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Introduction

Lung structure and epithelium
composition

Each minute, approximately 6 L of air are
inhaled from the external environment through
the branched airway structure of the lung for gas
exchange and then are exhaled. Constituents of
the inhaled environment, which contains aller-
gens, gaseous pollutants, particulates, and patho-
genic microorganisms, are deposited on the
epithelium lining the airways. The cellular com-
position of the lung epithelium changes from
proximal conducting airways to distal respira-
tory airways to meet the functional needs for
mucociliary clearance, host defense, surface ten-
sion, and gas exchange. The main function of the
conducting airway epithelium is to form a

physical and chemical barrier, producing antioxi-
dants, antiproteases, and mucus in which parti-
cles can be trapped and subsequently removed
by beating cilia (mucociliary clearance). The air-
way epithelium also plays an important role in
the innate immune system, expressing pattern
recognition receptors that recognize molecular
patterns from pathogenic microbes, parasites,
fungi, and allergens as well as danger signals
from damaged and necrotic cells to direct proin-
flammatory processes. Within the conducting air-
ways, the upper airways (nasal cavity and
pharynx) and lower airways (trachea, bronchi,
and bronchioles) are lined with a pseudostrati-
fied columnar epithelium consisting mainly of
basal progenitor cells, secretory club cells, goblet
cells, and ciliated cells [1]. The last generation of
conducting airways, the terminal bronchioles,
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consist mainly of a simple columnar epithelium
of club cells with progenitor cell potential. The
main function of the distal respiratory epithelium
in the alveolar sacs is to provide the surface area
for the exchange of oxygen and carbon dioxide
to meet the metabolism requirements of the
body. In the respiratory airways, which are com-
posed of transitional bronchioles, respiratory
bronchioles, and alveoli, the majority of the sur-
face area is covered by alveolar type 1 (AT1)
pneumocytes, flat-shaped epithelial cells that
facilitate the transfer of oxygen and carbon diox-
ide to and from the bloodstream by close interac-
tion with alveolar capillaries. Additionally,
cuboidal-shaped AT2 cells are present; these
maintain epithelial integrity by the production of
surfactants, thereby reducing surface tension,
maintaining structural integrity and binding to
glycomolecules on pathogens to promote their
clearance. AT2 cells also serve as progenitor cells
for AT1 cells, contributing to the regeneration of
alveolar tissue upon injury by reepithelialization.

In both animal models and humans, it has
been shown that in the conducting airways,
basal cells serve as progenitors, being able to
differentiate into secretory club cells. Club cells
are characterized by high expression of secreto-
globin, family 1A member 1 (SCGB1A1) and
can further differentiate into columnar mucus-
producing goblet cells or mucus-clearing
ciliated cells during homeostasis and repair
processes [2�8]. Club cells have been shown to
self-renew and generate ciliated cells after
injury, repopulating damaged airway tissue,
and also have the capacity to dedifferentiate
into basal cells, as shown by lineage tracing
studies in mice upon injury [9]. In mice the
transition between respiratory bronchioles and
alveoli, referred to as the bronchioalveolar duct
junction, has also been shown to harbor a spe-
cific population of club cells that is responsible
for the repair of terminal bronchioles [10]. In
humans, basal cells from the conducting air-
ways have been shown to include a stem or
progenitor cell population, identified by the

expression of breast cancer resistance protein,
CK5, and p63, with the capacity to generate
basal, club, mucus-producing, and ciliated epi-
thelium at air�liquid interface (ALI) culture
[8]. While some studies have shown that cili-
ated cells are terminally differentiated [11],
others have reported that ciliated cells can
undergo dynamic changes in cell shape and
gene expression to redifferentiate into colum-
nar cells upon injury. In the presence of type 2
cytokine interleukin 13 (IL-13), ciliated cells
also undergo transdifferentiation into goblet
cells [10], underscoring the plasticity of airway
epithelial cells [7]. In addition, human basal
epithelial cells have been reported to express
progenitor markers, such as nerve growth fac-
tor receptor/CD271, integrin α6, cytokeratin
(KTR5), KTR14, and transformation-related
protein p63, and can generate differentiated
cells when exposed to air or in organoid mod-
els, the latter of which is discussed elsewhere
in this book (Chapter 5). Besides the main air-
way epithelial cell types, the human pseudos-
tratified airway epithelium has been shown to
contain a rare population of neuroendrocrine
progenitor cells, which make up less than 1%
of the epithelial layer [12], and other rare types,
including brush/tuft cells and ionocytes [13].

Air�liquid interface models of the lung
epithelium: what can we measure?

Many chronic lung diseases, such as asthma,
chronic obstructive pulmonary disease (COPD),
and idiopathic pulmonary fibrosis, are known
to involve complex changes in lung architecture
and function. For valuable insights into airway
epithelial responses in health and disease,
in vitro models can be used to recapitulate the
composition and three-dimensional (3D) struc-
ture of the pseudostratified human airway epi-
thelial layer. As such, the ALI model was first
described by Adler et al. in the early 1990s using
tracheal epithelial cells from guinea pigs [14].
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In this model, primary tracheal epithelial cells
from guinea pigs were shown to maintain the
morphologic characteristics of the differenti-
ated epithelium in vivo. Cells were obtained
by proteolytic treatment and grown on a colla-
gen gel on top of a microporous membrane to
recapitulate the basement membrane [14]. The
cells were cultured in a biphasic manner with a
serum-free medium comprising DME/F12,
HEPES buffering, L-glutamine, insulin, transfer-
rin, and fatty acids in the basolateral compart-
ment and exposure to humidified 95% air/5%
CO2 in the apical compartment. In this ALI sys-
tem the cells proliferated and differentiated to
closely resemble epithelial morphology in situ
[14]. A few years later, the first ALI culture
study with human airway cells was published
[15], which used airway epithelial cells derived
from strips of postmortem tracheal tissue using
protease treatment and from bronchial brush-
ings [16,17]. Yamaya et al. subsequently cul-
tured human airway epithelial cells on 0.45-μM
pore inserts in serum-free DME/F12 containing
the growth factors and hormones insulin, trans-
ferrin, hydrocortisone, triiodothyronine, epider-
mal growth factor, and endothelial cell growth
supplement to retain the ultrastructure and ion
transport properties of the original tissue and to
form a tight barrier as assessed by transepithe-
lial electrical resistance (TEER). To establish
TEER, the epithelial cells were required to be
cultured on an extracellular matrix (ECM), for
instance, using a vitrogen coating.

The ALI model enables several measurements
to assess the functional characteristics of the air-
way epithelium. First, the measurement of epi-
thelial barrier function by TEER, which is useful
over permeability with possible limitations due
to the diffusion of the solute. Additionally, the
mucus content in apical washes can be used as a
readout for the presence or differentiation into
goblet cells and/or activation of signaling pro-
grams that result in mucus secretion [18]. Ciliary
beat frequency can be recorded by high-speed
video microscopy as a measurement of cilia

functioning [19]. Supernatants from the basolat-
eral and apical compartments can be collected to
study the secretion of cytokines and other pro-
teins. ALI cultures can also be embedded for
immunohistochemical, immunofluorescence, or
electron microscopy analysis or can be harvested
for DNA, RNA, or epigenetic profiling.

The measurement of barrier function using
TEER has a strong advantage over the other
models. It can be used to reflect the formation of
a tight barrier, an important aspect of airway epi-
thelial function, as well as epithelial damage
upon exposure to insults. Epithelial barrier for-
mation is thought to be a prerequisite for the
polarization and differentiation of airway epithe-
lial cells into a pseudostratified layer [20]
(Fig. 4.1) and therefore is indispensable for reca-
pitulation of the airway epithelium in situ or to
study epithelial regenerative responses upon
injury. Studies by our group confirmed that the
increase in TEER measurement during ALI
culture is prerequisite for successful culture with
mucociliary differentiation, as depicted in
Fig. 4.1, and correlates well with permeability
measurements using labeled dextran [21]. TEER
can be measured by using a conventional volt-
ohmmeter, showing that epithelial resistance
markedly increased in epithelial cells that were
grown under ALI conditions, from values around
100�200 Ω3 cm2 at confluence under submerged
conditions to levels above 1000 Ω3 cm2 upon
mucociliary differentiation [22,23]. Epithelial bar-
rier function is maintained by intercellular contact
formation in so-called epithelial junctions. These
intercellular junctions are mainly composed of
tight junctions (TJs), which are located most api-
cally, adherens junctions (AJs), and (hemi)desmo-
somes, which are located basolaterally. AJs
regulate adhesion through homotypic interac-
tions of the adhesion molecule E-cadherin on
adjacent cells, providing the architecture that is
required for TJs [24]. The major constituent of
AJs is the transmembrane protein E-cadherin.
E-cadherin is thought to be crucial for the forma-
tion of all other junctions, and its disruption
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results in delocalization of TJ proteins, as previ-
ously reviewed [24]. TJs are composed of the
transmembrane proteins zona occludens-1 (ZO-
1), occludin, claudins, and junction adhesion
molecules and are the main regulators of epithe-
lial permeability [24]. Desmosomes form adhe-
sive bonds with the filament cytoskeleton
between adjacent cells or between cells and the
lamina propria by nonclassical cadherins [24].
Junctional expression of various of AJ and TJ pro-
teins as well as desmosomes has been confirmed
in ALI-cultured human bronchial epithelium
[22,25,26]. Pell et al. have recently reported a
robust and quantitative methodology to assess
airway epithelial barrier integrity, using high-
content imaging of junctional proteins in combi-
nation with TEER [27].

Under pathological conditions, disruption of
epithelial junctions may lead to increased perme-
ability and access of environmental factors such
as pathogens to subepithelial layers, which may
cause structural abnormalities and epithelial
remodeling, that is, mucous hyperplasia and
squamous cell metaplasia, as observed in patients
with asthma and COPD [28�30]. Various insults,

as will be described later in this chapter, can be
used in ALI cultures to disrupt epithelial barrier
function. In addition, injury of the epithelial layer
can be mimicked in ALI cultures using a scratch
wound model [31]. Upon this type of wounding,
complete regeneration of the airway epithelium
requires epithelial migration, proliferation, and
reconstitution of functional intercellular junctions,
followed by redifferentiation into a functionally
intact epithelial layer.

For the (re-)differentiation into a mucociliary
epithelium, not only are exposure to air and the
presence of basement membrane ECM mole-
cules required, but retinoic acid (RA) is also a
crucial factor [32]. Without RA the epithelium
became squamous, and mucin secretions drasti-
cally decreased [32]. For mucociliary differentia-
tion upon air exposure, low concentrations of
RA and seeding of the cells onto collagen plus
fibronectin coating are currently most com-
monly used. Under these conditions, epithelial
cultures established from protease digestion in
bronchial tissue [25] as well as from bronchial
brushes [23] have been shown to differentiate
toward a mucociliary epithelium. This indicates

FIGURE 4.1 The air�liquid interface (ALI) model representing the human airway epithelium. Basal progenitor air-
way epithelial cells can be isolated from human lungs. Apical air exposure promotes isolated basal epithelial cells to
develop tight barrier function in vitro by formation of tight junctions, adherens junctions, and desmosomes. Establishment
of a tight barrier is thought to be a prerequisite for basal cells to polarize and differentiate. Over several weeks of air expo-
sure, ALI-cultured basal cells will differentiate into pseudostratified epithelium consisting mainly of basal progenitor cells,
secretory club cells, goblet cells, and ciliated cells and recapitulating the characteristics of the airway epithelium in vivo.
Source: Created with BioRender.com.
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that cultures established from both enzymatic
treatment and brushings of bronchial tissue con-
tain cells with a basal epithelial phenotype that
can (re)differentiate into columnar cell. Our
group showed that the number and distribution
of cells expressing the basal progenitor markers
CK5/p63 in pseudostratified ALI cultures
closely resembled that of airway epithelium in
lung tissue and changes that in the composition
of asthmatic airway epithelium are recapitu-
lated by using this model, as will be described
later in this chapter. In addition, Ghosh et al.
performed RNA sequencing analysis to com-
pare the transcriptome of fresh nasal brushings
and ALI-cultured nasal epithelial cells and
reported a strong correlation between the pro-
files with 96% of expressed genes showing simi-
lar expression, although specific pathways
(including ECM organization/interactions,
hemidesmosome assembly, keratinization, and
tRNA-processing pathways) were affected by
the culture conditions [33]. While the ALI sys-
tem is suitable for investigating abnormal
regenerative responses in lung disease, the suc-
cessful differentiation of isolated airway epithe-
lial cells into a pseudostratified layer is not
always achieved. Of note, high variability exists
not only between protocols and donors but also
within donors in the ability of cells in ALI cul-
ture to consistently establish TEER levels and
form a columnar epithelium [34]. In an attempt
to overcome this, Gras et al. isolated epithelial
cells from bronchial biopsies and demonstrated
with the use of a logistic regression model that
ALI culture success was independently associ-
ated with the presence of living ciliated cells
within the initial biopsy [35].

For translation to the in vivo situation, the
ECM forms an important component of
in vitro models to study airway epithelial
repair. In vivo, interaction with and remodel-
ing of the ECM play a central role in epithelial
cell migration, proliferation, and restoration of
the barrier during wound repair. Epithelial
release of growth factors such as transforming

growth factor beta, which activate fibroblasts
and myofibroblasts, promotes excessive depo-
sition of ECM components, such as collagens
and fibronectin, in the lamina reticularis just
below the basement membrane [36]. ALI cul-
ture forms a solid basis for more complex mod-
els, including not only 3D ECM structures but
also additional cell types such as stromal cells
as well as endothelial cells and immune cells.
For example, we have previously reported on
coculture models of ALI-cultured primary epi-
thelial cells with fibroblasts and T lymphocytes
[37,38].

Unlike primary cells, cell lines are in general
not suitable for studies of regeneration of muco-
ciliary epithelial layers upon injury, not being
able to differentiate into columnar epithelial
cells. There are exceptions; for instance, Calu-3
cells produce mucus upon air exposure, reflect-
ing differentiation into goblet cells, while the
immortalized human bronchial epithelial cell
line BCi-NS1.1 was shown to differentiate into a
ciliated epithelium upon ALI culture [19,39].
The frequently used cell line 16HBE14o- is, to
the best of our knowledge, not capable of muco-
ciliary differentiation. However, these cells do
form a tight barrier upon air exposure, with the
establishment of TEER levels that are compara-
ble to those in primary cells [22], and thus con-
stitute a suitable model to study epithelial
barrier function and its recovery upon injury.
Finally, also human-induced pluripotent stem
cells have been used to successfully establish
ALI cultures expressing basal progenitor mar-
kers such as KRT5, P63, SCGB1A, goblet cell
marker MUC5B, and ciliated cell marker FOXJ1
[40,41].

In the next section of this chapter, data from
single-cell analysis will be described to provide
comprehensive insight into the basal cell states
and differentiated cell types that are present
upon ALI culture in comparison to those that
are present in fresh brushings and those that
are present in the organoid model. The ALI
model is a suitable model to study the effects
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of inhaled drugs or the interaction of combined
therapies. For example, pharmacodynamic and
pharmacokinetic interactions between salme-
terol and fluticasone particles have been stud-
ied upon their codeposition on ALI-cultured
Calu-3 cells. Furthermore, ALI offers the ability
to expose cells to gaseous phase particles,
including cigarette smoke [42], mimicking the
real-life situation of inhaled toxicants more
closely than is possible with the use of cigarette
smoke extract. The exposure of ALI-cultured
epithelial cells to cigarette smoke as well as
various other inhaled insults, including respi-
ratory viruses such as respiratory syncytial
virus (RSV) and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), will be
discussed later in the chapter. Finally, we high-
light the recapitulation of epithelial phenotype
in ALI cultures of epithelial cells obtained from
patients with asthma and COPD.

Single-cell RNA sequencing analysis of
air�liquid interface�differentiated cell
subtypes and states: how well do these
represent the airway epithelium in vivo?

As was described in the chapter introduction,
the airway epithelium is characterized by exten-
sive cellular heterogeneity and plasticity [43]. ALI
cultures are widely used as the in vitro model
that most closely resembles the airway epithelial
cell-type composition and cell-cell interactions
that are observed in vivo. Immunohistochemical,
RNA, and protein analyses show that the main
epithelial cell types are all observed in well-
differentiated ALI cultures, validating their use as
a relevant model for airway epithelial function
in vivo [44]. More recently, the application of
single-cell RNA sequencing (scRNA-Seq) has
facilitated the highly detailed characterization of
cellular heterogeneity of the airway epithelium in
nasal or bronchial brushes and biopsies as well as
in ALI-cultured epithelial cells sourced from these
locations. Initial scRNA-Seq studies involved ALI

cultures of primary human nasal [45] and tracheal
[46,47] epithelial cells. During the COVID-19 pan-
demic a number of studies have been performed
employing ALI cultures as an optimal model to
study the SARS-CoV-2 cell entry factor gene
expression [48,49] as well as SARS-CoV-2 induced
responses of the nasal and bronchial epithelium
[50]. From these studies, it is clear that the ALI
culture model represents an actively differentiat-
ing epithelium with relatively high proportions of
(proliferating) basal cells. At baseline, five main
epithelial cell types (with marker genes) can be
distinguished: basal (KRT5 and TP63), suprabasal
(KRT5 and KRT13 but lacking TP63), club
(SCGBA1 but lacking MUC5AC/B), goblet
(MUC5AC and/or MUC5B), and multiciliated
cells (FOXJ1 and PIFO) as well as several rare cell
types [13]. The first study to report on ALI-
cultured upper airway epithelial cells also identi-
fied a discrete precursor to the multiciliated cell
called the deuterosomal cell, identified by the
expression of CDC20B [45]. Deuterosomal cells
were subsequently also (reproducibly) observed
in nasal and bronchial epithelial cells that had
been freshly obtained from brushes or biopsies
[45,46,51,52] or cultured at ALI [46]. A direct com-
parison between ALI cultures and freshly
obtained nasal epithelial cells reveals that the rela-
tive proportion of basal to differentiated epithelial
cells (goblet, multiciliated) strongly depends on
duration after airlift and the culture media that
are used [45]. For lower airway epithelial cells
derived from tracheal brushings, the cell-type pro-
portions stabilized around 14 days after airlift
[46]. To directly compare molecular cell states (or
transcriptional phenotypes), the individual epithe-
lial cell subsets between ALI and nasal or bron-
chial brushes were analyzed directly ex vivo.
Therefore we integrated data from bronchial biop-
sies obtained at the fourth- to sixth-generation air-
way by bronchoscopy in healthy control subjects
with primary bronchial epithelial cells (sampled
by bronchial brush at this same anatomical loca-
tion in healthy control subjects) grown at ALI con-
ditions and 3D spheroid culture conditions
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according to an established bronchial epithelial
organoid culture protocol and annotated cell
types, using the labels from our initial description
of bronchial epithelial cell states observed in bron-
chial biopsies from healthy controls and asthma
patients [53]. From this analysis (Fig. 4.2) it
becomes apparent that most epithelial cell subsets
that are observed in vivo are also observed in ALI
cultures, yet both ALI and spheroid cultured pri-
mary bronchial epithelial cells display low fre-
quencies of unique cell states that are not
observed in vivo, at least not under homeostatic
conditions. Also, cell-type proportions differ in
both culture models, with ciliated cells being pres-
ent in lower numbers, especially in the 3D spher-
oid cultures, while basal cell subsets are increased
in both spheroid cultures (“basal 2,” which are
suprabasal cells) and ALI cultures (activated basal
cells) compared to brushes. The ALI culture
media that were used here were also associated
with lower frequencies of well-differentiated epi-
thelial cells in nasal ALI cultures [45]. Therefore
depending on the research question at hand,
either 3D spheroid or ALI culture models can be
applied, taking into account that resting, fully dif-
ferentiated multiciliated cells will be present in
lower numbers, while intermediate phenotypes
will be overrepresented, making these culture
models especially suited for the analysis of
dynamic cell state transitions that are relevant to
airway diseases such as airway epithelial (de)dif-
ferentiation or repair processes. For ALI cultures,
the selection of culture media will strongly deter-
mine the proportions of differentiated in basal
epithelial cells and is therefore an important part
of the experimental design of the study.

Recapitulation of epithelial phenotype in
air�liquid interface cultures from asthma

patients

Asthma affected an estimated 262 million
people and caused over 461,000 deaths world-
wide in 2019 [54]. The disease is characterized

by chronic airway inflammation (which forms
the target of all asthma therapeutics) and air-
way remodeling (for which there are no thera-
peutics) in response to inhaled allergens,
smoke, and particulate matter. Airway remo-
deling has been documented for all stages of
asthma severity and has been linked to
reduced lung function, airways hyperrespon-
siveness, and greater use of asthma medica-
tions [55�58]. Features of airway remodeling
include a damaged epithelium, increased
mucus production, thickening of the basement
membrane, increased deposition of the ECM
within the lamina reticularis, increased num-
bers of myofibroblasts, and smooth muscle
mass. Compelling evidence within the litera-
ture indicates that impairment of epithelial bar-
rier function in asthma is a key player in
airway inflammation and remodeling in the
disease process [30].

Studies of the airway epithelium in situ
have revealed structural changes in the epithe-
lium of asthmatic patients, including disrup-
tion of TJs, detachment of ciliated cells,
reduced expression of E-cadherin and other
cell-cell adhesion molecules, and increased
numbers of goblet cells and KRT51/p631 basal
progenitor cells [22,59]. In line with these find-
ings, functional studies of airway epithelial
cells derived from children and adults with
asthma cultured with ALI have replicated
decreased expression of junctional molecules
(e.g., E-cadherin, caveolin-1), increased perme-
ability, increased numbers of basal cells as
shown in Fig. 4.3, and a greater sensitivity to
environmental insult compared with healthy
controls. This has enabled the use of epithelial
models to study the mechanisms of asthma
in vitro.

Although the mechanisms contributing to the
loss of airway epithelial barrier function in
asthma have not been fully elucidated, a num-
ber of intrinsic and extrinsic factors have been
shown to play a role. Several genome-wide
association studies have found genes and
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FIGURE 4.2 Analysis of primary bronchial epithelial cells from bronchial biopsies and in ALI and 3D spheroid cul-

tures. Primary bronchial epithelial cells obtained by bronchial brushing of fourth- to sixth-generation airway of healthy
control subjects were cultured under ALI conditions for 24�28 days or in 3D organoid cultures for 14 days and harvested
for scRNA-Seq. Analysis was performed by merging the data with those of epithelial cells obtained in bronchial biopsies
from healthy controls and clustering of the merged object. Cell-type annotation was performed, using the labels from Viera
Braga et al. [53], and only small clusters exclusively containing cells from either ALI or 3D organoid cultures were
observed. Relative proportions of the cells in the different clusters are shown in the bar graph, indicating that in 3D and
ALI cultures, lower proportions of ciliated cells were observed compared to airway wall biopsies, while the number of acti-
vated basal cells (in ALI) or suprabasal (basal 2, in 3D organoids) is increased in the culture models.



genetic loci associated with asthma that are
expressed by the epithelium [60,61]. Asthma
risk genes that are involved in cell adhesion
and airway epithelial barrier function include
PCDH1 (protocadherin1) [62], ORMDL3 (oroso-
mucoid-like 3) [63�65], DPP10 (dipeptidyl pep-
tidase 10) [66], and GPRA (G protein�coupled
receptor for asthma susceptibility) [67]. CDHR3
(cadherin-related family member 3) has also been
shown to be involved in cell adhesion and

polarity and moreover is the receptor for rhinovi-
rus (RV) C; thus variants of this gene can modu-
late the susceptibility to infection [68�70].
MUC5AC, MUC5B [71,72], and CLCA1 (calcium-
activated chloride channel regulator 1) [73]
variants are predicted to cause increased mucin
production, and variants in TSLP and IL-33 lead
to an increase in epithelial alarmins. This has
been reflected in ALI cultures, in which higher
levels of TSLP and IL-33 in basal supernatants of
ALI-cultured epithelial cells have been shown
from asthma patients compared to healthy con-
trols [74]. These findings indicate that genetic
defects or variations within the airway epithe-
lium can cause, drive, or worsen asthma, most
likely through interactions with the environment.

In terms of extrinsic factors, allergens, viral
infections, and Th2 inflammation are strongly
associated with the pathogenesis of asthma.
Several in vitro studies using airway epithelial-
ALI cultures have shown that protease-
containing allergens, such as house dust mites,
Alternaria fungi, and various pollen allergens
[75,76], can directly via cleavage of epithelial TJ
proteins or indirectly via epidermal growth fac-
tor receptor transactivation and protease-
activated receptor 2 activation [77] disrupt the
epithelial barrier, causing increased permeabil-
ity and decreased TEER. Infections with respira-
tory viruses, such as RSV, have shown that
infection disrupts epithelial TJs by activation of
protein kinase D [78]. Studies focused on RV
infection have shown that infection causes loss
of TJs (ZO-1) in ALI-cultured airway epithelial
cells from asthmatic children. This loss in bar-
rier function is more pronounced and sustained
in cells from children without asthma [79,80]. A
reduction in occludin expression in a NADPH-
oxidase-dependent manner has also been impli-
cated in RV infection [81]. Recent coculture ALI
models have shown that Th2 cytokine IL-13
released from ILC2 cells increases epithelial bar-
rier permeability and reduces the expression of
junctional proteins claudin-18, ZO-1, occludin,
E-cadherin, and β-catenin [82,83].

FIGURE 4.3 Patient-matched airway sections and epithe-

lial cells cultured at the air�liquid interface from a represen-

tative asthmatic patient and a nonasthmatic subject. Sections
were immunostained for periodic acid�Schiff (PAS) (stained
in purple), E-cadherin(E-cad), and cytokeratin 5 (CK5). Scale
bar5 100 μM. Source: Adapted with permission of the American
Thoracic Society. Copyright r 2022 American Thoracic Society. All
rights reserved. Cite: Hackett, T.-L., Singhera, G. K., Shaheen, F.,
Hayden, P., Jackson, G. R., Hegele, R. G., et al. (2011). Intrinsic
Phenotypic Differences of Asthmatic Epithelium and its Inflammatory
Responses to Respiratory Syncytial Virus and Air Pollution. Am. J.
Respir. Cell Mol. Biol. 45, 1090–1100. The American Journal of
Respiratory Cell and Molecular Biology is an official journal of the
American Thoracic Society. Readers are encouraged to read the entire
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Together, these studies demonstrate that
intrinsic and extrinsic alterations in the airway
epithelium can be modeled in vitro by the culture
of airway epithelial cells at ALI using healthy
versus asthma patient-derived epithelial cells.

Recapitulation of epithelial phenotype in
air�liquid interface cultures from chronic
obstructive pulmonary disease patients

According to the World Health Organization,
COPD was the third leading cause of death
worldwide in 2020, causing over 300 million
deaths. COPD is a prevalent, disabling lung dis-
ease characterized by mucus hypersecretion
(chronic bronchitis), small airway wall remodel-
ing and reduction [84], and destruction of func-
tional gas exchange units (emphysema). COPD is
caused by the inhalation of noxious particles in
combination with genetic and personal factors
[85], such as age and lifestyle, which triggers pre-
dominantly neutrophilic inflammation and pro-
gressive lung tissue damage, leading to airflow
limitation. Exposure to cigarette smoke is the
main risk factor for COPD. Cigarette smoke con-
sists of gaseous and particulate components and
contains more than 7000 chemicals, including
radicals and heavy metals. Inhaled smoke first
encounters the airway epithelia, inflicting oxida-
tive stress [86], damage, and immunogenic cell
death [87], the initial pathological changes that
are induced by smoking. This may eventually
contribute to the development of COPD, leading
to sustained recruitment of immune cells, tissue
damage, and remodeling, including squamous
metaplasia, mucus hypersecretion, and loss of cil-
iary beating in the airway epithelium. The loss of
ciliary function is accompanied by affected cilia
length and cilia recycling by a selective autop-
hagy pathway, known as ciliophagy [88].
Cigarette smoking induces changes in the airway
epithelium, leading to goblet cell hyperplasia
[89�91], contributing to airway obstruction. In
addition, oxidative stress induced by cigarette

smoke disrupts the junctions between adjacent
epithelial cells. In vivo models have shown that
cigarette smoke induces the permeability of the
airway mucosa [92]. We and others have previ-
ously demonstrated that in vitro, cigarette smoke
transiently impairs epithelial barrier function, dis-
rupting occludin and ZO-1 junctional expression
[93,94]. Moreover, Milara et al. demonstrated that
cigarette smoke extract reduces the expression of
E-cadherin and ZO-1 in primary epithelial cells
from COPD patients but not in those from control
smokers [95]. In line with these findings, it has
been reported that cigarette smoking reduces
known apical junction genes in the airway epithe-
lium, of which the majority is further reduced in
lung tissue of COPD patients compared to that of
smokers with a normal lung function [96].
Studies from our group confirmed the airway
epithelial loss of E-cadherin expression and junc-
tional ZO-1 expression in lung tissue from COPD
patients who had formerly smoked [21,97].

To closely model the airway epithelium in
COPD, the airway epithelial changes described
above should be recapitulated in vitro, including
loss of epithelial junctions, mucus hypersecretion,
and ciliary impairments. RNA sequencing analy-
sis upon intermittent whole cigarette smoke
exposure during 28-day ALI culture of small air-
way epithelial cells from three non-COPD con-
trols and three COPD patients (commercially
obtained from lung tissue by enzymatic treat-
ment) demonstrated deregulation of marker
genes for basal and secretory cells (with higher
expression of, e.g., CK5, CK13, P63, CD44 and
MUC5AC and lower expression of SCGB1A and
ciliated cell marker FOXJ1). A high degree of sim-
ilarity was observed with signatures from a pub-
lished dataset of bronchial epithelial brushings
from smokers and nonsmokers [98]. These
changes were accompanied by decreased epithe-
lial barrier integrity (lower TEER and altered
expression of several junctional proteins) in both
control and COPD-derived cultures. We have
demonstrated that the disrupted expression of
ZO-1 and occludin of ex-smokers with severe
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COPD is represented in ALI (re)differentiated air-
way epithelial cells [21]. Bronchial epithelial cells
that were obtained by protease digestion from
transplant recipient lungs of six former smokers
with GOLD stage IV COPD were compared to
cells from the lungs of eight non-COPD trans-
plant donors. The disrupted expression of TJ pro-
teins was accompanied by significantly lower
barrier function upon submerged culturing, as
measured by resistance using electrical cell-
substrate impedance sensing. Similar findings
were obtained by Gohy et al., who cultured pri-
mary bronchoepithelial cells from surgical lung
tissue at the ALI [99]. Airway epithelial staining
in lung tissue showed lower expression of ZO-1
in mild-to-moderate COPD compared to nona-
symptomatic smokers, while E-cadherin expres-
sion was lower compared to that of nonsmokers.
In vitro, ALI-differentiated bronchial epithelial
cells from patients with mild-to-moderate COPD
showed lower ZO-1 and E-cadherin expression
than in cells from controls [99]. Similarly, Gohy
et al. demonstrated that the epithelium in the
large airways of COPD patients, when compared
to the epithelia of smoking and nonsmoking con-
trols, showed lower numbers of ciliated cells and
lower expression of the ciliated cell marker
β-tubulin IV. In addition, higher numbers of gob-
let cells and expression of one of the major glyco-
proteins of mucus, mucin (MUC)5AC, were seen
in the COPD patients. Importantly, both features
were recapitulated in the ALI-cultured epithe-
lium from COPD patients [99]. Accordingly, our
group has shown that COPD-derived ALI-cul-
tured epithelial cells have higher levels of
MUC5AC transcription factor SAM-pointed
domain-containing Ets-like factor (SPDEF) than
those from non-COPD controls [100]. Finally,
COPD and non-COPD subject-derived ALI cul-
tures have demonstrated differences in host
defense responses between COPD patients and
controls [101].

Together, these studies demonstrate that
changes in the airway epithelial layer in COPD
are well represented in vitro by the culture of

airway epithelial cells at the ALI. Future studies
should establish whether changes in communica-
tion with other cell types in coculture models
can also be represented in ALI culture models
and whether implementation of the altered ECM
will provide a model that reflects the in vivo
situation even more closely.

Use of air�liquid interface culture to
study effects of environmental insults:

respiratory virus

Infection of the lung epithelium with common
viruses such as RV, RSV, influenza, and now
SARS-Co-V2 are major causes of morbidity and
mortality globally [102�104]. People with chronic
respiratory diseases such as asthma and COPD
are also more susceptible to viral infection and
suffer more severe consequences of the infection,
resulting in disease exacerbations [105,106].
Infection is typically initiated by exposure of the
respiratory tract to viral particles through the
inhalation of contaminated aerosols and droplets.
The virus then binds to several surface receptors
to endocytose, and once inside host epithelial
cells, the virus uncoats and initiates the viral repli-
cation process. For example, RVs bind to intercel-
lular adhesion molecule 1 (major group) or
low-density lipoprotein receptors (minor group),
and SARS-CoV-2 binds to angiotensin-converting
enzyme 2 (ACE2), whereas influenza attaches
to sialic acid residues. The epithelium senses
viral nucleic acids upon their binding to pattern
recognition receptors (PARs). In humans these
include transmembrane toll-like receptors (TLRs)
at the cell surface (TLR2 and TLR4) and in endo-
somes (TLR3, 7, 8, and 9) and cytoplasmic
sensors, which include R-inducible gene (RIG)-I-
like receptors, such as RIG-1 and melanoma
differentiation-associated protein (MDA5), and
nucleotide-binding oligomerization domain-like
receptors (NLRs) such as NOD2 and NLRP3. The
activation of these PARs results in the production
of immune defense genes, including interferons
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(IFNs), IFN-stimulated genes, and direct physical
interactions with leukocytes that augment host
defense mechanisms to kill the invading patho-
gens [107,108]. Subsequent humoral and dendritic
cell�induced cell-mediated immunity results in
the generation of B cells and CD41 T helper and
CD81 cytotoxic that further contain the infections.

ALI cultures have been used to assess the
infection of the upper (nasal) and lower (con-
ducting and respiratory) airways with many
human respiratory viruses [109,110]. Epithelial
generation of IFNs is essential for effective antivi-
ral responses and viral clearance. In terms of
chronic diseases the airway epithelium from
asthmatic patients compared with that of healthy
individuals has been shown to have impaired
IFN production [111] that is correlated with
exacerbation severity [112�116]. Recently, the
lung epithelial-ALI model has been used exten-
sively to model SARS-CoV-2 infection in the
lung [117�119] and for virus isolation [120].
Notably, differentiation of epithelial cells in ALI
culture results in a drastic increase in the expres-
sion and the polar presentation of the viral recep-
tor ACE2 [103,121] on the apical membrane
[109,110]. The model has also been used to dem-
onstrate that SARS-Co-V-2 predominantly targets
nasal epithelial cells [48,122], ciliated cells, but
also goblet cells, expressing MUC5AC [109,123].
Long-term modeling (51 days) of SARS-CoV-2
infection leads to airway epithelial damage, dis-
ruption of TJs, and loss of cilia [124]. The ALI
culture system has also been used to study the
effect of therapeutic strategies for COVID-19,
which included the known antiviral cytokine
IFNB1 and remdesivir and hydroxychloroquine,
which are investigational drugs for COVID-19
treatment [125].

Together, these studies demonstrate that
airway epithelial cells cultured at the ALI
provide an important model to understand
the detrimental effects of respiratory infec-
tions, reflecting viral responses in vivo,
which cannot always be modeled by using
animal models.

Use of air�liquid interface culture to
study effects of environmental insults:

cigarette smoke

Over the years, studies using ALI cultures of
human epithelial cells have demonstrated their
relevance for increasing our understanding of
the harmful effects of cigarette smoke on the
human lung epithelium. In particular, ALI mod-
els showed their importance as they allow dif-
ferentiation of airway epithelial basal cells into
a pseudostratified epithelium, as described ear-
lier. Expression of genes related to xenobiotic
metabolism, which is highly relevant for com-
pounds derived from cigarette smoke exposure,
were shown to be dependent on the differentia-
tion status of the epithelium [126]. Several genes
related to xenobiotic metabolism are relatively
low in expression in undifferentiated sub-
merged cultures, whereas upon differentiation
at the ALI they increase [126]. This implies that
ALI-epithelial differentiated cultures are more
relevant for studying the effects of cigarette
smoke exposure compared to undifferentiated
cultures. To mimic cigarette smoking, studies
mainly report the use of either water-soluble
extract or condensate from cigarette smoke
[127,128], whole cigarette smoke [129,130], or,
more recently, e-liquids and vapors [131�133].
Whereas exposure to liquid (extracts) is straight-
forward, it covers the apical air-exposed side of
the epithelial layer with a volume of fluid that
exceeds the volume of the epithelial lining fluid.
Furthermore, it comprises a selection of (water-
soluble) mediators compared to whole cigarette
smoke and does not allow studying the contri-
bution of short-lived oxidants. On the other
hand, many important compounds are still
represented in the soluble fraction, including
lipophilic compounds such as toxic aldehydes
[86], that can pass the cell membrane. Use of
smoke extract has provided valuable insights
into effects on, for example, mitochondrial reac-
tive oxygen species production, goblet cell dif-
ferentiation, barrier dysfunction, and WNT
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signaling [86,128,134,135]. Whole cigarette
smoke is also applied to ALI cultures, which is
especially relevant, as it allows the gaseous and
particulate phase, as in smoking individuals, to
be fused over the cells.

The use of many different exposure systems
throughout the literature to expose ALI cultures
to whole cigarette smoke contributes heavily to
the complexity of data interpretation. Exposure
systems are either commercial or custom made,
resulting in differences between exposure dura-
tion, particle deposition, and intensity of the
exposure [136,137]. Despite these differences,
studies comparing transcriptional responses of
cigarette smoke�exposed ALI cultures with those
obtained from human studies showed overlap in
for example xenobiotic metabolism pathways
and antioxidant responses [138]. Additionally,
established gene signatures derived from a vari-
ety of human cigarette smoke studies showed
overlap with sets of genes that were differentially
expressed in exposed ALI cultures [139]. Whole
cigarette smoke is often applied to ALI cultures
as a single, rather short exposure to study acute
effects of cigarette smoke on, for example, inflam-
matory responses and/or barrier function
[140,141]. Repeated exposures to cigarette smoke
have been used to study more chronic effects,
and for this, whole cigarette smoke is applied
during repetitive exposures, often over a time
course of days to weeks. This approach has
allowed for the assessment of the effects of ciga-
rette smoke on epithelial differentiation and
remodeling [140,142,143]. In addition, conse-
quences for functional responses of the epithe-
lium including mucus secretion [144], barrier
function [145], inflammation [146], ciliary func-
tioning [147], and host defense [140,148] were
established. With these repetitive applications,
exposure to cigarette smoke seems to promote
features that reflect COPD-related epithelial
remodeling, such as increased numbers of goblet
cells [142], whereas other researchers have
reported impairment of differentiation of the epi-
thelium in ALI culture [143] and expansion of a

basal cell subset characterized by KRT6A expres-
sion that is associated with squamous differentia-
tion [141]. These outcomes are likely explained
by differences in cigarette smoke exposure and
duration and whether smoke was applied during
or after differentiation of the epithelial culture.

Primary epithelial-ALI cultures increasingly
include additional cell types, such as fibro-
blasts [149] or immune cells [150], to assess dis-
turbed crosstalk in the context of exposure to
cigarette smoke. Here, the cocultured cells
often have a supportive function by dampen-
ing stress responses or promoting wound
repair [149,150]. Besides modeling airway epi-
thelial responses, the ALI model could also be
relevant in modeling responses of the alveolar
epithelium to whole cigarette smoke, although
only a few studies have addressed this particu-
lar setup. Isolation and culture of primary alve-
olar type II cells have only recently become
more straightforward [151,152]; therefore stud-
ies mainly include the use of cell lines com-
bined with cigarette smoke extract exposure.

Overall, the ALI cell culture model is highly
suitable for studies addressing lung epithelial
cell responses to airborne inhaled toxicants such
as cigarette smoke. The variability between pro-
tocols for obtaining cigarette smoke extract or
whole cigarette smoke does complicate the
interpretation of results (e.g., the intensity of
cigarette smoke exposure), and it will be impor-
tant to further standardize these for future
initiatives to refine and replace animal experi-
mentation, for example, for drug-screening
studies and studies of inhalation toxicology.

Use of air�liquid interface culture to
study effects of environmental insults: air

pollution

While the presence of cigarette smoke is per-
ceptible upon inhalation, many other air pollu-
tants are inhaled unnoticeably, both indoors and
outdoors. Ambient air can be polluted by gaseous
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substances, heavy metals, particulate matter, and
organic substances [153]. Associations between air
pollution and lung health are gaining more and
more attention, especially in light of the SARS-
CoV-2 pandemic. However, causal relationships
are difficult to establish [154�157]. Exposure of
ALI cultures to air pollution can give valuable
insights into the possible mechanisms by which
pollutants could affect the integrity and function
of the lung epithelium.

Only a few studies have investigated the
effect of local ambient air on cell behavior in
ALI cultures, revealing clear changes in inflam-
matory gene expression when compared to
clean air and even seasonal effects were found
[158,159]. However, to investigate which pollu-
tants are responsible for the observed harmful
effects of ambient air, single components or
mixtures from a specific source (such as a die-
sel engine) can be tested in ALI cultures in a
dose-dependent manner. Exposure of epithelial
cells in ALI culture to the exhaust of a diesel
engine has been associated with increased
expression or secretion of inflammatory and
oxidative stress markers [160�162], matching
the findings of controlled human exposure
studies [163,164]. Furthermore, diesel exhaust
has been shown to decrease the epithelial bar-
rier function upon prolonged exposure, as
demonstrated by TEER measurements [162].
Exposure of primary human bronchial epithe-
lial cells to the exhaust of engines fueled by
different ratios of diesel and biodiesel indi-
cated clear variation in cell viability and the
expression and secretion of antioxidants and
inflammatory mediators, showing that biodie-
sel does not necessarily result in reduced
adverse effects and emphasizing the sensitivity
of this culture system [165].

Particulate matter is a complex mixture of
particles of various sizes and compositions. The
particulate matter that is found in diesel exhaust
is thought to be the major contributor to the
damaging effects, as exposure of ALI cultures to
only diesel particulate matter has been shown

to affect inflammation and oxidative stress in a
way similar to that of whole diesel exhaust
[166,167]. Particulate matter from other sources
has also been linked to proinflammatory effects
and reduced barrier integrity in ALI-cultured
epithelial cells [25,168�172]. The diameter of
particulate matter is believed to be an important
variable in these responses, as smaller particles
generally induce amplified responses in these
culture systems [168,173].

In addition to particulate matter, a plethora
of gaseous substances are present in polluted
air that may affect lung health. Ozone (O3), the
main component of smog, has been shown to
induce a proinflammatory response in ALI-
cultured primary human bronchial epithelial
cells, while its precursor NO2 increased the
expression of oxidative stress�associated
genes [174] Volatile organic compounds, such
as toluene and benzene, can also induce oxida-
tive stress and inflammation in lung epithelial
cells [175].

Although airborne particles and gaseous sub-
stances can be applied to ALI cultures in differ-
ent doses to assess their effect, it is rather
challenging to deposit the pollutants in a physio-
logically and environmentally relevant manner.
The development of sophisticated exposure sys-
tems that facilitate prolonged and homogeneous
exposure to air pollutants is essential to improve
the translatability of these in vitro findings
[176,177]. Furthermore, the use of fully differenti-
ated human primary epithelial cells in ALI cul-
ture seems to be of great importance to optimally
mimic the in vivo situation, as the response of
these cells to air pollution is often dampened in
comparison to the response of submerged pri-
mary epithelial cell cultures and immortalized
cell lines [168,173,178�181]. Extracellular defense
mechanisms in differentiated primary epithelial
cells, such as mucociliary particle clearance, are
likely to be responsible for this protective effect
[168,182]. ALI cultures of primary human epithe-
lial cells can also be applied to investigate
disease-related sensitivity to air pollution, as
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these cells preserve their healthy or diseased
phenotype when cultured at the ALI. For exam-
ple, bronchial epithelial cells from COPD
patients in ALI culture are more sensitive to die-
sel exhaust and air pollution�derived particulate
matter than non-COPD controls.

In conclusion, ALI cultures are suitable models
to unravel the effects of air pollution on epithelial
barrier function and integrity in health and dis-
ease. Although it is challenging to fully mimic
in vivo exposure conditions in vitro, findings thus
far do support the associations between air pollu-
tion and lung health.

Concluding remarks

The ALI culture model is highly useful for
the study of airway epithelial responses in
health and disease, particularly for investigating
changes in barrier function, abnormal regenera-
tive responses in lung disease, responses to
inhaled gases and particulates, and innate
immune responses. ALI culture allows epithe-
lial cells to retain ion transport properties and
ultrastructure of the original tissue and to form
a tight barrier. Readouts in ALI include TEER
measurement, quantitative analysis of mucus
production, ciliary beat frequency measure-
ment, analysis of soluble cytokines and other
proteins, immunohistochemical analysis, and
DNA/RNA isolation for (epi)genetic and tran-
scriptomic profiles. In particular, the measure-
ment of TEER is a strong advantage of the ALI
model above other 3D models (e.g., organoids)
as well as animal models, as it can be used to
reflect the formation of a tight barrier, an impor-
tant aspect of airway epithelial function, as well
as epithelial damage upon exposure to insults.
Intrinsic and extrinsic alterations in the epithe-
lium of both asthma and COPD patients can be
modeled well in ALI cultures. Furthermore, the
ALI cell culture model is highly suitable for
studies of the detrimental effects of lung epithe-
lial cell responses to gas phase substances such

as cigarette smoke or respiratory infections.
Finally, although it is challenging to fully mimic
in vivo exposure conditions in vitro, ALI cul-
tures are suitable models to unravel the effects
of air pollution on epithelial barrier function
and integrity in health and disease.

Recent scRNA-seq data underscore that rest-
ing, fully differentiated multiciliated cells are
present in lower numbers in ALI cultures com-
pared to the human airway epithelium in vivo,
while intermediate phenotypes are overrepre-
sented. This makes ALI culture models especially
well suited for the analysis of dynamic cell state
transitions relevant to airway diseases, such as
airway epithelial (de)differentiation or repair pro-
cesses. Another limitation of the ALI culture is
the variability between successful differentiation
of isolated airway epithelial cells into a pseudos-
tratified layer. Furthermore, there is variability
between protocols for tissue culture media, such
as coating with ECM and obtaining standardized
cigarette smoke extract or whole cigarette smoke,
which complicates the interpretation of results. In
the future it will be important to standardize
such methodologies to enable the use of the ALI
model for drug-screening studies and replace ani-
mal experimentation. Future studies will also be
important to establish if communication with
other cell types in coculture models can also rep-
resent the in vivo environment more closely.

References

[1] Klimczak A, Kozlowska U. Mesenchymal stromal cells
and tissue-specific progenitor cells: their role in tissue
homeostasis. Stem Cell Int 2016;2016:4285215.

[2] Evans MJ, Van Winkle LS, Fanucchi MV, Plopper CG.
Cellular and molecular characteristics of basal cells in
airway epithelium. Exp Lung Res 2001;27(5):401�15.

[3] Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR.
Basal cells are a multipotent progenitor capable of
renewing the bronchial epithelium. Am J Pathol
2004;164(2):577�88.

[4] Rock JR, Onaitis MW, Rawlins EL, et al. Basal cells as
stem cells of the mouse trachea and human airway epi-
thelium. Proc Natl Acad Sci U S A 2009;106(1091�6490;
0027�8424; 31):12771�5.

65References

II. 3D lung models



[5] Teixeira VH, Nadarajan P, Graham TA, et al.
Stochastic homeostasis in human airway epithelium is
achieved by neutral competition of basal cell progeni-
tors. Elife. 2013;2:e00966.

[6] Watson JK, Rulands S, Wilkinson AC, et al. Clonal
dynamics reveal two distinct populations of basal cells
in slow-turnover airway epithelium. Cell Rep 2015;12
(1):90�101.

[7] Nikolic MZ, Sun D, Rawlins EL. Human lung devel-
opment: recent progress and new challenges.
Development. 2018;145(16). Available from: https://
doi.org/10.1242/dev.163485.

[8] Hackett TL, Shaheen F, Johnson A, et al. Characterization
of side population cells from human airway epithelium.
Stem Cell 2008;26(1549�4918; 1066�5099; 10):2576�85.

[9] Rawlins EL, Okubo T, Xue Y, et al. The role of
Scgb1a11 clara cells in the long-term maintenance
and repair of lung airway, but not alveolar, epithe-
lium. Cell Stem Cell 2009;4(6):525�34.

[10] Giangreco A, Reynolds SD, Stripp BR. Terminal
bronchioles harbor a unique airway stem cell popula-
tion that localizes to the bronchoalveolar duct junc-
tion. Am J Pathol 2002;161(1):173�82.

[11] Rawlins EL, Ostrowski LE, Randell SH, Hogan BL.
Lung development and repair: contribution of the cili-
ated lineage. Proc Natl Acad Sci U S A 2007;104
(2):410�17.

[12] Gosney JR. Neuroendocrine cell populations in post-
natal human lungs: minimal variation from childhood
to old age. Anat Rec 1993;236(1):177�80.

[13] Zaragosi LE, Deprez M, Barbry P. Using single-cell
RNA sequencing to unravel cell lineage relationships
in the respiratory tract. Biochem Soc Trans 2020;48
(1):327�36.

[14] Adler KB, Cheng PW, Kim KC. Characterization of
guinea pig tracheal epithelial cells maintained in
biphasic organotypic culture: cellular composition and
biochemical analysis of released glycoconjugates. Am
J Respir Cell Mol Biol 1990;2(2):145�54.

[15] Yamaya M, Finkbeiner WE, Chun SY, Widdicombe
JH. Differentiated structure and function of cultures
from human tracheal epithelium. Am J Physiol
1992;262(6 Pt 1):L713�24.

[16] Pierrou S, Broberg P, O’Donnell RA, et al. Expression
of genes involved in oxidative stress responses in air-
way epithelial cells of smokers with chronic obstruc-
tive pulmonary disease. Am J Respir Crit Care Med
2007;175(6):577�86.

[17] van Wetering S, Zuyderduyn S, Ninaber DK, van
Sterkenburg MA, Rabe KF, Hiemstra PS. Epithelial dif-
ferentiation is a determinant in the production of
eotaxin-2 and -3 by bronchial epithelial cells in response
to IL-4 and IL-13. Mol Immunol 2007;44(5):803�11.

[18] Burgess JK, Jonker MR, Berg M, et al. Periostin: contrib-
utor to abnormal airway epithelial function in asthma?
Eur Respir J 2021;57(2). Available from: https://doi.
org/10.1183/13993003.01286-2020 Print 2021 Feb.

[19] Kuek LE, Griffin P, Martinello P, et al. Identification of
an immortalized human airway epithelial cell line
with dyskinetic cilia. Am J Respir Cell Mol Biol
2018;59(3):375�82.

[20] Ikenouchi J, Umeda K, Tsukita S, Furuse M, Tsukita S.
Requirement of ZO-1 for the formation of belt-like
adherens junctions during epithelial cell polarization.
J Cell Biol 2007;176(6):779�86.

[21] Heijink IH, Noordhoek JA, Timens W, van Oosterhout
AJ, Postma DS. Abnormalities in airway epithelial junc-
tion formation in chronic obstructive pulmonary dis-
ease. Am J Respir Crit Care Med 2014;189(11):1439�42.

[22] Xiao C, Puddicombe SM, Field S, et al. Defective epi-
thelial barrier function in asthma. J Allergy Clin
Immunol 2011;128(1097�6825; 0091�6749; 3):549�56.

[23] Heijink IH, Brandenburg SM, Noordhoek JA, Postma
DS, Slebos DJ, van Oosterhout AJ. Characterisation of
cell adhesion in airway epithelial cell types using elec-
tric cell-substrate impedance sensing. Eur Respir J
2010;35(1399�3003; 0903�1936; 4):894�903.

[24] Nawijn MC, Hackett TL, Postma DS, van Oosterhout
AJ, Heijink IH. E-cadherin: gatekeeper of airway
mucosa and allergic sensitization. Trends Immunol
2011;(1471�4981):1471�4906.

[25] Hackett TL, Singhera GK, Shaheen F, et al. Intrinsic
phenotypic differences of asthmatic epithelium and its
inflammatory responses to respiratory syncytial virus
and air pollution. Am J Respir Cell Mol Biol 2011;
45(5):1090�100.

[26] Oshima T, Gedda K, Koseki J, et al. Establishment of
esophageal-like non-keratinized stratified epithelium
using normal human bronchial epithelial cells. Am J
Physiol Cell Physiol 2011;300(6):C1422�9.

[27] Pell TJ, Gray MB, Hopkins SJ, et al. Epithelial barrier
integrity profiling: combined approach using cellular
junctional complex imaging and transepithelial electrical
resistance. SLAS Discov 2021;26(7):909�21. Available
from: https://doi.org/10.1177/24725552211013077.

[28] Gohy S, Carlier FM, Fregimilicka C, et al. Altered gen-
eration of ciliated cells in chronic obstructive pulmo-
nary disease. Sci Rep 2019;9(1). 17963-019-54292-x.

[29] Aghapour M, Raee P, Moghaddam SJ, Hiemstra PS,
Heijink IH. Airway epithelial barrier dysfunction in
chronic obstructive pulmonary disease: role of ciga-
rette smoke exposure. Am J Respir Cell Mol Biol
2018;58(2):157�69.

[30] Heijink IH, Kuchibhotla VNS, Roffel MP, et al.
Epithelial cell dysfunction, a major driver of asthma
development. Allergy 2020;75(8):1902�17.

66 4. The air�liquid interface model

II. 3D lung models



[31] Inoue H, Hattori T, Zhou X, et al. Dysfunctional
ErbB2, an EGF receptor family member, hinders repair
of airway epithelial cells from asthmatic patients. J
Allergy Clin Immunol 2019;143(6):2075�85 e10.

[32] Gray TE, Guzman K, Davis CW, Abdullah LH,
Nettesheim P. Mucociliary differentiation of serially
passaged normal human tracheobronchial epithelial
cells. Am J Respir Cell Mol Biol 1996;14(1):104�12.

[33] Ghosh B, Park B, Bhowmik D, et al. Strong correlation
between air-liquid interface cultures and in vivo tran-
scriptomics of nasal brush biopsy. Am J Physiol Lung
Cell Mol Physiol 2020;318(5):L1056�62.

[34] Leung C, Wadsworth SJ, Yang SJ, Dorscheid DR.
Structural and functional variations in human bron-
chial epithelial cells cultured in air-liquid interface
using different growth media. Am J Physiol Lung Cell
Mol Physiol 2020;318(5):L1063�73.

[35] Gras D, Petit A, Charriot J, et al. Epithelial ciliated
beating cells essential for ex vivo ALI culture growth.
BMC Pulm Med 2017;17(1):80�017-0423-5.

[36] Boxall C, Holgate ST, Davies DE. The contribution of
transforming growth factor-{beta} and epidermal
growth factor signalling to airway remodelling in
chronic asthma. Eur Respir J 2006;27(1):208�29.

[37] Spanjer AI, Menzen MH, Dijkstra AE, et al. A pro-
inflammatory role for the frizzled-8 receptor in
chronic bronchitis. Thorax 2016.

[38] Schwarze J, Fitch PM, Heimweg J, et al. Viral mimic
poly-(I:C) attenuates airway epithelial T-cell suppres-
sive capacity: implications for asthma. Eur Respir J
2016;48(6):1785�8.

[39] Walters MS, Gomi K, Ashbridge B, et al. Generation of
a human airway epithelium derived basal cell line
with multipotent differentiation capacity. Respir Res
2013;14:135�9921-14�135.

[40] Abo KM, Ma L, Matte T, et al. Human iPSC-derived
alveolar and airway epithelial cells can be cultured at
air-liquid interface and express SARS-CoV-2 host fac-
tors. bioRxiv. 2020.

[41] Kerschner JL, Paranjapye A, Yin S, et al. A functional
genomics approach to investigate the differentiation of
iPSCs into lung epithelium at air-liquid interface. J
Cell Mol Med 2020;24(17):9853�70.

[42] Mertens TCJ, van der Does AM, Kistemaker LE, Ninaber
DK, Taube C, Hiemstra PS. Cigarette smoke differentially
affects IL-13-induced gene expression in human airway
epithelial cells. Physiol Rep 2017;5(13). Available from:
https://doi.org/10.14814/phy2.13347 Epub 2017 Jul 11.

[43] Tata PR, Mou H, Pardo-Saganta A, et al.
Dedifferentiation of committed epithelial cells into
stem cells in vivo. Nature. 2013;503(7475):218�23.

[44] Mertens TCJ, Karmouty-Quintana H, Taube C, Hiemstra
PS. Use of airway epithelial cell culture to unravel the

pathogenesis and study treatment in obstructive airway
diseases. Pulm Pharmacol Ther 2017;45:101�13.

[45] Ruiz Garcia S, Deprez M, Lebrigand K, et al. Novel
dynamics of human mucociliary differentiation
revealed by single-cell RNA sequencing of nasal epi-
thelial cultures. Development. 2019;146(20). Available
from: https://doi.org/10.1242/dev.177428.

[46] Goldfarbmuren KC, Jackson ND, Sajuthi SP, et al.
Dissecting the cellular specificity of smoking effects
and reconstructing lineages in the human airway epi-
thelium. Nat Commun 2020;11(1) 2485-020-16239-z.

[47] Jackson ND, Everman JL, Chioccioli M, et al. Single-
cell and population transcriptomics reveal pan-
epithelial remodeling in type 2-high asthma. Cell Rep
2020;32(1):107872.

[48] Sungnak W, Huang N, Becavin C, et al. SARS-CoV-2
entry factors are highly expressed in nasal epithelial
cells together with innate immune genes. Nat Med
2020;26(5):681�7.

[49] Lukassen S, Chua RL, Trefzer T, et al. SARS-CoV-2
receptor ACE2 and TMPRSS2 are primarily expressed
in bronchial transient secretory cells. EMBO J 2020;39
(10):e105114.

[50] Ravindra NG, Alfajaro MM, Gasque V, et al. Single-
cell longitudinal analysis of SARS-CoV-2 infection in
human airway epithelium identifies target cells, altera-
tions in gene expression, and cell state changes. PLoS
Biol 2021;19(3):e3001143.

[51] Travaglini KJ, Nabhan AN, Penland L, et al. A molec-
ular cell atlas of the human lung from single-cell RNA
sequencing. Nature. 2020;587(7835):619�25.

[52] Deprez M, Zaragosi LE, Truchi M, et al. A single-cell
atlas of the human healthy airways. Am J Respir Crit
Care Med 2020;202(12):1636�45.

[53] Vieira Braga FA, Kar G, Berg M, et al. A cellular cen-
sus of human lungs identifies novel cell states in
health and in asthma. Nat Med 2019;25(7):1153�63.

[54] GBD. 2019 Diseases and Injuries Collaborators. Global
burden of 369 diseases and injuries in 204 countries
and territories, 1990�2019: a systematic analysis for
the global burden of disease study 2019. Lancet
2020;396(10258):1204�22.

[55] James AL, Maxwell PS, Pearce-Pinto G, Elliot JG, Carroll
NG. The relationship of reticular basement membrane
thickness to airway wall remodeling in asthma. Am J
Respir Crit Care Med 2002;166(12 Pt 1):1590�5.

[56] Elias JA, Zhu Z, Chupp G, Homer RJ. Airway remo-
deling in asthma. J Clin Invest 1999;104(8):1001�6.

[57] Zeiger RS, Dawson C, Weiss S. Relationships between
duration of asthma and asthma severity among chil-
dren in the childhood asthma management program
(CAMP). J Allergy Clin Immunol 1999;103(3 Pt 1):
376�87.

67References

II. 3D lung models



[58] Boulet LP, Laviolette M, Turcotte H, et al. Bronchial
subepithelial fibrosis correlates with airway respon-
siveness to methacholine. Chest 1997;112(1):45�52.

[59] de Boer WI, Sharma HS, Baelemans SM, Hoogsteden
HC, Lambrecht BN, Braunstahl GJ. Altered expression
of epithelial junctional proteins in atopic asthma: pos-
sible role in inflammation. Can J Physiol Pharmacol
2008;86(3):105�12.

[60] Cookson W. The immunogenetics of asthma and
eczema: a new focus on the epithelium. Nat Rev
Immunol 2004;4(12):978�88.

[61] Moheimani F, Hsu AC, Reid AT, et al. The genetic and
epigenetic landscapes of the epithelium in asthma.
Respir Res 2016;17(1):119�016-0434-4.

[62] Koppelman GH, Meyers DA, Howard TD, et al.
Identification of PCDH1 as a novel susceptibility gene
for bronchial hyperresponsiveness. Am J Respir Crit
Care Med 2009.

[63] Moffatt MF, Gut IG, Demenais F, et al. A large-scale,
consortium-based genomewide association study of
asthma. N Engl J Med 2010;363(13):1211�21.

[64] Moffatt MF, Kabesch M, Liang L, et al. Genetic var-
iants regulating ORMDL3 expression contribute to the
risk of childhood asthma. Nature. 2007;448(7152):
470�3.

[65] Moffatt MF. Genes in asthma: new genes and new ways.
Curr Opin Allergy Clin Immunol 2008;8(5):411�17.

[66] Allen M, Heinzmann A, Noguchi E, et al. Positional
cloning of a novel gene influencing asthma from chro-
mosome 2q14. Nat Genet 2003;35(3):258�63.

[67] Laitinen T, Polvi A, Rydman P, et al. Characterization
of a common susceptibility locus for asthma-related
traits. Science. 2004;304(5668):300�4.

[68] Li X, Hastie AT, Hawkins GA, et al. eQTL of bronchial
epithelial cells and bronchial alveolar lavage deciphers
GWAS-identified asthma genes. Allergy 2015;70(10):
1309�18.

[69] Bonnelykke K, Sleiman P, Nielsen K, et al. A genome-
wide association study identifies CDHR3 as a suscep-
tibility locus for early childhood asthma with severe
exacerbations. Nat Genet 2014;46(1):51�5.

[70] Basnet S, Bochkov YA, Brockman-Schneider RA, et al.
CDHR3 asthma-risk genotype affects susceptibility of
airway epithelium to rhinovirus C infections. Am J
Respir Cell Mol Biol 2019;61(4):450�8.

[71] Rousseau K, Byrne C, Griesinger G, et al. Allelic asso-
ciation and recombination hotspots in the mucin gene
(MUC) complex on chromosome 11p15.5. Ann Hum
Genet 2007;71(Pt 5):561�9.

[72] Shrine N, Portelli MA, John C, et al. Moderate-to-
severe asthma in individuals of european ancestry: a
genome-wide association study. Lancet Respir Med
2019;7(1):20�34.

[73] Kamada F, Suzuki Y, Shao C, et al. Association of the
hCLCA1 gene with childhood and adult asthma.
Genes Immun 2004;5(7):540�7.

[74] Hackett TL, de Bruin HG, Shaheen F, et al. Caveolin-1
controls airway epithelial barrier function. implications
for asthma. Am J Respir Cell Mol Biol 2013;49(4):662�71.

[75] Heijink IH, van OA, Kapus A. EGFR signaling contri-
butes to house dust mite-induced epithelial barrier
dysfunction. Eur Respir J 2010.

[76] Leino MS, Loxham M, Blume C, et al. Barrier disrupting
effects of alternaria alternata extract on bronchial epithe-
lium from asthmatic donors. PLoS One 2013;8(8):e71278.

[77] Post S, Heijink IH, Hesse L, et al. Characterization of a
lung epithelium specific E-cadherin knock-out model:
implications for obstructive lung pathology. Sci Rep
2018;8(1):13275�018-31500-8.

[78] Rezaee F, DeSando SA, Ivanov AI, et al. Sustained
protein kinase D activation mediates respiratory syn-
cytial virus-induced airway barrier disruption. J Virol
2013;87(20):11088�95.

[79] Looi K, Troy NM, Garratt LW, et al. Effect of human
rhinovirus infection on airway epithelium tight junc-
tion protein disassembly and transepithelial perme-
ability. Exp Lung Res 2016;42(7):380�95.

[80] Looi K, Buckley AG, Rigby PJ, et al. Effects of human rhi-
novirus on epithelial barrier integrity and function in chil-
dren with asthma. Clin Exp Allergy 2018;48(5):513�24.

[81] Comstock AT, Ganesan S, Chattoraj A, et al.
Rhinovirus-induced barrier dysfunction in polarized
airway epithelial cells is mediated by NADPH oxidase
1. J Virol 2011;85(13):6795�808.

[82] Sugita K, Steer CA, Martinez-Gonzalez I, et al. Type 2
innate lymphoid cells disrupt bronchial epithelial bar-
rier integrity by targeting tight junctions through IL-13
in asthmatic patients. J Allergy Clin Immunol 2018;
141(1):300�10 e11.

[83] Sweerus K, Lachowicz-Scroggins M, Gordon E, et al.
Claudin-18 deficiency is associated with airway epi-
thelial barrier dysfunction and asthma. J Allergy Clin
Immunol 2017;139(1):72�81 e1.

[84] Koo HK, Vasilescu DM, Booth S, et al. Small airways
disease in mild and moderate chronic obstructive pul-
monary disease: a cross-sectional study. Lancet Respir
Med 2018;6(8):591�602.

[85] Castaldi PJ, Cho MH, Cohn M, et al. The COPD
genetic association compendium: a comprehensive
online database of COPD genetic associations. Hum
Mol Genet 2010;19(3):526�34.

[86] van der Toorn M, Rezayat D, Kauffman HF, et al.
Lipid-soluble components in cigarette smoke induce
mitochondrial production of reactive oxygen species
in lung epithelial cells. Am J Physiol Lung Cell Mol
Physiol 2009;297(1522-1504; 1040-0605; 1):L109�14.

68 4. The air�liquid interface model

II. 3D lung models



[87] Pouwels SD, Heijink IH, Ten Hacken NH, et al. DAMPs
activating innate and adaptive immune responses in
COPD. Mucosal Immunol 2014;7(2):215�26.

[88] Cloonan SM, Lam HC, Ryter SW, Choi AM.
“Ciliophagy”: the consumption of cilia components
by autophagy. Autophagy. 2014;10(3):532�4.

[89] Rigden HM, Alias A, Havelock T, et al. Squamous
metaplasia is increased in the bronchial epithelium of
smokers with chronic obstructive pulmonary disease.
PLoS One 2016;11(5):e0156009.

[90] Hogg JC, Timens W. The pathology of chronic
obstructive pulmonary disease. Annu Rev Pathol
2009;4:435�59.

[91] Yaghi A, Zaman A, Cox G, Dolovich MB. Ciliary
beating is depressed in nasal cilia from chronic
obstructive pulmonary disease subjects. Respir Med
2012;106(8):1139�47.

[92] Hogg JC. Bronchial mucosal permeability and its
relationship to airways hyperreactivity. Eur J Respir
Dis Suppl 1982;122(17-22):17�22.

[93] Heijink IH, Brandenburg SM, Postma DS, van
Oosterhout AJ. Cigarette smoke impairs airway epi-
thelial barrier function and cell-cell contact recovery.
Eur Respir J 2012;39(2):419�28.

[94] Petecchia L, Sabatini F, Varesio L, et al. Bronchial airway
epithelial cell damage following exposure to cigarette
smoke includes disassembly of tight junction compo-
nents mediated by the extracellular signal-regulated
kinase 1/2 pathway. Chest. 2009;135(6):1502�12.

[95] Milara J, Peiro T, Serrano A, Cortijo J. Epithelial to
mesenchymal transition is increased in patients with
COPD and induced by cigarette smoke. Thorax. 2013.

[96] Shaykhiev R, Otaki F, Bonsu P, et al. Cigarette smoking
reprograms apical junctional complex molecular archi-
tecture in the human airway epithelium in vivo. Cell
Mol Life Sci 2011;68(1420�9071; 1420-682; 5):877�92.

[97] Oldenburger A, Poppinga WJ, Kos F, et al. A-kinase
anchoring proteins contribute to loss of E-cadherin
and bronchial epithelial barrier by cigarette smoke.
Am J Physiol Cell Physiol 2014.

[98] Gindele JA, Kiechle T, Benediktus K, et al.
Intermittent exposure to whole cigarette smoke alters
the differentiation of primary small airway epithelial
cells in the air-liquid interface culture. Sci Rep
2020;10(1) 6257-020-63345-5.

[99] Gohy ST, Hupin C, Fregimilicka C, et al. Imprinting
of the COPD airway epithelium for dedifferentiation
and mesenchymal transition. Eur Respir J 2015;45(5):
1258�72.

[100] Song J, Heijink IH, Kistemaker LEM, et al. Aberrant
DNA methylation and expression of SPDEF and
FOXA2 in airway epithelium of patients with COPD.
Clin Epigenetics 2017;9 42-017-0341-7. eCollection 2017.

[101] Amatngalim GD, Schrumpf JA, Henic A, et al.
Antibacterial defense of human airway epithelial
cells from chronic obstructive pulmonary disease
patients induced by acute exposure to nontypeable
haemophilus influenzae: modulation by cigarette
smoke. J Innate Immun 2017;9(4):359�74.

[102] Hansbro NG, Horvat JC, Wark PA, Hansbro PM.
Understanding the mechanisms of viral induced
asthma: new therapeutic directions. Pharmacol Ther
2008;117(3):313�53.

[103] Zhou P, Yang XL, Wang XG, et al. A pneumonia out-
break associated with a new coronavirus of probable
bat origin. Nature. 2020;579(7798):270�3.

[104] Tay MZ, Poh CM, Renia L, MacAry PA, Ng LFP. The
trinity of COVID-19: immunity, inflammation and
intervention. Nat Rev Immunol 2020;20(6):363�74.

[105] Hsu AC, See HV, Hansbro PM, Wark PA. Innate
immunity to influenza in chronic airways diseases.
Respirology. 2012;17(8):1166�75.

[106] Wood LG, Simpson JL, Wark PA, Powell H, Gibson
PG. Characterization of innate immune signalling
receptors in virus-induced acute asthma. Clin Exp
Allergy 2011;41(5):640�8.

[107] Hsu AC, Parsons K, Barr I, et al. Critical role of consti-
tutive type I interferon response in bronchial epithelial
cell to influenza infection. PLoS One 2012;7(3):e32947.

[108] Hsu AC, Starkey MR, Hanish I, et al. Targeting PI3K-
p110alpha suppresses influenza virus infection in
chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 2015;191(9):1012�23.

[109] Jia HP, Look DC, Shi L, et al. ACE2 receptor expres-
sion and severe acute respiratory syndrome corona-
virus infection depend on differentiation of human
airway epithelia. J Virol 2005;79(23):14614�21.

[110] Sims AC, Yount B, Burkett SE, Baric RS, Pickles RJ. SARS
CoV replication and pathogenesis in human airway epi-
thelial cultures. Adv ExpMed Biol 2006;581:535�8.

[111] Wark PA, Johnston SL, Bucchieri F, et al. Asthmatic
bronchial epithelial cells have a deficient innate
immune response to infection with rhinovirus. J Exp
Med 2005;201(6):937�47.

[112] Contoli M, Message SD, Laza-Stanca V, et al. Role of
deficient type III interferon-lambda production in
asthma exacerbations. Nat Med 2006;12(9):1023�6.

[113] Bochkov YA, Hanson KM, Keles S, Brockman-
Schneider RA, Jarjour NN, Gern JE. Rhinovirus-
induced modulation of gene expression in bronchial
epithelial cells from subjects with asthma. Mucosal
Immunol 2010;3(1):69�80.

[114] Baraldo S, Contoli M, Bazzan E, et al. Deficient anti-
viral immune responses in childhood: distinct roles
of atopy and asthma. J Allergy Clin Immunol
2012;130(6):1307�14.

69References

II. 3D lung models



[115] Uller L, Leino M, Bedke N, et al. Double-stranded
RNA induces disproportionate expression of thymic
stromal lymphopoietin vs interferon-beta in bron-
chial epithelial cells from donors with asthma.
Thorax. 2010;65(7):626�32.

[116] Kicic A, Stevens PT, Sutanto EN, et al. Impaired air-
way epithelial cell responses from children with
asthma to rhinoviral infection. Clin Exp Allergy
2016;46(11):1441�55.

[117] Pizzorno A, Padey B, Julien T, et al. Characterization
and treatment of SARS-CoV-2 in nasal and bronchial
human airway epithelia. Cell Rep Med 2020;1(4):
100059.

[118] Zhu N, Wang W, Liu Z, et al. Morphogenesis and
cytopathic effect of SARS-CoV-2 infection in human
airway epithelial cells. Nat Commun 2020;11(1) 3910-
020-17796-z.

[119] Sheahan TP, Sims AC, Zhou S, et al. An orally bio-
available broad-spectrum antiviral inhibits SARS-CoV-
2 in human airway epithelial cell cultures and multiple
coronaviruses in mice. Sci Transl Med 2020;12(541).
Available from: https://doi.org/10.1126/scitranslmed.
abb5883 Epub 2020 Apr 6.

[120] Lu R, Zhao X, Li J, et al. Genomic characterisation
and epidemiology of 2019 novel coronavirus: impli-
cations for virus origins and receptor binding.
Lancet. 2020;395(10224):565�74.

[121] Wrapp D, Wang N, Corbett KS, et al. Cryo-EM struc-
ture of the 2019-nCoV spike in the prefusion confor-
mation. Science. 2020;367(6483):1260�3.

[122] Mulay A, Konda B, Garcia Jr G, et al. SARS-CoV-2
infection of primary human lung epithelium for
COVID-19 modeling and drug discovery. Cell Rep
2021;35(5):109055.

[123] Hou YJ, Okuda K, Edwards CE, et al. SARS-CoV-2
reverse genetics reveals a variable infection gradient
in the respiratory tract. Cell. 2020;182(2):429�46 e14.

[124] Hao S, Ning K, Kuz CA, Vorhies K, Yan Z, Qiu J.
Long-term modeling of SARS-CoV-2 infection of
in vitro cultured polarized human airway epithelium.
mBio 2020;11(6). Available from: https://doi.org/
10.1128/mBio.02852-20.

[125] Pastick KA, Okafor EC, Wang F, et al. Review: hydro-
xychloroquine and chloroquine for treatment of
SARS-CoV-2 (COVID-19). Open Forum Infect Dis
2020;7(4) ofaa130.

[126] Boei JJWA, Vermeulen S, Klein B, et al. Xenobiotic
metabolism in differentiated human bronchial epithe-
lial cells. Arch Toxicol 2017;91(5):2093�105.

[127] Liu F, Killian JK, Yang M, et al. Epigenomic altera-
tions and gene expression profiles in respiratory epi-
thelia exposed to cigarette smoke condensate.
Oncogene. 2010;29(25):3650�64.

[128] Heijink IH, de Bruin HG, van den Berge M, et al.
Role of aberrant WNT signalling in the airway epi-
thelial response to cigarette smoke in chronic
obstructive pulmonary disease. Thorax. 2013.

[129] Phillips J, Kluss B, Richter A, Massey E. Exposure of
bronchial epithelial cells to whole cigarette smoke:
assessment of cellular responses. Altern Lab Anim
2005;33(3):239�48.

[130] Verhamme FM, Bracke KR, Amatngalim GD, et al.
Role of activin-A in cigarette smoke-induced inflam-
mation and COPD. Eur Respir J 2014;43(4):1028�41.

[131] Herr C, Tsitouras K, Niederstrasser J, et al. Cigarette
smoke and electronic cigarettes differentially activate
bronchial epithelial cells. Respir Res 2020;21(1) 67-020-
1317-2.

[132] Lerner CA, Sundar IK, Yao H, et al. Vapors produced
by electronic cigarettes and e-juices with flavorings
induce toxicity, oxidative stress, and inflammatory
response in lung epithelial cells and in mouse lung.
PLoS One 2015;10(2):e0116732.

[133] Scheffler S, Dieken H, Krischenowski O, Forster C,
Branscheid D, Aufderheide M. Evaluation of E-cigarette
liquid vapor and mainstream cigarette smoke after
direct exposure of primary human bronchial epithelial
cells. Int J Env Res Public Health 2015;12(4):3915�25.

[134] Bodas M, Moore AR, Subramaniyan B, et al.
Cigarette smoke activates NOTCH3 to promote gob-
let cell differentiation in human airway epithelial
cells. Am J Respir Cell Mol Biol 2021;64(4):426�40.

[135] Schamberger AC, Mise N, Jia J, et al. Cigarette smoke-
induced disruption of bronchial epithelial tight junc-
tions is prevented by transforming growth factor-beta.
Am J Respir Cell Mol Biol 2014;50(6):1040�52.

[136] Thorne D, Adamson J. A review of in vitro cigarette
smoke exposure systems. Exp Toxicol Pathol 2013;
65(7�8):1183�93.

[137] Li X. In vitro toxicity testing of cigarette smoke based
on the air-liquid interface exposure: a review. Toxicol
Vitro 2016;36:105�13.

[138] Maunders H, Patwardhan S, Phillips J, Clack A,
Richter A. Human bronchial epithelial cell transcrip-
tome: gene expression changes following acute expo-
sure to whole cigarette smoke in vitro. Am J Physiol
Lung Cell Mol Physiol 2007;292(5):L1248�56.

[139] Mathis C, Poussin C, Weisensee D, et al. Human
bronchial epithelial cells exposed in vitro to cigarette
smoke at the air-liquid interface resemble bronchial
epithelium from human smokers. Am J Physiol Lung
Cell Mol Physiol 2013;304(7):L489�503.

[140] Amatngalim GD, Broekman W, Daniel NM, et al.
Cigarette smoke modulates repair and innate immu-
nity following injury to airway epithelial cells. PLoS
One 2016;11(11):e0166255.

70 4. The air�liquid interface model

II. 3D lung models



[141] Wohnhaas CT, Gindele JA, Kiechle T, et al. Cigarette
smoke specifically affects small airway epithelial cell
populations and triggers the expansion of inflamma-
tory and squamous differentiation associated basal
cells. Int J Mol Sci. 2021;22(14):7646. Available from:
https://doi.org/10.3390/ijms22147646.

[142] Schamberger AC, Staab-Weijnitz CA, Mise-Racek N,
Eickelberg O. Cigarette smoke alters primary human
bronchial epithelial cell differentiation at the air-
liquid interface. Sci Rep 2015;5:8163.

[143] Amatngalim GD, Schrumpf JA, Dishchekenian F,
et al. Aberrant epithelial differentiation by cigarette
smoke dysregulates respiratory host defence. Eur
Respir J 2018;51(4). Available from: https://doi.org/
10.1183/13993003.01009-2017 Print 2018 Apr.

[144] Cao X, Muskhelishvili L, Latendresse J, Richter P,
Heflich RH. Evaluating the toxicity of cigarette whole
smoke solutions in an air-liquid-interface human
in vitro airway tissue model. Toxicol Sci 2017;156
(1):14�24.

[145] Kuehn D, Majeed S, Guedj E, et al. Impact assessment
of repeated exposure of organotypic 3D bronchial
and nasal tissue culture models to whole cigarette
smoke. J Vis Exp 2015;(96). Available from: https://
doi.org/10.3791/52325 doi(96).

[146] Ishikawa S, Matsumura K, Kitamura N, Takanami Y,
Ito S. Multi-omics analysis: repeated exposure of a
3D bronchial tissue culture to whole-cigarette smoke.
Toxicol Vitro 2019;54:251�62.

[147] Aufderheide M, Scheffler S, Ito S, Ishikawa S, Emura
M. Ciliatoxicity in human primary bronchiolar epi-
thelial cells after repeated exposure at the air-liquid
interface with native mainstream smoke of K3R4F
cigarettes with and without charcoal filter. Exp
Toxicol Pathol 2015;67(7�8):407�11.

[148] Purkayastha A, Sen C, Garcia Jr G, et al. Direct exposure
to SARS-CoV-2 and cigarette smoke increases infection
severity and alters the stem cell-derived airway repair
response. Cell Stem Cell 2020;27(6):869�75 e4.

[149] Iskandar AR, Xiang Y, Frentzel S, et al. Impact assess-
ment of cigarette smoke exposure on organotypic
bronchial epithelial tissue cultures: a comparison of
mono-culture and coculture model containing fibro-
blasts. Toxicol Sci 2015;147(1):207�21.

[150] van Riet S, van Schadewijk A, de Vos S, et al.
Modulation of airway epithelial innate immunity and
wound repair by M(GM-CSF) and M(M-CSF) macro-
phages. J Innate Immun 2020;12(5):410�21.

[151] Katsura H, Sontake V, Tata A, et al. Human lung
stem cell-based alveolospheres provide insights into
SARS-CoV-2-mediated interferon responses and
pneumocyte dysfunction. Cell Stem Cell 2020;27
(6):890�904 e8.

[152] Salahudeen AA, Choi SS, Rustagi A, et al. Progenitor
identification and SARS-CoV-2 infection in human
distal lung organoids. Nature. 2020;588(7839):670�5.

[153] Kampa M, Castanas E. Human health effects of air
pollution. Env Pollut 2008;151(2):362�7.

[154] Schikowski T, Mills IC, Anderson HR, et al. Ambient
air pollution: a cause of COPD? Eur Respir J 2014;43
(1):250�63.

[155] Bourdrel T, Annesi-Maesano I, Alahmad B, Maesano
CN, Bind MA. The impact of outdoor air pollution
on COVID-19: a review of evidence from in vitro,
animal, and human studies. Eur Respir Rev 2021;30
(159). Available from: https://doi.org/10.1183/
16000617.0242-2020 Print 2021 Mar 31.

[156] Annesi-Maesano I, Forastiere F, Balmes J, et al. The
clear and persistent impact of air pollution on
chronic respiratory diseases: a call for interventions.
Eur Respir J 2021;57(3). Available from: https://doi.
org/10.1183/13993003.02981-2020 Print 2021 Mar.

[157] Heederik DJJ, Smit LAM, Vermeulen RCH. Go slow
to go fast: a plea for sustained scientific rigour in air
pollution research during the COVID-19 pandemic.
Eur Respir J 2020;56(1). Available from: https://doi.
org/10.1183/13993003.01361-2020 Print 2020 Jul.

[158] Vizuete W, Sexton KG, Nguyen H, et al. From the
field to the laboratory: air pollutant-induced genomic
effects in lung cells. Env Health Insights 2016;9(Suppl
4):15�23.

[159] Bisig C, Petri-Fink A, Rothen-Rutishauser B. A
realistic in vitro exposure revealed seasonal differ-
ences in (pro-)inflammatory effects from ambient
air in Fribourg, Switzerland. Inhal Toxicol 2018;
30(1):40�8.

[160] Li J, Ghio AJ, Cho SH, Brinckerhoff CE, Simon SA,
Liedtke W. Diesel exhaust particles activate the
matrix-metalloproteinase-1 gene in human bronchial
epithelia in a beta-arrestin-dependent manner via
activation of RAS. Env Health Perspect 2009;117
(3):400�9.

[161] Vaughan A, Stevanovic S, Jafari M, et al. The effect of
diesel emission exposure on primary human bron-
chial epithelial cells from a COPD cohort: N-
acetylcysteine as a potential protective intervention.
Env Res 2019;170:194�202.

[162] Zarcone MC, Duistermaat E, van Schadewijk A,
Jedynska A, Hiemstra PS, Kooter IM. Cellular
response of mucociliary differentiated primary bron-
chial epithelial cells to diesel exhaust. Am J Physiol
Lung Cell Mol Physiol 2016;311(1):L111�23.

[163] Ghio AJ, Kim C, Devlin RB. Concentrated ambient
air particles induce mild pulmonary inflammation in
healthy human volunteers. Am J Respir Crit Care
Med 2000;162(3 Pt 1):981�8.

71References

II. 3D lung models



[164] Salvi S, Blomberg A, Rudell B, et al. Acute inflamma-
tory responses in the airways and peripheral blood
after short-term exposure to diesel exhaust in healthy
human volunteers. Am J Respir Crit Care Med
1999;159(3):702�9.

[165] Vaughan A, Stevanovic S, Jafari M, et al. Primary
human bronchial epithelial cell responses to diesel
and biodiesel emissions at an air-liquid interface.
Toxicol Vitro 2019;57:67�75.

[166] Ji J, Upadhyay S, Xiong X, et al. Multi-cellular human
bronchial models exposed to diesel exhaust particles:
assessment of inflammation, oxidative stress and
macrophage polarization. Part Fibre Toxicol 2018;15
(1):19�018-0256-2.

[167] Kim N, Han DH, Suh MW, Lee JH, Oh SH, Park MK.
Effect of lipopolysaccharide on diesel exhaust particle-
induced junctional dysfunction in primary human
nasal epithelial cells. Env Pollut 2019;248:736�42.

[168] Loxham M, Morgan-Walsh RJ, Cooper MJ, et al. The
effects on bronchial epithelial mucociliary cultures of
coarse, fine, and ultrafine particulate matter from an
underground railway station. Toxicol Sci 2015;145
(1):98�107.

[169] Volckens J, Dailey L, Walters G, Devlin RB. Direct
particle-to-cell deposition of coarse ambient particu-
late matter increases the production of inflammatory
mediators from cultured human airway epithelial
cells. Env Sci Technol 2009;43(12):4595�9.

[170] XianM,Ma S,Wang K, et al. Particulate matter 2.5 causes
deficiency in barrier integrity in human nasal epithelial
cells. Allergy Asthma Immunol Res 2020;12(1):56�71.

[171] Boublil L, Assemat E, Borot MC, et al. Development of
a repeated exposure protocol of human bronchial epi-
thelium in vitro to study the long-term effects of atmo-
spheric particles. Toxicol Vitro 2013;27(2):533�42.

[172] Cruz-Sanchez TM, Haddrell AE, Hackett TL, et al.
Formation of a stable mimic of ambient particulate
matter containing viable infectious respiratory syncy-
tial virus and its dry-deposition directly onto cell cul-
tures. Anal Chem 2013;85(2):898�906.

[173] Platel A, Privat K, Talahari S, et al. Study of in vitro
and in vivo genotoxic effects of air pollution fine
(PM2.5-0.18) and quasi-ultrafine (PM0.18) particles
on lung models. Sci Total Env 2020;711:134666.

[174] Mirowsky JE, Dailey LA, Devlin RB. Differential
expression of pro-inflammatory and oxidative stress
mediators induced by nitrogen dioxide and ozone in
primary human bronchial epithelial cells. Inhal
Toxicol 2016;28(8):374�82.

[175] Mogel I, Baumann S, Bohme A, et al. The aromatic
volatile organic compounds toluene, benzene and
styrene induce COX-2 and prostaglandins in human
lung epithelial cells via oxidative stress and p38
MAPK activation. Toxicology. 2011;289(1):28�37.

[176] Braakhuis HM, He R, Vandebriel RJ, et al. An air-
liquid interface bronchial epithelial model for realis-
tic, repeated inhalation exposure to airborne particles
for toxicity testing. J Vis Exp 2020;(159). Available
from: https://doi.org/10.3791/61210 doi(159).

[177] Tsoutsoulopoulos A, Gohlsch K, Mohle N, et al.
Assessment of the acute inhalation toxicity of air-
borne particles by exposing cultivated human lung
cells at the air-liquid interface. J Vis Exp 2020;(156).
Available from: https://doi.org/10.3791/60572 doi
(156).

[178] Kunzi L, Krapf M, Daher N, et al. Toxicity of aged
gasoline exhaust particles to normal and diseased air-
way epithelia. Sci Rep 2015;5:11801.

[179] Holder AL, Lucas D, Goth-Goldstein R, Koshland
CP. Cellular response to diesel exhaust particles
strongly depends on the exposure method. Toxicol
Sci 2008;103(1):108�15.

[180] Ghio AJ, Dailey LA, Soukup JM, Stonehuerner J,
Richards JH, Devlin RB. Growth of human bronchial
epithelial cells at an air-liquid interface alters the
response to particle exposure. Part Fibre Toxicol
2013;10 25�8977-10�25.
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