the tracheobronchial
(TB) or conducting region expanding from the trachea down to the terminal bronchioles, and
(c) the alveolar (Al) region responsible for the gas exchange.[22] Within the airways, several
structural and cellular mechanisms protect the organ against harmful materials and potential
pathogens. First, a continuous layer of epithelial cells lines the entire respiratory tree. These
cells form tight junction networks, building the specific structural integrity of the epithelial
layer, and they are crucial for maintaining the normal functions of the respiratory system.
Furthermore, the surfactant film coating the lower airways and the mucociliary escalator of
the upper tract of the airways join forces to transport unwanted matter up the airways to be
swallowed subsequently.[13] Also, a resident population of innate cells such as dendritic cells

or macrophages inside and underneath the airway epithelium phagocytoses foreign material.
[14,15]

Cell types present in the different regions alter from the conducting to the respiratory part of
the airways, accommodating the respective specific functions and defence mechanisms
(Figure 1). The ET epithelium constitutes predominantly of ciliated columnar cells and
goblet cells, while the TB tract is lined by a pseudostratified, columnar epithelium consisting
of goblet cells, basal cells and ciliated cells, supporting the mucociliary clearance. Cuboidal
ciliated cells and secretory Clara cells prevail in the epithelium of the bronchioles.[!] Apart
from these tissue-specific epithelial cells, many non-epithelial migratory cells can be found
such as mast cells, leukocytes and lymphocytes. The Al region further down the respiratory
system is constituted of alveolar type | and Il pneumocytes forming the alveolar epithelium.
Type | pneumocytes account for about 95% of the internal lung surface and are mainly
responsible for gas exchange, whereas type 1l cells mediate many other functions such as
regulation of the lung surfactant system, the alveolar fluid content and secretion of
antimicrobial and surface-active components. Besides, alveolar cells form the gas exchange
barrier by attaching to endothelial cells via their basal membranes. Additionally, resident
alveolar macrophages remove inhaled debris.

3 Cellular composition of ALI models

In vitro cell culture systems offer controllable, adaptable and reproducible models compared
to /n vivo and ex vivo systems. Numerous epithelial cell types have been grown at the ALI
with the aim of mimicking distinct parts of the respiratory tract. Compared to submerged
culture, differentiated cell morphology, altered biochemistry and response to tested materials
have been described, showing good resemblance to the actual /n vivo situation. ALI models
can be established with primary material or with immortalized cell lines, both offering pros
and cons. In general, primary cultures isolated directly from tissues represent a heterogenous
population of several different types of epithelial cells. Primary cells from patient
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populations suffering from respiratory diseases such as cystic fibrosis,[18] asthma,[1%] and
COPDI2% have been isolated for research purposes. Moreover, primary epithelial cells were
used to study virus-host-interactions.[21] Cells from different sections of the respiratory tract
are cultured at ALI and can reproduce many features of the diseased state.[22] Each isolate,
however, is unique, and therefore, it is impossible to completely reproduce it. Moreover, the
isolation from normal human airway tissue comes with a limitated number of cells.[23]
Epithelial immortalized cell lines, as presented in Table 1, have the advantage of
homogenous clonality with less phenotypic differences compared to primary cells, resulting
in more stable cultures with easier handling. This is the reason why immortalized human cell
lines are very commonly utilized in ALI cultures of the respiratory tract. However, it is
important to emphasize that due to the transformation process and clonality, they can
potentially lack important molecules that are usually encountered in vivo. In general,
primary epithelial cells display a better representation of the native microenvironment and in
principle are optimal candidates for simulating /7 vivo conditions.

For the ET region of the respiratory system, only very few cell lines are suitable. The only
immortalized cell line of human origin frequently used in nasal drug delivery research is the
RPMI2650 cell line.[24] This epithelial cell line was obtained from an anaplastic squamous
cell carcinoma of the human nasal septum and displays strong stability even after extended
in vitro culturing without phenotype alteration exhibiting superior differentiation under ALI
conditions.[2526] RPMI2650 cells do not grow in polarized monolayers but in sheets of non-
ciliated cells, and transepithelial electrical resistance (TEER) values range from 41-270 Q -
cm?.[27.28] Dye to the lack of suitable immortalized cell lines of normal nasal tissue, many
applications of drug delivery research use primary epithelial cells from nasal brushings or
from nasal polyps.[29:30]

One of the most widely used human bronchial epithelial cell lines, 1L6HBE140-, was
established by transforming normal bronchial epithelial cells. They are used to mimic the
TB region and have a cuboidal shape expressing tight junction proteins and develop proper
TEER values.[31] While there are conflicting reports whether this cell line is ciliated or not,
it has been shown that 16HBE14o0- cells express several transport proteins.[32] Furthermore,
although bronchial epithelial cells can typically be found at an air interface, these cells
sometimes fail to polarize under ALI conditions.[33] The exact mechanism or reason for this
is currently still unknown but improvements in culture conditions were shown to enable
16HBE14o0- cell polarization at AL, as it was shown for the RPMI 2650 cell line.[25.34]
Apart from 16HBE140-, another cell line obtained from healthy human epithelial cells, the
BEAS-2B cell line, is also commonly used. It is particularly described in co-culture models
to evaluate the influence of epithelial cells on co-cultured immune cells after exposition to
tobacco smoke or diesel exhaust.[3538] However, at the ALI, these cells do not appear to
polarize, form tight junctions or produce mucus and only reach very low TEER values of <
100 Q cm?2.[37]

Another extensively used cell line mimicking bronchial cells is the Calu-3 cell line derived
from a bronchial epithelial adenocarcinoma.[38] This cell line shows an excellent polarized
monolayer formation at ALI together with high levels of tight junction proteins and mucus
production.[3%] Depending on the culture conditions, TEER values of Calu3 cells at ALI are
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usually bigger than 300 Q cm?, sometimes even exceeding 1000 Q cm?2.137] However, also
for this cell line the data for cilia expression appear to be contradictory, which might be
related to the number of cell passages.[38:49.41] Due to high stability, robustness, i vivo
resemblance and easy culture, Calu-3 cells are often described as a suitable model for the
respiratory epithelium.[42]

The most commonly used alveolar cell line mimicking the Al region is the A549 cell line
from human pulmonary adenocarcinoma. Many studies suggest that these cells are unable to
polarize and lack functional tight junctions, although they seem to express certain tight
junction proteins such as Occludin and E-cadherin.[43] Despite these limitations, the A549
cell line contains multilamellar cytoplasmic inclusion bodies typically seen in human
alveolar type I1 cells.[*4] These cells additionally release surfactant to reduce surface tension,
similarly to what is observed in vivo. [4546] Therefore, A549 cells are still used in ALI co-
culture models, mostly in presence of other epithelial cell lines to facilitate cell layer
polarization but also together with immune cells and endothelial cells to mimic the alveolar
barrier in the lung.[47-49] Besides A549, the NCI-H441 human alveolar cell line from lung
adenocarcinoma has been utilized in several studies. This cell line has been described to
have characteristics of both bronchiolar Clara cells and alveolar type 11 cells.[5051] |t can
form polarized monolayers with TEER values of around 300 Q cm? and has mainly been
employed to study the air-blood barrier in co-cultures with endothelial cells.[52:53]

In general, the complex regulation mechanisms of airway responses to allergens, pathogens
and other antigens combined with the different cell types and cytokines present in the
airways have a great influence on the microenvironment. Therefore, it is obvious that such a
complex system cannot be mimicked by just one cell type, and reproducing this
microenvironment as a field of research is advancing continuously. Depending on which part
of the respiratory tract and, above all, which disease should be analyzed, there are multiple
options for designing a suitable model.

4 ALl models in health and disease state

4.1 Respiratory viruses

It is estimated that 75% of all acute morbidities in developed countries are caused by acute
respiratory diseases. The underlying reason for the majority of them are viruses. For the
evaluation of virus-host interactions and the development of antiviral treatments, specific
models capable of high-throughput screening in physiologically relevant conditions are
required. In many other fields, animal experiments are used for this purpose but in virology,
small animal models are often not suitable. Depending on the nature of the virus, some
animal species are not susceptable to human viral infections or need virus adaption, thereby,
potentially affecting viral pathogenicity. In many cases, the clinical state of the disease in
humans is not reflected properly due to a lack of expression of specific human receptors.
Therefore, it is advantageous to make efforts towards establishing advanced human /n vitro
models for a reliable analysis of virus-host interactions.

Immortalized human cell lines, such as Calu-3, are invaluable tools for the evaluation of
virus replication cycles in lung epithelial cells.[58] However, the natural target cells of
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viruses in the respiratory tract are differentiated cells, whose characteristic features
sometimes differ widely from immortalized cells. Therefore, the analysis of virus infections
in continuous cell lines after lacks important aspects of the viral pathogenesis. In the last
years, models composed of well-differentiated epithelial cells from airway tissue have been
established to assess respiratory virus infections under more clinically relevant terms. The
cells are cultured under ALI conditions forming a monolayered, polarized and differentiated
epithelium.[39] This model closely resembles the airway epithelium 7 vivo regarding
morphology and function, including mucus production and cilia movement.[6% For
emerging respiratory viruses unable to proliferate in a traditional two-dimensional (2D)
submerged cell culture due to the lack of expression of several entry factors, ALI models
greatly facilitate virus isolation and characterization.[61.62] Ashraf et al. developed an ALI
model to study the basic characteristics of human rhinovirus-C viruses (HRV-C).[63] This
subtype of human rhinoviruses, which is considered the primary cause of the common cold,
has been circulating unnoticed due to the failure of culturing under submerged conditions.
The group developed a model for growing HRV-C in an ALI culture of differentiated human
sinus epithelial cells characterized by a pseudostratified morphology, cilia and mucus
producing goblet cells. Thus, they were not only able to analyze the characteristics of
clinical HRV-C but also to compare the biological properties of different subtypes of
rhinoviruses in the same cell culture system. Warner et al. strengthened the hypothesis that
using physiologically relevant cell lines as well as a suitable cell culture model is
fundamental. They used differentiated human airway epithelial cells cultured under ALI
conditions to evaluate the replication and innate immunity of rhinoviruses. With their
experiments they challenged older findings obtained from HeLa cells grown under
conventional culture conditions.[%4] Despite the potential advantages of primary cell-based
models as discussed above, there are also some limitations. Ziegler et al. studied the
susceptibility to the Epstein-Barr virus using an ALI model with primary bronchial epithelial
cells.[65] Thereby they detected significant donor differences. Their results suggest a
significant impact of host variables to the susceptibility in the nasopharynx together with the
type of EBV infection (productive or non-productive). In conclusion, studying donor-
dependent infection mechanisms as well as treatment responses, but also to improving the
robustness and reproducibility of /n vitro models for interpretable results represents a
clinical need. Jonsdottir et al. established transgenic primary ALI cultures using lentiviral
vectors aiming at allowing for more combinations for virus-host interactions in different cell
types and species.[66] They hypothesized that transgenesis would enable the study of viral
and/or host factors, relevant for respiratory virus infections. They also expected that studying
interactions between the virus and cells engineered for targeted gene knockdown or
overexpression would allow the elucidation of specific mechanisms involved in virus-host
interactions. This model in fact offers the potential for translation to animal cells so that viral
pathogenesis can also be studied in other species in the future.

Apart from testing different virus-host interactions, ALI models can also be utilized for the
screening of different therapeutically relevant agents and their effectiveness on virus
inactivation.[®7] Especially for respiratory coronaviruses (CoV) an immediate unmet clinical
need for broad-spectrum antiviral therapies was particularly emphasized by the 2020
COVID-19 pandemic. Originally, the importance of CoVs regarding human diseases was
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underrated and therefore, at the beginning of the pandemic, no vaccine or general therapy
was available to treat CoV-induced disease in humans. However, some strains of the mainly
zoonotic coronaviruses can enter new host species and spread there rapidly.[68] Both the
Middle East respiratory syndrome CoV (MERS-CoV) and the severe acute respiratory
syndrome CoV (SARS-CoV) have crossed the species barrier in the recent past, entered the
human population and resulted in severe diseases. In 2019, a novel human infecting
coronavirus (first provisionally named 2019-nCoV, later SARS-CoV-2) was first identified in
Wuhan, in the Hubei province in China, and caused a worldwide pandemic, which is not yet
under control by the time this article is written.[5%] Scientists were able to rapidly isolate the
virus from bronchial lavage fluid of patients suffering from SARS-CoV-2 mediated
COVID-19 disease. They studied its biological characteristics using ALI models of primary
human bronchial epithelial cells.[’0.71] Hence, polarized ALI cultures represented a valuable
and high-throughput tool for rapidly gaining information about infection, replication and
pathogenesis of the new virus.[72] The thus obtained knowledge helped scientists and
clinicians to decide upon suitable containment measures for the population. At the time of
writing this article, two mRNA based vaccines against SARS-CoV-2 are approved in a few
countries.[73.74] However, antiviral treatment options for patients with CoV infections are
still very rare. Multiple therapeutic approaches are currently under development including
commonly known antivirals, antibodies, interferons, vaccines and more recently also nucleic
acid based therapeutics.[75-80] For the evaluation of this broad variety and number of new
therapeutic entities, more physiologically relevant /n vitro models are needed including not
only well-differentiated primary cells but also co-cultures formed by more than a single cell
type. One approach for a robust, high throughput /n7 vitro screening platform is presented by
Gard et al.[?1] The group utilized an ALI cell-based model of human primary airway
epithelial cells integrated into a high-throughput microfluidic platform (PREDICT96-ALI).
This model can be used to study virus infections and has the potential to be used for fast and
clinically relevant efficacy screening of different therapeutics.

Nonetheless, to this day, only very few co-culture models have been used for the analysis of
virus-host interactions and possible therapies. Yoshikawa et al. cultured Calu-3 cells at the
AL to study the different functionalities of the apical and the basolateral domains in
response to viral infection.[81] After virus inoculation of differentiated Calu-3 cells, the
medium from both sides, apical and basolateral, was collected and incubated with dendritic
cells or pulmonary macrophages in order to assess the potential of epithelial cytokines to
modulate intrinsic factors of these cells. They showed an amplification of the early acute
inflammatory response by both dendritic cells and pulmonary macrophages after infection of
lung epithelial cells with SARS-CoV. In another study, a real ALI co-culture model of the
human respiratory tract was established by Blom et al. using human bronchial epithelial
cells (16HBE140-cell line), human monocyte-derived dendritic cells and macrophage
cultures.[82] Apart from establishing a reliable ALI co-culture, they aimed to study the
interplay between those three different cell types as well as interactions with biomimetic
nanocarriers such as liposomes and virosomes, which show a promising opportunity for
vaccines and/or drug delivery systems for antiviral therapeutics. Both studies underline the
need for advanced ALI co-culture models in the field of virology, not only with a
differentiated epithelial layer but also in combination with different cell types that are
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present in the human lung tissue. With the implementation of such three-dimensional (3D) /n
vitro models, scientists will be able to gain improved insights into virus-host interactions and
to obtain more reliable and translatable results regarding antiviral therapy, thereby, reducing
animal experimentation to a minimum.

4.2 Cystic fibrosis

Cystic fibrosis (CF) represents one of the disorders involving the respiratory tract where ALI
culture can help unveil the molecular processes of the disease and the search for new
therapeutic approaches. In the Caucasian population cystic fibrosis is the most prevalent
autosomal recessive disease, involving about 100,000 people worldwide. It is a result of
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which
encodes the transmembrane protein responsible for transport of chloride and bicarbonate
ions across epithelial cells.[83] Despite being a monogenic disease, about 2,000 different
mutations have been observed at the CFTR level, leading to different phenotypes and
severity levels. The deletion of a phenylalanine in position 508 (AF508) is the most
frequently encountered mutation, observed in about 70% of the CF population. The
mutations result in a reduction of channel number, function or both, with severe
consequences on the functionality of the affected tissues.[84] Although CF is a multi-organ
disorder, the lung is the most affected. CFTR loss on the apical side of lung epithelium
causes an imbalanced transport of ions and fluids across the cells, leading to unpaired
mucociliary clearance, chronic inflammation and recurring bacterial infections. Respiratory
failure certainly represents the primary cause of death and morbidity.[8°]

After the discovery of the CFTR gene in 1989,[88] the understanding and treatment of CF
greatly progressed in the past decades. This resulted in improved life quality and expectancy
of the patients. The development of a mouse CFTR-knockout model helped identify many
characteristics of CF. However, the CF mouse model lacked the development of spontaneous
lung disease, which limited its use and pushed towards the development of alternative /in
vivo models in pigs and ferrets, and /77 vitro models.[87] In the last two decades polarized in
vitro epithelial cultures have been fundamental for the progresses made in this field,
especially for studying the role of CFTR in CF pathogenesis. Air-liquid interface culture
systems are an ideal instrument for growing epithelial cells in vitro, since they allow the
production of a differentiated airway epithelium including the main features found /n vivo,
particularly in terms of cellular differentiation, mucus secretion and barrier function.[88] For
this purpose, both secondary and primary cell lines have been used. Among the
immortalized cell lines, models using both CF, CFBE410- cells, and non-CF cells, mostly
16HBE140- and Calu-3, can be found. Calu-3 cells, in particular, are widely used due to
their high transepithelial resistance, mucus secretion and high expression of CFTR protein
[87], Alternatively, CFBE410- is a CF-immortalized cell line homozygous for the AF508
deletion, therefore simulating the CF epithelium with high accuracy.[8]

Despite the ease of use and accessibility, secondary cell lines are not representative of the
great variety of scenarios found in CF epithelia, particularly in terms of CFTR variants.
More appropriate patient-specific epithelial cell models need to be adopted. On this basis,
primary cell lines are now considered the gold standard in CF research and are used for
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disease modeling as well as drug screening.[*8] Primary human airway epithelial cells can be
isolated from biopsy samples, lung explants or cadavers and, after an expansion step, they
can be seeded on transwell filters and grown at ALI. This process allows the generation of a
pseudostratified epithelium with mucociliary morphology displaying the key physiologic
functions of CF cells.[?0] Moreover, it is possible to assess CFTR channel conductance
through an Ussing chamber or patch clamping.[91] Recently, primary nasal epithelial cells
have also been explored for ALI studies. These cells can overcome one of the major
drawbacks of primary lung cells, namely the limited accessibility associated to the invasive
sampling methods. Nasal epithelial cells are obtained by non-invasive nasal brushing of
patients and it was demonstrated that they show a polarization pattern well-correlating with
primary lung cells. They share similar growth and structural characteristics and, remarkably,
also an analogous CFTR expression.[92:93]

The development of polarized primary CF epithelia played a significant role in the progress
achieved by precision medicine in the context of CF. In particular, they strongly supported
the development of CFTR modulators.[?¥] This class of drugs directly modulates the
defective CFTR channel. They function either as CFTR potentiators by opening the channel
present at the cell surface or as CFTR correctors by enhancing the transport of the protein to
the cell membrane.[95] These therapeutics were a milestone in the treatment of CF, since
they exert their action directly on the primary cause of the disease. However, they are not
accessible to the entire CF population since they are mutation specific, meaning that they are
effective only on specific CFTR mutations. The /n vitro investigation of these modulators on
patient-derived cells helped to discriminate the efficiency of each drug on the different
genotypes. The potentiator Ivacaftor, for example, was shown to work on the G551D
mutation,[%6] while the corrector Lumacaftor worked best on the AF508 mutation.[97] A
wider study additionally showed the different effects of Lumacaftor on primary cells from
patients with different genotypes, demonstrating the great potential of this airway model in
the identification of patient-specific treatments.[98] Notably, Pranke er a/. demonstrated that
the efficiency of CFTR modulators could also be evaluated on nasal epithelium by testing
the effect of two CFTR correctors, Lumacaftor and Tezacaftor on primary human bronchial
and nasal cells. The results revealed only small response discrepancies in the two cell types,
paving the way for using easily accessible nasal epithelial cells as predictors of CFTR
modulators’ effectiveness.[%9]

Apart from small molecule drugs, ALI models can also be exploited to evaluate the ability of
macromolecule-based therapies, including siRNA to downregulate a target gene. In the
context of CF, one example for a target is the epithelial sodium channel (ENaC), which is
generally responsible for the transport of sodium. In CF, this channel is upregulated causing
airway liquid depletion and thickened mucus. Manunta et a/. were able to efficiently down-
regulate ENaC expression on primary CF and non-CF cells grown in both submerged and
ALLI cultures. Interestingly, lower transfection efficiencies were observed in ALI cultures,
reinforcing the importance of using advanced culture models to better mimic the /in vivo
situation.[190] This was confirmed by another study evidencing a similar behavior in CF cells
cultured at ALI and in an /n vivo mouse model in terms of dose regimen. In both systems,
siRNA mediated a significantly higher ENaC knockdown after three repeated transfections
compared to a single administration.[101]

Adv Nanobiomed Res. Author manuscript; available in PMC 2021 August 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Baldassi et al.

Page 10

Co-culture models, as already discussed, present a promising opportunity for further
alignment between /n vitro models and the complex /n vivo situation. The addition of
immune cells, in fact, greatly improves the imitation of the airway microenvironment.[88] In
a study by d’Angelo et al., a triple co-culture system was proposed for testing the cellular
internalization and pro-inflammatory effect of an ENaC-targeted siRNA therapy. This model
comprised 16HBE14o0- cells as well as monocyte-derived macrophages from human blood
and dendritic cells. Interestingly, in this study the formulation was applied via nebulization
through the Vitrocell Cloud system, thus increasing the resemblance to inhalation under /n
vivo conditions.[102]

Moreover, co-culture models have also contributed to shed light on another important aspect
of CF, namely bacterial infection of the airways. Staphylococcus aureus and Pseudomonas
aeruginosa are the bacterial strains mainly involved in lung infections of patients with CF.
Several studies showed that it is possible to cultivate both S. aureus 1031041 and A
aeruginosa (1051 on the apical side of polarized CF epithelial cells grown at ALI to observe
the infection process, biofilm formation and inflammatory responses. In this model, the
bacterial infection can therefore be performed under non-submerged conditions, providing a
more natural condition for the infection process.[106]

Using a more sophisticated method, Yonker et a/. developed a model of inflamed mucosa by
co-culturing human airway basal cells and neutrophils. The group observed the migration of
the latter in response to inflammation mediated by P aeruginosa growth in the apical
chamber of the Transwell® filter.[197] Moreover, co-culture of epithelial and bacterial cells
can be very useful for testing the efficacy of antimicrobial agents. In case of 2 aeruginosa,
ALI co-cultures were adopted to evaluate the ability of antibiotics,[18] combination
therapies [109] and antimicrobial peptides [119] to prevent bacterial infection while examining
the consequences on human epithelial cells.

4.3 Asthma

Asthma is a chronic lung illness with more than 300 million affected people worldwide,
associated with a growing burden for healthcare systems of both industrialized and
developing countries. The most prominent feature of asthma is a generalized inflammation
of the upper airways resulting in recurrent episodes of coughing, wheezing, chest tightness
and dyspnoea.[111] In addition to a severe symptomatology, chronic inflammation has also
serious consequences on lung structure and functionality, especially in terms of airway
hyperresponsiveness, obstruction and remodeling as well as mucus hypersecretion.[112] The
mechanisms behind the inflammatory status rely on inappropriate immunological responses
to common inhaled allergens, which trigger cytokine secretion by T helper 2 (Th2) immune
cells. The sustained release of inflammatory cytokines mediates a perpetuated inflammatory
state.[113] Apart from Th2 cells, other immune cells such as eosinophils, mast cells and
dendritic cells are involved, defining asthma as an immunological disorder.[114] Indeed,
asthma involves several cell types including epithelial cells, which represent the first line
defense and regulators of immune responses against the environmental factors. Activated
epithelial cells secrete cytokines and chemokines that recruit dendritic cells, which are
responsible for the following coordination of the inflammatory cascade. Airway epithelium
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functionality, however, is altered in the disease state.['15] Apart from the infiltration of
immune cells, bronchial biopsies of asthmatic patients point out structural changes of airway
epithelium in response to chronic inflammation. In addition to the increased humber of
mucus-secreting goblet cells and enhanced angiogenesis, they also display a remodeled,
damaged epithelium missing tight and adherent junctions with consequent loss of apicobasal
polarity.l116] This condition is strictly correlated to the breakdown of the defense
mechanisms observed in asthma.

The alterations of the airway epithelium make the development of suitable experimental
models essential to comprehend the ongoing immunological and structural modifications
and to identify possible therapeutic targets. Mouse models of allergic asthma have been
widely used to investigate asthma driving mechanisms and to screen therapeutic agents.
Nonetheless, they present anatomical as well as immunological discrepancies with human
airways. As described above, mouse lungs differ in terms of lobar structure and branching
pattern of the bronchi.[117:118] Moreover, mice lack bronchodilatory nerves and the ability to
cough, along with a different pattern of mediators secreted by mast cells.[119] The complex
human /n vitro and ex vivo systems now available embody a valid support to the well-
established /n vivo models. Epithelial cells grown at ALI can be used as a powerful tool to
mimic the asthmatic epithelium /n7 vitro with high similarity to the /n vivo situation. The
simplest way to reproduce the polarized epithelium at ALI for asthma studies is adopting
common epithelial cell lines of the respiratory tract such as 16HBE140-, BEAS-2B and
Calu-3. They are easily accessible and relatively simple to grow on Transwell® supports.
Additionally, they express tight junctions, making them suitable for barrier function studies.
[120] Stewart et al. evaluated different immortalized cell lines in comparison to primary
bronchial epithelial cells in terms of TEER values and marker expression. They observed
that Calu3 cells featured a similar expression pattern of ZO-1, E-Cadherin and MUCS5AC to
primary cells, although lacking a localized expression of B-tubulin.[37] Nonetheless,
secondary cell lines lack the genetic features and the structural changes observed in
asthmatic epithelium. The improvements achieved in primary cell extraction from bronchial
biopsies allowed their implementation in asthma research as ex vivo model of airway
epithelia. Primary cells from asthmatic patients show marked differences from the ones
obtained from healthy individuals due to the increased secretion of inflammatory cytokines
and mucus production. Furthermore, they retain a less differentiated phenotype with
diminished capability to repair injuries.[*21] Additionally, they have disrupted tight junctions
that lower TEER values and increase permeability.[122] ALI culture of asthmatic primary
cells can therefore be considered a suitable model to depict the morphologic and
inflammatory imbalances caused by chronic inflammation. Notably, these models retain the
phenotypic differences typical of the disease state. Gras et al. confirmed that reconstituted
bronchial epithelium from mild and severe asthma patients retains a trend in inflammatory
marker expression and mucus production that varies in correlation to the severity of asthma.
[123] Thanks to the high resemblance to the real-life condition, ALI culture of primary
epithelial cells of the respiratory tract has been a valuable tool for the identification of novel
drug targets and screening of alternative therapeutic options. They were, for instance, used
for analyzing the role of transforming growth factor-g (TGF-B) [124] and histocompatibility
antigen G (HLA-G) [123] in airway remodeling. Moreover, in vitro cultures of primary
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human cells from asthmatic patients are also exploited to detect novel subsets of asthmatic
patients, as the recently identified interleukin-6-driven asthmatic group.[126] As mentioned
above, this model system plays a crucial role in the preclinical investigation of novel
therapeutic agents and for understanding the mechanisms of action of therapies already in
use. p2-adrenoreceptor agonists, for example, together with corticosteroids are first choices
in the step therapy approach for the management of asthma symptomatology. Holden et al.
cultured primary cells as well as BEAS-2B cells at ALI as a simplified version of the
respiratory tract to investigate the effect on inflammatory response of the p2-agonists in
epithelial cells in combination with corticosteroids.[*27] Potential anti-inflammatory agents
were also screened using ALI culture. It was confirmed that one molecule inhibited nuclear
factor x-B2 (IKK2i) leading to a reduction of inflammatory mediators in corticosteroid
unresponsive epithelial cells,[128] while an src-family kinase inhibitor was able to reduce
TNF-a release, a key inflammatory mediator, and improved barrier properties of severe
asthmatic ALI cultures.[129] Sexton et al. tested if a human monoclonal antibody inhibited a
serine protease from the tissue kallikrein family in primary cultures of bronchial epithelial
cells, which induces bronchoconstriction and mucus hypersecretion in the airways. The
monoclonal antibody reduced the mucus secretion and the inflammatory burden. The results
from ALI cultures showed that antibody treatment restored kallikrein expression and
reduced mucus sexretion. /nn vivo studies in a sheep asthma model emphasized that the
monoclonal antibody decreased bronchoconstriction and hyperresponsiveness as well.[130]

As already discussed in the context of cystic fibrosis, nasal primary epithelial cells offer a
promising alternative to bronchial primary cells thanks to their higher availability and
effortless extraction procedure. A study comparing primary asthmatic nasal cells with non-
asthmatic and bronchial cells demonstrated that the former express higher levels of typical
mediators which are commonly encountered in asthmatic patients, such as vascular
endothelial growth factor (VEGF) and TGF-p. This observation strengthened the hypothesis
that nasal epithelial cells are a suitable surrogate for primary lung epithelial cells.[131]
Healey et al. utilized nasal epithelial cells from asthmatic donors in the preclinical testing of
an siRNA-based therapy aimed at downregulating STAT-6 expression in epithelial cells, a
gene involved in bronchial inflammation of asthma.[32] Similarly, Bequignon et al.
investigated the ability of a monoclonal antibody to bind the neonatal Fc receptor in human
nasal epithelial cells as a potential administration route in asthma-related chronic
rhinosinusitis.[39] Despite the advantages offered by this alternative source of primary cells,
it is important to consider that they have some intrinsic differences in comparison to the
bronchial ones that might affect the reliability of the results. It is therefore important to keep
in mind the implications of choosing one or the other source of cells.

The asthma research field has greatly benefited from ALI culture of epithelial cells.
However, simple monoculture models cannot represent the complex cellular network typical
of the disease state. Asthma is a multicellular disease involving epithelial cells as well as
several immune cells. Co-culture systems more closely represent the complexity
encountered in asthmatic lungs since they bring together two or three different cell types on
the same Transwell® filter. Co-cultures for asthma-related studies generally present lung
epithelial cells, primary or immortalized, in the apical chamber of a Transwell® to form a
polarized epithelium, while the basolateral chamber hosts a subtype of immune cells
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including dendritic cells,[133] eosinophils,[134] or T cells.[35] A co-culture formed by
primary epithelial cells and T cells was used by Wawrzyniak et al. to study the role of T cell
secreted cytokines and histone deacetylases on the integrity of the epithelial barrier integrity.
They demonstrated a beneficial effect on barrier integrity after treatment with a histone
deacetylase inhibitor.[23%] Co-cultures were also used to study airway remodeling in asthma,
a typical feature of the disease. Haghi et al. developed an airway remodeling model by
growing primary bronchial epithelial cells on the apical chamber and airway smooth muscle
cells on the basolateral one.[238] In another study, Reeves et al. developed a co-culture of
primary human bronchial epithelial cells derived from asthmatic children and human lung
fibroblasts to study the fibroblast-myofibroblast transition. They showed that it is possible to
restore the healthy condition by using a monoclonal antibody inhibiting TGF-B, a central
factor involved in airway remodeling.[37] Triple co-cultures would be an even more
exemplary model of the asthmatic environment. However, studies exploiting this method are
infrequent. A recent study by Paplinska-Goryca et al. provides a triple co-culture model
formed by primary epithelial cells, dendritic cells and macrophages that might be helpful for
better understanding the pathogenesis of asthma thanks to the higher complexity of the
system.[138]

4.4 Lung cancer

Lung cancer is the most prevalent cause of cancer-related deaths, both in men and also in
women.[139] Therapeutic advancements of the last ten years are barely reflected in the small
decline of lung cancer mortality. One reason is the histologic diversity of lung cancer
including the three most common types: adenocarcinoma, squamous cell carcinoma and
small cell carcinoma as well as several less frequent types such as adenosquamous
carcinoma and large cell neuroendocrine carcinoma. Due to this high variability, it is
necessary to examine the exact molecular mechanisms of each cellular type to further
improve therapy options. Hereby, animal models are an important standard tool. Apart from
known drawbacks such as high costs, species differences and limited availability, ethical
issues regarding the use of animals in tumor research are controversially discussed.[140]
Therefore, also in this field extensive research has been conducted in the last years to
establish reliable and physiologically relevant /n vitro cell culture models, thereby, reducing
the number of animals for experiments in tumor research and drug development. Since
conventional 2D cell cultures are not capable of mimicking the complex architecture and
microenvironment of lung cancer /n vivo, 3D cell cultures and co-cultures contribute greatly
to the knowledge of tumor cell pathophysiology and also for anti-tumor drug discovery.[141]

Often, ALI systems are used to study the exact mechanisms of malignant transformations of
different cell types because of their resemblance to the human lung physiology.[142.143] AL|
systems also serve studies about how a specific signaling pathway can potentially be
inhibited.[244] Horie et al. established a 3D co-culture model at the ALI using A549 cells and
lung cancer-associated fibroblasts.[24%] They found that fibroblasts enhanced A549 cell
invasion into collagen gels, showing their tumor-promoting role through the production of
instructive signals including growth factors and chemokines. Due to its aggressive nature
and high mortality, it is especially important to improve the early detection and
chemoprevention of lung cancer. However, the pathobiology of early stages is poorly
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understood. To this purpose, Correia et al. engineered an ALI culture of immortalized human
bronchial epithelial cells overlaid on a fibroblast containing collagen layer to induce the
activation of oncogenes.[246] They confirmed that deregulation of oncogene SOX2, under
proper in vivo mimicking circumstances, leads to bronchial dysplasia. These findings are
important steps forward towards the development of therapeutics used for primary and
secondary chemoprevention.[144]

The most frequently found 3D /n vitro tumor models are lung cancer spheroids constituted
of one or more cell types.[147:248] Tumor spheroids are cell constructs that have self-
organized to exhibit a 3D structure resembling the cancerous state. It was shown that genes
expressed in 3D spheroids, especially the ones responsible for aggressive tumor growth,
recapitulate the /77 vivo phenotype better than the respective 2D models.[24%] Also, three
dimensional models hold the potential to guide personalized medicine in the future, clearly
demonstrating their superiority over conventional models.[*50] However, particularly in lung
cancer research, spheroid models have one critical disadvantage. Many of them lack air
exposure and therefore do not reflect the physiological environment correctly. Subsequently,
these cultures are unsuited models for testing the efficacy of aerosolized drugs. Meenach et
al. compared lung tumor spheroids in air- as well as liquid-interface culture for treatment
with paclitaxel-containing PEGylated phospholipid microparticles in form of a dry powder.
[351] For the cultivation at ALI conditions, A549 cells were seeded on collagen coated
transmembrane inserts in a 24-well plate and then incubated for 24 h under submerged
conditions. Subsequently, the medium on the apical side was discarded and spheroid
formation was evident after 9 days. The group showed that 1Csq values of paclitaxel can
differ substantially between treatment of a tumor spheroid grown under submerged
conditions and another one cultured at ALI conditions. Moreover, they stated that the data
from ALI evaluation were reported in pg/dose, in contrary to the usual uM results, thereby
the patient dose in terms of mg/kg via direct inhalation of the drug can be easily determined.
Gupta et al. developed a high-throughput model growing A549 lung adenocarcinoma cells as
3D spheroids at the air-liquid interface.[152] They found that, due to limited drug diffusion,
the cytotoxic effect of paclitaxel in A549 ALI spheroids was only noticeable on the outer
layer of the cell complex. However, the co-administration of a tumor penetrating peptide
enhanced paclitaxel penetration depth. These results emphasize the importance of air-grown
three-dimensional /n vitro models not only to characterize tumor growth and
microenvironment of different cell types, but also to gain a deeper knowledge of the
resistance mechanisms in lung cancer. Such models strongly improve efficacy and success of
the screening process of chemotherapeutics and drug combinations and serve as a first step
before conducting expensive /n vivo pre-clinical or clinical studies.

Apart from spheroids, other ALI models have been developed. Movia et al. used a
multilayered cell culture of A549 cells to study four anti-cancer drugs delivered by a clinical
nebulizer as liquid aerosol.[233] Their results clearly demonstrated the advantages of this
model: the biological complexity due to 3D architecture, closer resemblance to the patient
status by modeling the multidrug resistance (MDR) observed in human patients, and
applicability of aerosol administration methods due to ALI conditions. In a subsequent
study, the group incorporated human fibroblasts into their multilayered cell culture (MCC)
model to assess their role in MDR.[154] Indeed, cancer cell-fibroblast crosstalk led to a
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higher MDR than the one found in an ALI multilayered monoculture. These studies
emphasize that a monoculture, even if it is three-dimensional and under ALI conditions, still
does not reflect the in vivo conditions sufficiently. Therefore, it is crucial to integrate several
other key factors, such as immune cells, extracellular matrix and genetic variability, into the
in vitro platform in further studies. Zhang et al. assessed the impact of tumor
microenvironment on bone marrow mesenchymal stem cells.[15%] Conclusively, they found
that an /n vitro ALI lung cancer A549 microenvironment might induce stem cells to undergo
alterations in cell proliferation, morpholgy, cytoskeleton, karyotype and migration ability.
This study is an important example for the versatility and flexibility of advanced ALI /n
vitro models. In lung cancer research, they can be used for the evaluation of various
therapeutic approaches by simply incorporating key factors of interest.

Due to the versatile nature of lung cancer and the increasing development of multidrug
resistance in tumors, new and innovative therapy options are constantly needed to improve
therapeutic efficacy. In the last decade, nanotechnology emerged as a promising alternative
and/or addition to conventional treatment strategies. When using these nanocarriers in
pulmonary administration, the lung can be used as port of entry limiting systemic
distribution and avoiding first pass metabolism.[156:157] Many attempts have been described
in the literature to improve the delivery of already approved chemotherapeutics, such as
paclitaxel or doxorubicin, by using nanocarriers.[158-1601 Fyrthermore, nanocarriers are often
used to encapsulate new therapeutic entities for lung cancer treatments such as nucleic acids,
[161] and also for co-delivery of different therapeutic agents.[162]

The huge variety and number of combinations of delivery systems with already existing or
new active pharmaceutical ingredients requires testing in more complex and physiologically
relevant /n vitro models to assess and compare efficacy. By using 3D co-culture systems
scientist can make reliable statements about penetration, efficacy, toxicity and other
characteristics of drug formulations, thereby reducing the amount of animal experiments
drastically. Conclusively, the development of these advanced cell culture systems is crucial
because in combination with organ-on-a-chip models and simulation approaches they could
potentially lead the way to animal-free research.

Chronic obstructive pulmonary disease (COPD), together with asthma, is considered one of
the chronic respiratory diseases displaying the highest impact on healthcare systems
worldwide. Based on the World Health Organization report, it affects more than 250 million
people around the world, with more than 90% of mortality in low- and middle-income
countries.[1631 COPD is triggered by persistent exposure to toxic gases and particles, where
cigarette smoke exposure was identified as a central risk factor. Tobacco smoke, in fact,
mediates an abnormal chronic inflammatory status resulting in severe consequences on lung
structure and functionality.[1641 COPD affects small airways, lung parenchyma as well as
larger airways, and it is characterized by a progressive obstruction of the airways that
ultimately leads to lung failure. The clinical manifestations of COPD can be grouped into
two major subsets, chronic bronchitis and emphysema, which affect large and distal airways,
respectively. Chronic bronchitis is distinguished by chronic inflammation and remodeling of

Adv Nanobiomed Res. Author manuscript; available in PMC 2021 August 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Baldassi et al.

Page 16

the large airways together with mucus secretion, while emphysema shows a progressive
destruction of airway walls as well as loss of alveolar cells, which consequently impairs gas
exchange.[165] The abnormal inflammatory response typical of COPD is linked to an
enhanced presence of inflammatory cells in the airways, with neutrophils, macrophages and
CD8+ T cells playing a prominent role. These cells secrete cytokines and chemokines
including TNF-a, IL-1p and IL-8, which mediate a perpetuated inflammatory condition.[166]
Similarly to asthma, bronchial epithelial cells retain a central function also in COPD. While
at physiological condition airway epithelium acts as a defensive barrier towards external
agents, the alterations of the homeostatic environment driven by toxic agents cause severe
modifications of epithelium structure and functionality. This is reflected particularly in terms
of reduced mucociliary clearance and increased permeability to external factors. Therefore,
lung epithelium faces increased permeability, reduced cilia beat ability as well as decreased
mucus clearance. Moreover, in this imbalanced status, epithelial cells are not only the target
of inflammatory mediators, but they also secrete cytokines and chemokines that perpetuate
and worsen the inflammatory status. The increased secretion of TGF-beta and EGF, for
example, is directly linked to fibrosis and mucus secretion.[167]

Considering the central role played by epithelial cells in COPD, ALI models can grant
deeper understanding of the disease driving mechanisms as well as identification of novel
therapeutic options. COPD is directly correlated to lung exposure to toxic pollutants such as
tobacco smoke or diesel exhaust. Therefore, ALI cultures represent a straightforward tool
mimicking the /n vivo lung environment of the disease. Several studies have shown that after
growing and differentiating cells at ALI, they can be exposed to cigarette smoke to obtain an
in vitro system incorporating most of the effects observed also /in vivo. Shamberger et al.
demonstrated that cigarette smoke exposure of healthy human primary bronchial epithelial
cells alters their differentiation and functionality. Apart from impairing the epithelial barrier
integrity, it also affected cellular differentiation, resulting in an elevated number of mucus-
secreting cells while the number of ciliated cells was decreased. These changes caused a
mucus-rich lung environment.[168] Indeed, mucus hypersecretion is one of the main features
of COPD. Culturing epithelial cells at ALI is essential to investigate this distinct mucus
hypersecretion trait of the disease [169] along with reduced mucus clearance by ciliated cells.
[170] The effect of tobacco smoke on epithelial barrier integrity has also been explored in
terms of tight junction loosening [172] and airway remodeling.[172] Both factors are crucial
for the pathophysiology of the disease and, similarly to the ones described above, their
understanding was expanded by ALI cultures. Cells grown under this condition, in fact, form
differentiated epithelia with different cellular subsets, such as ciliated cells, and can even
secrete mucus, a condition not reproducible under submerged cultures. Recently, a new
manufacturing method was established to grow primary small airway epithelial cells at the
ALLI. Small airways are the part of the airways mainly affected by chronic bronchitis.
Gindele et al. showed that once primary cells from COPD patients were grown at ALI and
exposed to cigarette smoke, their behavior well correlated to the /n vivo conditions in terms
of barrier integrity, mucus secretion and cellular differentiation, making them a suitable tool
for further COPD treatment studies.[173] The effect of cigarette smoke on barrier integrity is
reflected also in an increased susceptibility to microbial infections.[174] Co-culture of
epithelial cells grown at ALI and bacteria were developed along with exposure to cigarette
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smoke. Amatngalim et al. grew primary epithelial cells from COPD and non-COPD subjects
at ALI and studied the different response to Haemophilus influenzae after exposure to
cigarette smoke. They observed that antibacterial activity was lower in primary cells from
COPD patients and suppressed after cigarette smoke exposure.[175]

To further improve the translatability of ALI-based systems in COPD research, efforts have
been made towards the advancement of exposure systems for tobacco smoke. Azzopardi et
al. used an aerosol exposure chamber to uniformly expose lung epithelial cells grown at ALI
and used it to study the consequences on cellular viability and cytokine release after the
aerosolization of tobacco smoke. This system allowed the investigation of tobacco effect on
cells with various exposure regimens and exposure times that well correlate with the real life
parameters.[176] In another study, primary COPD epithelial cells were exposed to diesel
exhaust, another toxic agent responsible for triggering the disease, using a Vitrocell
nebulization system. Instead of using suspended particles, this exposure system allowed to
reproduce /in vitro exposure conditions similar to the ones observed in everyday life.l177] As
discussed above, co-culture models can fill the rift between /n vitroand in vivo models
thanks to more advanced cellular complexity.

In COPD research, several studies have exploited co-culture models to study the cellular
networks involved in the disease. Ladjemi et al. developed a co-culture model formed by
primary epithelial cells from COPD patients and B-cells. They used this system to test how
the bronchial epithelium influenced the humoral response in the lung. Specifically, they
observed the effect of Interleukin 6 (1L-6) secreted by epithelial cells on immunoglobulin A
(1gA) secretion by B cells, which is increased in COPD patients.[178] In another study, co-
culture of respiratory epithelial cells and lung fibroblasts was established to understand the
mechanisms behind airway remodeling and inflammation in COPD. The authors observed a
stronger interleukinl a (IL-1a) mediated inflammation in co-cultures exposed to cigarette
extract, confirming the connection between smoke and inflammation.[1791 An additional co-
culture model was established between primary small airway epithelial cells and
macrophages to analyze the epithelial wound injury mechanisms in respiratory diseases.[180]
COPD co-culture models could therefore represent a useful tool to gain a deeper knowledge
of the driving mechanisms of the disease as well as for /n vitro screening of potential
therapeutic agents. So far, most of the treatment-related studies were carried out using ALI
cultures involving only a single cell line, mostly epithelial cells. The mucus-secreting cell
line Calu-3, for example, was utilized to test the ability of simvastatin, a drug mediating
reduced mucus secretion of epithelial cells of COPD patients.[181] Calu-3 cells were also
exposed to cigarette smoke extract to examine the ability of the antimicrobial peptide
Cathelicidin LL-37 to prevent the disruption of tight junctions. This effect was expected to
reverse the impaired activity of the epithelium typical of COPD.[182] Another study
investigated the impact of Roflumilast, a phosphodiesterase inhibitor, on mucociliary
clearance impairment. A Vitrocell nebulizer was used to nebulize cigarette smoke on
primary human bronchial epithelial cells pre-treated with Rofumilast. An Ussing chamber
was used to determine the recovery of mucociliary activity.[183] Primary cell-based ALI
cultures were also used to test the potential of monoclonal antibody candidates to improve
the COPD phenotype. ALI cells treated with an anti-TGF-B monoclonal antibody reversed
the progressive de-differentiation of the epithelium typical of the disease.[84] Monoclonal
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antibodies directed towards IL-1a and IL-1p decreased cigarette smoke-mediated airway
inflammation in primary human bronchial epithelial cells.[18%] Taken together, ALI models
of mono- and co-culture have been used in a variety of pharmacological and
pharmacotherapeutic studies trying to understand and treat COPD better.

5 Commercially available ALI models

As described above in detail, there is an unmet urgent clinical need for standardized 3D /n
vitro AL1 models of the respiratory tract to study toxicology and for efficient drug screening.
Therefore, several companies have specialized in the fabrication of ALI models mimicking
the morphology of healthy and diseased human tissue. Two of these models, available under
the brand names MucilAir™ (Epithelix) and EpiAirway™ (MatTek Corporation), are made
of primary human epithelial cells which are freshly isolated from nasal or bronchial
biopsies.[188] They can accurately reproduce the biophysiology of human airway epithelia
comprising a functional mucociliary system and the secretion of mucus.[!87] It was shown
that both, MucilAir™ and EpiAirway™ models, express tight and adherent junction
proteins, as well as functional ABC drug efflux transporters.[188.189] Hoffmann et al. showed
similar permeability of 30 model substances when comparing MucilAir™ to nasal and
bronchial epithelium in human tissue.[1%%] These findings confirm the match of these ALI
models with major features of a normal human nasal and bronchial epithelium.[9] Hence,
these models are widely used for toxicology studies, drug efficacy and formulation
screening.[192-199]

With two other models expressing a different phenotype, EpiAlveolar™ and SmallAir™,
scientists are additionally able to analyze the impact of different therapeutics on the lower
respiratory tract.[197:198] The two leading companies in this field, MatTek Corporation and
Epithelix, recently also developed co-cultures of ALI epithelial cells and fibroblasts
(EpiAirway™ FT, MucilAir™ HF) for advanced analysis of cell interaction and better
mimicking /n vivo conditions.[199.200] These commercial models open various possibilities
for further modifications with other cell types, bacteria and viruses depending on the
application. Outlaw et al. infected cells of the EpiAirway™ model with SARS CoV-2 to
study the efficacy of a lipopeptide as virus entry inhibitor (Figure).[201] As shown by Signer
et al., MucilAir™ can readily be infected with different respiratory coronaviruses in order to
evaluate the effect of new antiviral agents.[202] Another example to show the modularity of
these systems is given by Mas et al. (Epithelix).[203.204] They combined a functional
respiratory epithelium, primary lung fibroblasts and proliferating tumor nodules from a
KRAS mutated Non-small Cell Lung Cancer cell line. After confirming the biological
relevance of this brand named OncoCilAir™ model regarding the /n vivo situation, the
group showed reduced growth of tumors when treated with MEK inhibitors and the standard
anticancer agent docetaxel. Subsequently, this model has been used in a variety of other
studies including specific tumor targeting and multi organ chips.[205.206]

In general, organ-on-a-chip devices present the possibility to create artificial tissue
microenvironments simulating those conditions found in /in vivo. This can also be used for
mimicking lung functions involving a complex structure and fluid and solid mechanical
stress.[207.208] Zamprogno et al. established a lung-on-a-chip model to reconstitute the lung
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alveolar barrier. They used a hexagonal gold mesh with a suspended stretchable membrane
to culture alveolar epithelial cells in ALI conditions mimicking physiological lung
movement.[209] Huh et al. developed a microfluidic system replicating a functional unit of
the living human lung. [210] Therefore, they constructed a compartmentalized microchannel
system consisting of two chambers separated by a mesoporous elastomeric membrane.
Human alveolar epithelial cells were seeded into the chambers and cultured at ALI including
pulmonary microvascular endothelial cells. With this model, the group was able to simulate
physiological breathing motions by stretching the mesoporous membrane. Although these
particular techniques and execution are not yet optimized, there is already a microfluidic
based ALI lung model on the market. The company SynVivo developed a device containing
a co-culture of epithelial cells embedded into vasculature comprised of endothelial cells.
Hereby, tight junctions are formed, functional cilia are built, and airway tubules form and
transport mucus.[?11] These examples including many more that can be found in literature
demonstrate that lung-on-a-chip models are valid tools in pharmaceutical development.[212]

6 Aerosolization systems

All the models described above demonstrate the possibility to mimic the exceptionally
complex nature of the lung epithelium /n vitro using ALI cultures. However, so far, the lack
of high-throughput technology to obtain dosimetrically accurate aerosol-to-cell drug
delivery hampers the development of aerosolized inhalable therapeutics. Lenz et al.
investigated the ALICE-CLOUD system, an aerosol-to-cell exposure system with a vibrating
mesh nebulizer developed for the use in standard multi-well plates.[224] The same group
found that aerosolized drug delivery with the ALICE system results in a ca. 8 um thin liquid
layer, which is about 1000-fold lower than typical media heights under submerged cell
culture conditions.[215] Therefore, it resembles the clinical conditions in the bronchial
regime making aerosolized drug delivery to ALI cells crucial for biokinetic studies. This
system can be combined with co-culture systems to examine the potential effect of particles
in the lung using a sophisticated in vitro model.[216] Vitrocell Systems were among the first
companies to offer a commercial version of this system. An interesting application of a tetra-
culture in combination with the Vitrocell system was investigated by Klein et al. regarding
the effects of particle deposition on the lung. [216] In this model, four different cell lines
(epithelial cells, macrophages, mast cells and endothelial cells) were grown on the same
Transwell® insert demonstrating the potential offered such ALI systems. Cells were grown
on both sides of the insert to mimic /7 vivo cellular distribution (Figure 5).

Another example of a commercially available aerosolization system is CULTEX from
Cultex® Technology. The company did not only develop an exposure system but also a
computer-controlled long-term cultivation system.[217:218] Using these two modules together
allows prolonged ALI cultivation of normal human bronchial epithelial cells for a period of
38 days exhibiting /n vivo-like differentiation characteristics for inhalation toxicological
studies. The computer-controlled system can operate independently, reducing the risk of
contamination and eliminating process variability. With the CULTEX aerosolization system,
the particle or gas exposure takes place for 15-60 min under humid atmosphere at 37°C. The
device was extensively validated for the inhalation of airborne particles by Tsoutsoupoulos
et al..[219] After testing the aerosolization of 24 different substances, the results
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demonstrated the device to be robust, transferable and predictive for in vitro screening.
Other exposure systems with a limited number of users have also been described.[220]
Additionally, nebulizers can be used as well with the drawback of uncertain dose deposition
after direct nebulization on top of ALI cultures. Many of the systems described in the

literature need further modification for standardised particle deposition and dosimetry.
[221-224]

7 Conclusion

In the last years, the need for alternatives to /n vivo models to reduce, refine and replace
(3R) animal experiments increased drastically. Furthermore, anatomical differences between
commonly used laboratory animals, such as mice or rats, and humans lead to a significant
lack of functional homology, especially regarding the respiratory tract. Modeling this part of
the human body /n vitro requires multiple considerations in order to simulate /7 vivo
pathophysiology as closely as possible. In this review, different /n vitro air-liquid interface
cultures mimicking the human respiratory tract were described in detail. The most frequently
utilized cell lines representing different areas of the respiratory tract were discussed together
with the possibilities of replacing these with human-derived primary cells. Besides, different
approaches to mimic diseases of the human respiratory tract, such as asthma, COPD or viral
infections, were discussed. These can be of great use in gaining deeper understanding of
disease pathophysiology and in high throughput drug screening to find new therapeutic
options. Yet, the recreation of such a complex microenvironment /n vitro using epithelial
cells in combination with other cell types, such as immune cells, bacteria or even viruses, is
particularly challenging leaving room for continuous progression in this field of research.
Moreover, the broad variety of culture methods, cell sources and exposure setups requires
further evaluation of robustness, complexity, reproducibility and ease-of-use of the /n vitro
setup. Until now there is no golden standard cell model. However, a few companies have
started commercializing validated and standardized ALI models from primary human
respiratory epithelium. In conclusion, the use of the ALI culture technique, especially in co-
culture models, has the potential to result in significant advances in the development of more
physiologically relevant tissue models for drug discovery and disease modelling, thereby
reducing the number of experimental animals required in lung research.
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Figure 1.

Principle cell types found alongside the human respiratory tract varying in functions and

defense mechanisms. Reproduced with permission.[16] Copyright 2010, Elsevier.
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Figure 2.
Polarized cell monolayers after infection with GFP-expressing S. aureus USA100 (green)

and consecutively fixed and stained with Hoechst (blue) for confocal imaging at distinct
time points. [104] Reproduced with permission. Copyright 2018, mSphere.
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Figure 3. Cholesterol-conjugated peptides derived from SARS-CoV-2 block the SARS-CoV-2-
mNeonGreen viral spread in human airway epithelial cells (HAE).

(A) Infection of HAE cells with SARS-CoV-2 (2,000 PFU/well for a multiplicity of
infection of ~0.02) for 90 min with subsequent addition of SARS-CoV-2 peptide. Collection
of liquid from the apical or basolateral surfaces daily. (B) Fluorescent virus is presented at
the indicated days with or without peptide treatment. Adapted with permission.[19¢]
Copyright 2020, American Society for Microbiology.
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Figure 4. The OncoCilAir™ model.
(a) Scheme of lung cancer invasion of a healthy human airway modelled by OncoCilAir™

tissue. (b) Phase contrast and (c) fluorescence images of a human respiratory epithelium
with EGFR tumor nodules (mRFP labeled) at the ALLI. (d + €) Haematoxylin eosin
histological staining of differentiated functional region of the airway (e) and with an array of
non-polarized tumor cells (d, star) invading the epithelium (d). Reproduced with permission.
[213] Copyright 2017, Nature.
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Figure 5.
Z-stack image series for the analysis of THP-1 macrophage and HMC-1 cell distribution in

the tetra-culture system of the apical compartment, analyzed via CLSM. Cell membranes are
stained with cell mask deep red dye (red), and cell nuclei are stained with DAPI (blue);
Macrophage-like cells are counterstained with an anti-CD11b-antibody. A: x-y orthoslice.
B: 3D image of the tetra-culture based on the the z-stack from A. THP-1 (green arrows) and
HMC-1 (blue arrows) cells are situated on top of the epithelial cells. EA.hy 926 cells were
not present in the 3D reconstruction.[216] Reproduced with permission. Copyright 2013,
BioMed Central.
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Figure 6.
Scheme of nebulization and sedimentation process of various solutions or suspensions using

the VITROCELL® Cloud 6 system with a quartz crystal microbalance (QCM). Phase 1:
emission of droplet cloud from nebulizer. Phase 2: emitted cloud is transformed into a fine
mist of droplets, which is distributed uniformely filling the chamber from bottom up. Phase
3: droplet deposition onto the cells via sedimentation. Reproduced with permission.[225],
Copyright 2020, BioMed Central.
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Phenotypic characteristics of cell lines used in ALI cultures to mimic different parts of the

respiratory tract.

n.a. = not applicable
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