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Respiratory tract infections (RTI) are a major cause of morbidity and mortality in humans. A
large number of RTIs is caused by viruses, often resulting in more severe disease in
infants, elderly and the immunocompromised. Upon viral infection, most individuals
experience common cold-like symptoms associated with an upper RTI. However, in
some cases a severe and sometimes life-threatening lower RTI may develop.
Reproducible and scalable in vitro culture models that accurately reflect the human
respiratory tract are needed to study interactions between respiratory viruses and the
host, and to test novel therapeutic interventions. Multiple in vitro respiratory cell culture
systems have been described, but the majority of these are based on immortalized cell
lines. Although useful for studying certain aspects of viral infections, such monomorphic,
unicellular systems fall short in creating an understanding of the processes that occur at
an integrated tissue level. Novel in vitro models involving primary human airway epithelial
cells and, more recently, human airway organoids, are now in use. In this review, we
describe the evolution of in vitro cell culture systems and their characteristics in the context
of viral RTIs, starting from advances after immortalized cell cultures to more recently
developed organoid systems. Furthermore, we describe how these models are used in
studying virus-host interactions, e.g. tropism and receptor studies as well as interactions
with the innate immune system. Finally, we provide an outlook for future developments in
this field, including co-factors that mimic the microenvironment in the respiratory tract.

Keywords: respiratory viral diseases, primary airway epithelium culture, organoid culture, co-culture,
airway modeling
INTRODUCTION

Respiratory tract infections (RTIs) are a major source of morbidity and mortality in humans (1).
Almost 300 million episodes of lower RTIs (e.g. pneumoniae and bronchitis) occurred in 2015 and
about 3 million people die each year. This places RTIs amongst the leading causes of death
worldwide (2, 3). A large fraction of RTIs is caused by viruses (50 to 90%) (4). Respiratory viruses
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include human rhinovirus (HRV), influenza A and B virus (IAV
and IBV), human respiratory syncytial virus (HRSV), human
metapneumovirus (HMPV), human coronavirus (HCoV),
human parainfluenzavirus (HPIV), and human adenovirus
(HAdV). Most respiratory viruses have single-stranded RNA
genomes, with the exception of adenoviruses that have double-
stranded DNA genomes. The highest morbidity and mortality
due to RTIs is seen in infants, elderly and immunocompromised
individuals, but also healthy individuals without underlying risk
factors can be affected (5). Furthermore, RTIs have been
associated with exacerbations of asthma or chronic obstructive
pulmonary disease (COPD) (6, 7).

Recently, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has captured global headlines as the causative
agent in the coronavirus disease 2019 (COVID-19) pandemic
(8), highlighting the impact of respiratory viruses on global
health. As this pandemic has shown, options for prophylaxis
and treatment of viral respiratory infections are limited. For
some viruses, such as influenza virus or adenovirus, vaccines are
available but both efficacy and coverage are suboptimal. Antiviral
drugs against acute respiratory virus infections often have
limited efficacy. Therefore, development of novel and improved
antiviral drugs and vaccines remains of high priority to improve
global health.

The human respiratory tract (RT) is the primary site where
respiratory viruses enter, replicate, disseminate and cause
disease. These viruses are transmitted by aerosols and/or
droplets. RTIs in most cases start by infection of airway
epithelial cells in the upper respiratory tract (URT) (nasal
cavity, pharynx, larynx), and are associated with common
cold-like symptoms, including rhinitis, sore throat, runny nose,
and nasal congestion. During the course of infection, the lower
respiratory tract (LRT) (trachea, primary bronchi, lungs) can
become involved, causing more severe disease, such as
pneumonia or bronchitis (9). How severe lower RTIs develop
and why only some individuals are affected could be a stochastic
process related to dose and route of the inoculum. However, the
development of severe LRTIs remains a black box and is an
important topic of investigation. Many of these studies are
performed in vivo, which provides important data on the
pathogenesis of respiratory viruses [reviewed elsewhere (10–
14)] but has some downsides, such as differences between
animal or human host factors, ethical concerns and practical
challenges. In vitromodels have as advantages that they originate
from the relevant host species, express the relevant host factors,
are of less ethical concern and easier to work with than animal
models. Therefore, a reproducible and scalable in vitro culture
system that accurately represents the human RT would be
valuable to study respiratory virus infections and test new
treatments. Here we investigate the differences between
commonly used in vitro primary airway cell culture models
and how these models are used for studying respiratory virus
infections. The first part of this review describes several
characteristics of the RT, then we will review the evolution of
in vitro cell culture systems in the context of viral RTIs, starting
from advances after immortalized cell lines to recently developed
Frontiers in Immunology | www.frontiersin.org 2
stem cell (SC)-based organoid cultures. Finally, an outlook is
provided for future developments in this field.
METHODOLOGY AND STUDY DESIGN

This systematic review was prepared in accordance with
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-analyses) guidelines (15). A systematic literature
search, on the 21st of January of 2021, was conducted using
title, abstract, index term and author keyword fields for
respiratory viruses and human airway epithelial cells (HAEC)
or their variations. Of note, primary olfactory epithelial cells were
not included, since there are described previously (16). Embase,
Medline (Ovid), and Web of Science Core Collection databases
(Supplementary Material 1) were searched from inception until
21st January 2021. Search results were restricted to English and
excluded case-reports. Articles were imported and deduplicated
in EndNote™. Two researchers independently screened title and
abstract for study eligibility criteria (17). Consensus was achieved
after discussion upon disagreement. The electronic search was
performed in Embase, Medline and WoS (Supplementary
Material 2).
RESULTS

943 references were obtained and screened on basis of title and
abstract (Figure 1). After the first screening, studies using only
animal material, material of diseased patients, or immortalized
cell lines were excluded. In addition, studies performed with
respiratory bacteria (e.g. Heamophilus influenzae) and where
adenoviruses were used as a vector were excluded. For the second
screening full-text articles were assessed for eligibility and
divided into seven topics: pathogenesis (N=165), signal
transduction (N=93), co-cultures (N=21), zoonosis (N=11),
reviews (N=32), drug/molecule testing (N=145), and disease
(e.g. cystic fibrosis and chronic obstructive pulmonary disease)
(N=28). Studies regarding signal transduction, drug/molecule
testing and diseases such as chronic obstructive pulmonary
disease and cystic fibrosis were excluded at this stage (n=504).
Finally, 151 studies were selected for this systematic review. To
provide sufficient background information we also included 69
additional papers based on relevant content for this review,
resulting in a final selection of 220 papers.
DISCUSSION

The Respiratory Tract
The RT can be divided into separate sections, either based on
physiology (URT versus LRT, Figure 2A) or the type of
respiratory epithelium (Figure 2B). The URT includes the
nasal cavity, mouth, larynx and pharynx (throat), and
beginning of the trachea (18). In the nasal cavity inspired air is
August 2021 | Volume 12 | Article 683002
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warmed and humidified before it travels down the RT.
Additionally, the nasal cavity houses the olfactory receptors
that bind molecules resulting in impulses to the brain that
enable smell. The nasal cavities drain into the nasopharynx
that is in turn attached to the trachea (19). The trachea
connects the throat to the LRT, starting at the primary
bronchial branches (20, 21). The two bronchial branches
bifurcate further into smaller tubes called the bronchi and
bronchioles, which end in the alveoli; tiny air sacs facilitating
gas exchange (22, 23). The entire RT is covered by epithelium
and it is estimated that an adult of 176 cm or an infant of 60 cm
have a lung epithelial surface of 78 m2 or 4 m2, respectively (24).
Frontiers in Immunology | www.frontiersin.org 3
The airway epithelium has a crucial barrier and immune
functions. The mucus covering the airway epithelium is the
first barrier that respiratory viruses have to pass to reach the
airway epithelial cells. The airway epithelium itself has essential
inflammatory, immune and regenerative capacities to combat
these viruses.

The airway epithelium is composed of several cell types held
together by tight junctions and adherens junctions that form a
barrier against invading pathogens. The nasal cavity is lined with
two distinct kinds of epithelium: the olfactory epithelium (1-2%
of the nasal epithelium) and the respiratory epithelium (>98% of
the nasal epithelium) (19). The neurons in the olfactory
FIGURE 1 | PRISMA flow diagram of the study selection process.
August 2021 | Volume 12 | Article 683002
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epithelium in the nose are directly connected to the central
nervous system via the olfactory nerve. Viruses that infect the
olfactory epithelium can use this nerve as a shortcut to reach the
central nervous system (25). The epithelial layer in the nasal
atrium consists of multi-layered keratinized squamous
epithelium and further down the nose this becomes multi-row
cylindrical epithelium. Many respiratory epithelial cells are also
ciliated, facilitating mucus transport towards the pharynx and
trachea (19). From the trachea downwards, the RT is lined with
ciliated pseudostratified columnar epithelium (20). In the
bronchioles, the epithelium gradually changes from
pseudostratified into simple cuboidal and in the alveolar ducts
and alveoli there is simple squamous epithelium (mainly type
alveolar type I cells) (20).

Ciliated cells account for 50% to 80% of the airway epithelial
cells, and have 200-300 motile cilia on their surface to displace
mucus, enabling muco-ciliary clearance (26). The cells producing
mucus are goblet cells, comprising around 9% of the respiratory
epithelial cells (27). Next to goblet cells there are club cells; cuboidal
non-ciliated non-mucous secretory cells. Club cells secrete
extracellular matrix components, and can serve as progenitor cells
for themselves and for ciliated cells (28). These cells are not very
abundant in the URT, but in the terminal bronchioles account for
approximately 11-22% of the cells (28). Epithelial and mucus-
producing cells are supported by airway basal cells. Whereas the
epithelial and mucus-producing cells are terminally differentiated
and cannot renew, basal cells possess stem-cell like properties (29,
30). Basal cells occupy 31% of the respiratory epithelial cell
population, the density of basal cells decreases when descending
Frontiers in Immunology | www.frontiersin.org 4
into the small airways (31). Another important cell type of the
airways is the pulmonary neuroendocrine cell, comprising 1 out of
2500 epithelial cells from the trachea onto the alveolar ducts (32),
forming the lung self-renewing SC niche relevant in airway
epithelial regeneration (33). The alveolar epithelium consists
mostly of two cell types, alveolar type I and type II cells (ATI and
ATII). ATI are very thin, squamous cells, accounting for over 90%
of the surface area in the lungs and provide an efficient barrier for
air exchange (34). About 7% of the surface area comprises ATII,
which are smaller and cuboidal, and function mostly in the
production and uptake of lung surfactant (35). ATIIs can
differentiate into ATI (36). In addition to ATI and ATII, also
immune cells, like alveolar macrophages, are present in the alveoli.

Besides a barrier function, respiratory epithelial cells have
inherent innate immunity functions. They recognize respiratory
viruses via pattern recognition receptors, eventually leading to
the production of cytokines and chemokines that render the cells
and their neighboring cells in an antiviral state (37). The bridge
between this innate response and adaptive immunity is formed
by dendritic cells (DCs). There are tissue-resident DCs, that form
an integrated network within the respiratory epithelium. Upon
activation, for instance by a virus infection, they can travel to the
lymph nodes to initiate an adaptive immune response. There are
also migratory DCs that can be attracted to the site of infection
and aid here in the local immune response. Besides DCs, natural
killer cells, innate lymphoid cells, T cells and B cells orchestrate
the immune response in the respiratory epithelium (38).
Eventually, all elements contribute to an effective integrated
immune response.
A B

FIGURE 2 | Composition of the respiratory tract. (A) Division between the upper and lower respiratory tract. (B) Schematic representation of epithelial layer in the
different parts of the respiratory tract.
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In Vitro Models
Multiple in vitro respiratory cell culture systems have been
developed to study the interaction between the different airway
cell types and respiratory viruses. To date, the majority of these
models is based on immortalized cell lines. Although useful in
the study of direct viral infection and replication mechanisms at
a cellular and molecular level, such monomorphic and
unicellular systems fall short in creating an understanding of
the processes that occur at an integrated tissue level (39, 40).
We need more advanced models to better understand infection
dynamics in relation to intrinsic cellular resistance mechanisms,
including the innate immune response, and other factors such as
microbiome and immune cells. New in vitro models have been
proposed and used for some time, especially involving the use of
primary HAEC. HAEC are derived from surgical material or
brushings (nose or throat) that are subsequently cultured in the
laboratory. More recently, 3D-cultures such as airway organoids
(AO), formed from SCs, have been developed and hold promise
as a useful tool to study host-pathogen interactions. However,
this technique is still in its infancy, laborious and expensive. To
perform in-depth studies into interactions between the host
airway and respiratory viruses, the ultimate goal is to create a
reproducible, scalable, feasible and economic in vitro culture
system that faithfully recapitulates the architecture of the RT as
well as the dynamics of infection.

Primary Respiratory Epithelial Cells
HAEC are obtained from human respiratory tissue, which can
originate from different anatomical sites of the RT (41).
Respiratory tissue is now obtained in different ways: during
lung transplantation, during tissue resection in cancer patients,
during other surgical procedures (e.g. turbinoplasty/-ectomy or
nasal polypectomy) or from cadaveric explants (41). In addition,
nasal and bronchial brushings, which are less invasive, can be
performed to obtain HAEC (42). HAEC from healthy donors
are now commercially available (43). Additionally, material
from, for instance, COPD patients and/or smokers is also
available (44, 45). Acquiring HAEC from various donors
allows us to study and compare the RT of both healthy and
diseased individuals.

Undifferentiated Primary Respiratory Epithelial Cells
Primary undifferentiated HAEC (HAECun) are relatively easy to
culture, but can only be passaged a few times. After obtaining
tissue, the primary airway epithelial cells are directly isolated and
cultured. For the isolation of primary airway epithelial cells from
lung transplants or biopsies, the tissue is cut into smaller pieces
and then dissociated via the addition of a protease-containing
digestion cocktail, followed by generation of uniform single-cell
suspensions (46, 47). Tissue obtained from brushings can be
cultured directly (47). After isolation, HAEC can be used in this
undifferentiated form for experiments. In addition to normal
culture flasks or plates, HAEC can also be seeded on a collagen-
coated semi-permeable membrane (transwell) (48). In this
transwell system, medium is present on both the apical and the
basolateral side. When a 100% confluent monolayer has formed
Frontiers in Immunology | www.frontiersin.org 5
to separate the apical and basolateral compartments, the
HAECun can be used for experiments. These HAECun are not
polarized and these cultures do not have ciliated cells or goblet
cells, and therefore lack important characteristics of the airways.

Differentiated Primary Respiratory Epithelial Cells
Although more challenging to culture, differentiated HAEC
(HAECdif) represent the RT more faithfully than their
undifferentiated counterparts. To differentiate primary
respiratory epithelial cells in the transwell system, medium is
removed from the apical compartment after the confluent
monolayer has formed, creating an air-liquid interface (ALI).
This, in combination with specific growth factors, induces
differentiation of these cells over a timeframe of 3-4 weeks
(48). Eventually, a polarized, pseudostratified respiratory
epithelium is formed, containing basal cells, ciliated cells, and
goblet cells or club cells (depending on the anatomical location)
(48, 49). These HAECdif resemble the human RT anatomically
(50, 51) but a continuous airflow, blood flow, and the presence of
immune cells are still lacking.

Considerations for Use of Primary Cells
Comparing studies using primary HAEC is difficult, because of
differences in donor variability (1), anatomic source of the cells
(2), culture methods (e.g. medium and growth factors) (3) and
the use of undifferentiated versus differentiated cells
(4) (Figure 3).

1. Variability in culturability, morphology and phenotype
between primary HAEC obtained from different donors has
been described. This donor variability can depend on
multiple factors, like age, gender, smoking history, or
obesity (52–56). Variation in infection and replication
levels of viruses between donors was regularly observed
(57–60). Explanations could be differences in: receptor
presence or distribution, cytokine responses, donors and
environmental factors (61, 62). It is dependent on the
research question how important these dissimilarities are.

2. In addition to donor variability, the source of the cells
(ranging from nose to alveoli) can make comparison of
studies difficult (63, 64), because of variations in
susceptibility to viral infections and virus-host interactions
(9). The preferential anatomical site should be determined by
the research question (e.g. study URT or LRT) and
comparing cells of multiple regions of the RT for
susceptibility, virus replication and host responses.

3. The importance of culture medium is highlighted in a HRSV
infection study, where two different media for differentiation of
pediatric HAEC (nasal) were used: PneumaCultTM and
PromocellTM. The former led to an overall greater total number
of cells, but the proportion of ciliated and goblet cells was similar.
The replication kinetics of HRSVwas similar in both cultures, but
in the culture with PneumoCultTM more ciliated cells were
infected. HRSV infection of the PneumoCultTM cultures led to
a higher IFNl secretion, which could be due to the increased
infection of ciliated cells (65).
August 2021 | Volume 12 | Article 683002
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4. Several studies describe different expression patterns of
cellular receptors that can mediate virus entry, resulting in
varying infection percentages or different immune response
between HAECun and HAECdif (66–69).

HAECun can be passaged approximately three times prior to
differentiation, after which loss of epithelial integrity, differential
gene expression, or senescence occurs (70–72). This restricts the
number of experiments that can be performed. That is why
immortalized variants of HAEC have been created. Jonsdottir
and colleagues (2019) described that insertion of the Rho-
associated protein kinase (ROCK) inhibitor Y-27632 via a
lentiviral vector increased the longevity of the primary
respiratory epithelial cells (73). Alternatively, exogenous
induction of human telomerase reverse transcriptase (hTERT)
can be used to prolong primary cell life (74). Immortalization
resolves the issue of the restricted number of experiments, but it
remains unknown if all the characteristics of the respiratory
epithelial cells remain the same. And, even in these immortalized
variants, senescence can occur after a few passages (75, 76).
Genetic engineering of HAEC is challenging and may
compromise translational aspects of the model.

In conclusion, primary HAEC can be extracted from all parts
of the airways and differentiated into a pseudostratified
monolayer resembling the in vivo situation. Although several
variables and parameters must be considered, primary HAEC are
a promising culture system to study RTIs.

Stem Cell-Based Models
SC-based models have the potential to overcome the problems
associated with the limited lifespan of primary HAEC. SCs can be
used to make organoids, which are three dimensional cultures
that can self-organize and renew (77). Organoid culture is a
novel and innovative technology and was first described in 2009
with organoids from the gut (78). In 2012, the technique to
culture AO was developed (79). Until now, human AO are
mostly made from SCs obtained from adult lungs. Adults tissues
Frontiers in Immunology | www.frontiersin.org 6
are more accessible than embryonic SCs or induced pluripotent
(iPSCs) and have less ethical restraints. Nevertheless, AO from
embryonic SCs are also used (80, 81). Although most studies
describe AO obtained from the lung, AO can bemade from almost
all parts of the RT, and are thus a suitable alternative to primary
HAEC (82). Additionally, genetic modifications are also more
feasible in AO than in primary HAEC.

Different SCs can be used to generate AO. First, embryonic
SCs obtained from the inner cell mass of an early staged embryo
have the potential to form every cell of the human body (83).
However, the use of these cells remains ethically controversial.
Second, iPSCs can also differentiate into almost every cell type of
the human body (84). To obtain these iPSCs, somatic cells (for
example skin cells) are reprogrammed to the progenitor state by
addition of several transcription factors. However, specific
factors, including growth factors and cytokines, are needed for
differentiation into respiratory epithelial cells (85), which has so
far not been successful. The challenges to find the optimal factors
to differentiate these iPSCs into airway epithelial cells can be
overcome by using organ-specific adult SCs. These cells can
differentiate into the cell types of the respective organ (86). In
this case, airway epithelial SCs can be isolated from tissue or
URT brushings (87). The isolated basal cells can subsequently be
used for the formation of 3D undifferentiated AO, using Matrigel
and medium with specific growth factors. These AO, cultured
either in 3D in matrigel or on transwell filters at ALI, can then be
differentiated into cultures that represent the cells of the RT, such
as basal cells, goblet cells, ciliated cells or alveolar cells (81, 87–
92) (Figure 4A). In a differentiated spheroid AO, the basal cells
are on the outside of the sphere, the goblet cells excrete their
mucus into the lumen while the cilia move the mucus around
(see Figure 4B). Similar to primary cell cultures, there are
indications that culture medium influences organoid
morphology and behavior, which is something that has to be
studied in more detail (92, 93).

AO appear to be a promising model mimicking the human
RT and once established can be maintained for a long period of
FIGURE 3 | Considerations for using primary cells: differences in donor variability (1), anatomic source of the cells (2), culture methods (e.g. medium and growth
factors) (3) and the use of undifferentiated versus differentiated cells (4).
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time. Limited studies have been performed with AO and
respiratory viruses so far due to the novelty of the technique.
However, the studies that have been performed show great
promise for studying virus-host interaction and drug screening
studies in this model.

Studying Respiratory Virus Infections
To understand the pathogenesis of respiratory virus infections, it
is important to study (1) tropism, (2) receptor usage, (3) immune
response, (4) cytopathic effects and damage, and (5) tissue
regeneration after clearance. Primary cell culture models are
crucial in these studies, because viruses rapidly adapt to culture
in immortalized cell lines (81, 94, 95). In this second part of the
review, we summarize how these properties of respiratory viruses
have been investigated in light of the advantages of using primary
HAEC and AO (Table 1).

Receptor Studies
One of the mechanisms by which viruses enter a host cell is
receptor-mediated entry; the appropriate receptor needs to be
present on the cell for the virus to enter. Immortalized cell lines
are often used to identify such a cellular receptor, for example by
genomic- and interactome- based approaches (141, 142). Primary
HAEC mimic the natural targets cells of respiratory viruses better
Frontiers in Immunology | www.frontiersin.org 7
than continuous cell lines and are thus important for receptor
identification, as illustrated in the following examples.

For most HCoVs, receptors were initially identified in cell
lines, followed by confirmation and verification of these
receptors in primary HAEC (58, 66, 91, 105–107, 143–148).
An example of the importance of using primary HAEC was seen
in the search for a model for HCoV-HKU1. This virus only
replicates in primary differentiated tracheobronchial epithelial
cells. Through studies in these cells, the HCoV-HKU1 receptor
(O-acetylated sialic acid) was ultimately identified (108, 149).
Differential binding of avian and human influenza viruses to
their receptors was investigated in primary HAECdif (bronchial),
which express both a-2,3- and a-2,6-linked oligosaccharides.
Infections with avian and human influenza viruses confirmed
that viruses with avian origin preferably bind to a-2,3-linked
oligosaccharides, whereas viruses from human origin bind to a-
2,6-linked oligosaccharides (133). For most HRV subtypes their
receptor was identified in immortalized cell lines and validated in
HAEC, except for HRV-C (96–99, 150–153). For HRV-C the
receptor was found in primary differentiated bronchial epithelial
cells and in ex vivo organ transplants, since this HRV subtype does
not replicate in continuous cell lines (101, 154).

Many HRSV receptor candidates have been proposed in
literature, but arguably the relevant in vivo receptor has not yet
A

B

FIGURE 4 | Sources of stem cells and culture methods. Several sources for stem cells are shown: embryonic stem cells, induced pluripotent stem cells (iPSC) and
organ-derived or nasal brushing-derived. (A) Shows a Transwell system on which primary cells or stem-cell based cells can be cultured, (B) shows an airway
organoid sphere with cilia and mucus on the inside.
August 2021 | Volume 12 | Article 683002
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been identified. Ciliated epithelial cells are the main target cell of
HRSV (155), therefore primary HAECdif are the most suitable
model to perform receptor studies. CXC3R1, insulin-like growth
factor-1 (IGFR1) and nucleolin have been identified as potential
cellular receptors for HRSV. CXC3R1 would probably not have
been found if it were not for primary HAEC, since this receptor is
absent (unless transfected) on immortalized cell lines (119, 120).
The other two receptors have been confirmed and validated in
primary HAEC (121, 156). Although closely related to HRSV, the
proposed receptors for HMPV are not the same as for HRSV, but
studies with primary respiratory epithelial cells from different
locations in the RT have proposed integrins and heparin sulfate
as receptors (126, 127, 157, 158).

Lastly, using primary HAECdif (tracheobronchial), it was
confirmed that HPIV-3 uses a-2,6-linked sialic acid residues
and HPIV-1 uses a-2,3-linked sialic acid residues as cellular
receptors (133, 134). Primary HAEC have also been used to
identify or verify the receptors for HAdV (138, 159).

All the above-mentioned examples clearly illustrate that
HAEC are important for identifying the cellular entry receptor
Frontiers in Immunology | www.frontiersin.org 8
for respiratory viruses. Although initially the receptor is often
found in cell lines, primary cell models are essential in
confirming and validating this receptor and these results
translate better to the in vivo situation.

Tropism
Regarding viral tropism, in vivo models and ex vivo culture
models provide valuable information. However, it has to be kept
in mind that in in vivo studies the animal is often not the natural
host of the virus, introducing a possible bias. Human post-
mortem material from either healthy or infected individuals is
also useful for binding studies, but this material is not always
available. Cell lines are immortalized and often express unique
gene expression patterns that are not representative of in vivo cell
types. Primary airway models can overcome these hurdles and
are a thus powerful tool to investigate viral tropism, since most
cell types from the RT are represented in these models.

In the SARS-CoV-2 pandemic, differentiated AO (AOdif) and
primary HAEC rapidly helped elucidate that SARS-CoV-2
mainly infects ciliated cells, club cells and ATII, but not goblet
August 2021 | Volume 12 | Article 683002
TABLE 1 | Summary table of the studies on respiratory viruses performed in primary respiratory epithelial cells and stem cell-based models.

Virus
family

Characteristics (receptor, tropism, innate immune response) Cell culture model References

Rhinovirus
Receptor Major group: ICAM-1Minor group: LDL-RHRV-C CDHR3 HAECun/dif (bronchial and tracheal) (96–101)
Tropism Ciliated epithelial cells HAECdif (bronchial) (101)
Cytokines TNF-a, IL-6, IL-8, and IP-10, IL-17C, type I IFN, type III IFN, CCL5, IL-1a, IL-1b,

IL-1Ra, CXCL10
HAECdif (bronchial) (102–104)

Coronavirus
Receptor HCoV-229E: CD13HCoV-HKU1: O-acetylated sialic acidSARS-CoV/SARS-CoV-2:

ACE2, SXLMERS-CoV: DPP4
HAECdif (bronchial)Stem cell-based
alveolospheres

(58, 66, 91,
105–108)

Tropism Sars-CoV/SARS-CoV-2: ciliated epithelial cells, type III pneumocytes, club cellsMERS-
CoV/HcoV-229: non-ciliated epithelial cellsHCoV-HKU1: Type I pneumocytes

HAECun/dif (bronchial)AOATIATIIStem cell-
based alveolospheres

(57, 88–91,
105, 107, 109–

111)
Cytokines Type I IFN, type III IFN, CCL20, IL-33, CXCL5, CXCL6, CXCL8, CXCL20, IL-6, CXCL2,

CXCL3, CXCL10, CXCL11, IL-17, IL-18, IL-1b, CCL4, CCL5, IL-8, IL-1a, IP-10, MIP-1b
HAECun/dif (bronchial)AOATIATIIStem cell-
based alveolospheres

(90, 91, 110–
114)

Influenza virus
Receptor Avian influenza viruses: a-2,3-linked oligosaccharidesHuman influenza viruses: a-2,6-

linked oligosaccharides
HAECun/difAO (93, 115)

Tropism Ciliated cells, sometimes basal cells HAECun/dif (nasal, bronchial, tracheobronchial)
AO

(93, 115)

Cytokines IL-1b, IL-6, IP-10, CCL2, CCL5, CXCL11, and IL-8, IL-1a, CXCL10, type I IFN, type III
IFN

HAECun/dif (nasal, bronchial, tracheobronchial) (116–118)

Pneumovirus
Receptor HRSV: CXCR3, IGFR1, nucleolin, HMPV: heparan sulfate HAECdif (nasal and bronchial) (119–121)
Tropism Ciliated epithelial cells, type II pneumocytes, sometimes goblet cells and basal cells HAECdif (nasal, tracheobronchial, bronchiolar)

AO
(87, 122–125)

Cytokines IL-6, IL-8, RANTES, type I IFN, type III IFN, CXCL-1, IP10, TFN-a, IL-10, CXCL-8,
TRAIL, CXCL1

Primary (un)differentiated nasal and small
airway epithelial cellshTERT-NECsAirway
organoids

(126–132)

Parainfluenza virus
Receptor HPIV-1: a-2,3-linked sialic acid residuesHPIV-3: a-2,6-linked sialic acid residues HAECdif (tracheobronchial) (133–135)
Tropism Ciliated epithelial cells HAECdif (tracheobronchial) (134, 136)
Cytokines CXCL10 and CXCL11 HAECdif (tracheobronchial) (137)
Adenovirus
Receptor HAdV-B type 14: Desmoglein 2HAdV-c type 5: CAR HAECdif (bronchial) (138)
Tropism Lung parenchyma AO (139)
Cytokines Meyer-Berg 2020 Stem cell research & therapy HAECdif (bronchial) (140)
HAECun, undifferentiated human airway epithelial cells; HAECdif, differentiated human airway epithelial cells; ATI, type I alveolar cells; ATII, type II alveolar cells; AO, airway organoids.
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cells (88–91, 109, 110). For other coronaviruses, similar models
were used to determine their respective tropism, for instance
HCoV-229E and MERS-CoV infect non-ciliated cells and
HCoV-HKU1 predominantly infects ATII (105, 107, 160, 161).
Multiple studies have been performed with influenza viruses in
HAEC or AO. It was found that, for example, seasonal H1N1 was
able to infect ciliated cells, goblet cells and alveolar cells, whereas
pandemic H1N1 was also able to infect club cells (89, 93, 115).
HRV is a common cause of respiratory infections in humans and
both HRV-A and HRV-B can be cultured in conventional cell
models, while this is not the case for HRV-C. However, by using
3D Matrigel cultures with primary HAECdif HRV-C can be
propagated (159). For all three HRV subtypes the tropism
could be determined in primary HAECdif (bronchial): HRV-A
and HRV-B infect basal cells and HRV-C infects ciliated
epithelial cells (101, 162). It was also confirmed that HRV can
replicate in cells from both the URT (adenoids) and LRT
(bronchus) (163). Clinical characteristics of HRV are also
recapitulated in primary airway models. For instance, HRV-B
infections are associated with less severe infections and studies in
primary HAECdif (nasal and bronchial) reported that HRV-B
replicates slower and leads to less cytotoxicity than HRV-A and
HRV-C (164, 165). For both HRSV and HMPV it was confirmed
in HAECdif and AOdif mainly targets the ciliated epithelial cells
(122, 123, 128, 166–168). One study showed that basal cells could
also be infected by HRSV after epithelial injury, using
commercially obtained primary HAECdif (bronchial) (124).

In conclusion, with primary airway cultures or SC-based
cultures it is possible to culture viruses that are difficult to
culture in immortalized cell lines and these models can provide
reliable information on the viral tropism.

Disease Modelling
Studying pathogenesis is challenging in vitro, both in continuous
and primary cell lines. A single or limited number of cell types
are present in in vitro cultures, not resembling a full organism. As
alternative, cytopathic effect (CPE) can be studied. CPE in
primary HAECdif often resembles the natural situation more
closely compared to continuous cells. HRSV offers a good
example: in continuous cell lines it forms big syncytia (hence
the name), but in primary HAECHRSV forms little to no syncytia,
which is in line with observations in vivo (both animal models and
humans) (48, 122, 129, 168–170). A clinical observation in HRSV
disease is neutrophil inflammation, which is involved in severe
HRSV disease. This clinical phenomenon has been mimicked in
HRSV-infected primary HAECdif (nasal) that were co-cultured
with neutrophils (171). AO have significantly improved disease
modelling opportunities. HRSV, HMPV and HPIV have been
investigated in AOdif: and for example for HRSV epithelial cell
sloughing was shown, which was absent in HPIV infections. These
observations both fit with clinical observations. Other hallmarks of
HRSV and HMPV disease, such as infection of ciliated epithelial
cells and mucus production were also recapitulated in AO and in
primary HAEC (80, 87, 125, 155, 172). These hallmarks are
impossible to mimic in 2D cell lines and thus highlight the
usefulness of 3D AO to study respiratory virus pathogenesis.
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Innate Immune Responses
When a virus enters a cell, this cell will directly mount an innate
immune response, both in the infected cell and in surrounding
cells. This usually includes the production of several cytokines
and chemokines to attract more immune cells and activate the
adaptive immune system. Studying the innate immune system in
primary HAEC has as an advantage over continuous cell lines,
because they potentially produce more clinically relevant
cytokines that would also be produced by the natural target
cells. For instance, for SARS-CoV it was described that ATII are
less susceptible than ATI, which was linked to a robust innate
immune response (161). This pronounced innate immune
response was not found in primary HAECdif (bronchial,
chemically differentiated) after MERS-CoV, SARS-CoV or
HCoV-229E infection, indicating immune evasion (173). It
appears that each corona-virus induces specific innate immune
responses, with few cytokines and ISGs overlapping (90, 91, 110,
112–114). In response to influenza virus infection, similar
cytokines, mainly IL-1b, IL-6 and IL-8, were produced in
HAECdif from different parts of the RT (114, 116–118). For
HRSV and HMPV infections it has also been shown that similar
cytokines, predominantly type I and/or type III IFN, are
produced in HAECdif (nasal, bronchial and small airway) (123,
126–132, 168).

Different subtypes of HPIV are associated with certain clinical
observations: HPIV1 can stay undetected for days, whereas
HPIV2 is associated with mild disease and HPIV3 with more
severe respiratory disease. These clinical observations have been
linked to cytokine profiles that were found in primary HAECdif

(tracheobronchial). It was shown that for HPIV1 there was no
early innate immune response, whereas for HPIV2 innate
cytokines were produced at early time points and for HPIV3
cytokines increased overtime (61).

It was observed that HRV induced an innate immune
response in 3D matrigel cultures with primary HAECdif that
inhibited viral replication, but that this was only short-lived
because a second peak of viral replication was measured. This
correlated with the production of the cytokines TNF-a, IL-6, Il-8,
and IP-10. Based on these results, the authors postulated that the
second peak appeared due to the production of new virus, after the
eclipse caused by the innate immune system (102). Similar
replication kinetics and cytokines were seen in other studies,
including type I and type III IFN (103, 104, 174, 175). In one
study it was shown that upon HRV infection IL-17C was produced
in the basolateral compartment and induced CXLC1, which is a
neutrophil attractant andmay contribute to exacerbations of lower
airway disease (103).

To summarize, many studies underline the importance of
using primary HAEC and AO when studying innate immune
responses. Although these models seem to be a good proxy for
clinically relevant cytokines in vivo, studies directly comparing
the innate cytokine responses between continuous cell lines and
primary cell models are lacking. Nevertheless, complex cell
systems that mimic the in vivo target cells of viruses probably
model the antiviral innate immune response better than
cell lines.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rijsbergen et al. Respiratory Virus Infections In Vitro
Other Applications of Primary Respiratory
Epithelial Cells
Primary HAEC can mimic host factors related to lifestyle, such as
smoking history and obesity. Smoking history might predispose
to more severe SARS-CoV-2 disease, possibly to the upregulation
of the ACE2 receptor, which was found in formalin-fixed
paraffin-embedded human lung tissues and in brushings of the
airway epithelium (176–178). This difference was not observed in
primary HAECdif (bronchial), but the number of donors was
limited (179). Obesity is related to more severe influenza
symptoms, which has been shown in primary ATII, where cells
from obese donors were more susceptible to a pandemic IAV
than non-obese donors (52).

Primary HAEC are also useful for studying stability of viruses
under environmental conditions. For example, primary HAECdif

(bronchial) were used to study the impact of relative humidity on
the stability of a pandemic influenza A virus in aerosols and
droplets. Aerosols and droplets were created and supplemented
with extracellular matrix material harvested from the apical
surface of the HAEC and then the amount of virus was
determined in MDKC cells (180). None of the experimental
humidity conditions affected the stability of IAV H1N1 when
aerosols and droplets were supplemented with extracellular
matrix, but without supplementation, a humidity-dependent
decay of virus infectivity was observed (180). This provided
evidence that extracellular matrix can protect influenza viruses
from decay and thereby promote spreading (181, 182).

Primary HAECdif have also been proposed as a screening
model for evaluating and monitoring the infectivity,
pathogenicity and antigenicity of virus variants, for instance
during an outbreak. In the current SARS-CoV-2 pandemic
many new, and supposedly more infectious, variants are
arising. Information on these variants is important, so that
interventions can be tailored. Using primary HAEC, it was
found that SARS-CoV-2 variant (D614G) replicates better than
the original wild-type strain in the nasal and proximal airways,
which was not observed in VeroE6 cells. Increased replication in
the URT might lead to more transmission (183). During
influenza seasons of 2013-2014 and 2015-2016 the vaccine
effectiveness against the circulating influenza strains was
reduced. The reason for this was a reduction in sustained
multi-cycle replication. This was found in primary HAECdif

(nasal), but not in MDCK cells (182). These important data
regarding novel virus variants would not have been available
without primary airway models and are important for managing
pandemics and developing interventions.

In this section, we illustrated that primary cell models may
serve as an authentic model for in vitro respiratory viral
pathogenesis studies, recapitulating viral infection in the host.
They are useful for identifying viral receptors, determining viral
tropism, mimicking disease and assessing innate immune
responses in respiratory epithelial cells. Additionally, some
viruses that are difficult to culture can be propagated in
primary HAEC and often not in cell lines (184). Although
continuous cell lines can give seminal insights into virus-host
interactions, they also render selective pressure on viruses,
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leading to culture adaptations. One of the advantages of
continuous cell lines is the possibility for genetic modification,
which is thus far impossible in primary respiratory cell cultures.
This hurdle can be overcome in the future by using AO derived
from human SCs, which could be engineered to express desired
host features.

Co-Cultures
As described above, in vitro primary cell models can be used to
investigate different aspects of virus-host interactions. However,
still a big part of the micro-environment of the cells is not
reflected in these models. (1) The lungs fill up with air and deflate
during breathing, creating an airflow and stretching of the
epithelium. (2) To supply the lungs with sufficient nutrients
and to take up incoming oxygen, endothelial blood vessels are
connected to the respiratory epithelial cells. (3) The airways are
also normally colonized with all different kinds of micro-
organisms, referred to as the microbiome. (4) Also, several
types of immune cells are present to fight potential pathogens.
These four features are usually not recapitulated in HAEs nor
AOs, but are important for an integrated in vitro airway model.

Endothelial Cells
Endothelial blood vessels are connected to the airway epithelial
cells in vivo and therefore important to also include in an in vitro
airway model. Co-cultures with endothelium have been
performed, with primary HAEC placed on a chip and
microvascular endothelial cells on the opposite side of the
porous membrane, with a fluid flow underneath (185). This
small airway-on-a-chip model recapitulates tissue-tissue
interactions, physicochemical microenvironments, and vascular
perfusion of the RT (185, 186). Unfortunately, these models are
costly and often not compatible with a biosafety level (BSL)-II or
BSL-III laboratory environment required for performing
pathogenic virus infections. A way to mimic air flow has been
addressed by applying mechanical forces to the airway-on-a-chip
model, recreating a breathing movement (187). In another study,
primary HAEC were cultured at the apical side of transwell filters
and primary microvascular endothelial cells at the basolateral
side to create an alveolar-capillary system. This system was used
to study influenza virus and staphylococcus aureus (SA) co-
infections (188). Thus, although progress is being made, the use
of transwell filters and airway-on-a-chip models to model the
epithelial-endothelial barrier to study respiratory virus
pathogenesis is still limited.

Microbiome
Next to co-cultures with endothelial cells, co-culture models with
bacteria and/or viruses to mimic co-infections or the
microbiome are being developed. One option is an infection
with a bacterium preceding viral infection. In HAECdif (alveolar),
co-cultured with primary microvascular endothelial cells, it was
found that methicillin-resistant SA (MRSA) dysregulated the
host immune response and decreased the barrier function (188).
Another option is a viral infection preceding an infection with a
bacterium, for instance initial IAV infection resulted in increased
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replication of S. pneumonia in primary HAECdif (bronchial). In
contrast, in primary HAEC it was then found that pre-exposure
to HRV reduced the viral titers of subsequent influenza virus
exposure, which was supported by clinical data (189). Co-
culturing cells with bacteria poses a challenge, since these
micro-organisms replicate fast and rapidly overgrow the
respiratory epithelial cells, often leading to cell death. In some
of these studies, bacteria were inactivated to overcome this
problem, but it is questionable if this still mimics the real-life
situation since several features of the bacteria are lost (190).
However, it has been shown that inactivated bacteria can
influence respiratory virus infections. For instance, UV-
inactivated nontypable Heamophilus influenzae (NTHI)
enhanced the susceptibility of human bronchial epithelial cells
to HPIV, likely due to upregulation of ICAM-1, a cellular
receptor for HPIV (191, 192). Another way around the toxicity
problem could be only co-culturing bacteria for a short time.
Obviously, this does not mimic the microbiome or a co-infection
(193–196). Nonetheless, this still allowed investigation of
bacterial adherence to the (infected) primary HAEC or
transmigration of bacteria. Alternatively, co-cultures could be
regularly washed. Using this method researchers were able to
culture NTHI with commercially available primary HAEC for 10
days (197). Combining co-cultures of bacteria and AO have, to
our knowledge, not been described yet, but lessons can be learned
from co-cultures of bacteria and intestinal organoids or skin
organoids (197, 198).

It is important to study the effect of bacteria and viruses on
the innate immune state of the HAEC. Certain innate immune
profiles influence the outcome of viral infections, for instance for
HRSV. It was described, in humans, that neutrophilic
inflammation at the time of viral challenge predisposed
individuals to symptomatic HRSV infection (199). These data
suggest that co-cultures with, for instance, neutrophils might be
required to fully mimic the microenvironment of the RT. In
conclusion, although there is only limited data available on this
topic, more studies are being performed and we are confident it is
feasible to create an in vitro airway model combined with
the microbiome.

Immune Cells
Another important feature of the airways is the (intra-epithelial)
presence of immune cells that are often involved in the defense
against respiratory virus infections. Co-cultures of neutrophils
with primary HAECun (trachea) that were infected with HPIV
were already performed in the 1990s (200, 201). These studies
showed enhanced adhesion of neutrophils to HPIV-infected
cells. This has later been shown in AO infected with HRSV,
where it was even possible to visualize the preferential neutrophil
movement to the infected AO. Co-cultures of primary HAEC
(nasal or bronchial) with DCs or T cells have also been described,
either with virus present prior to adding the cells, or after. In
these studies, researchers investigated both the effect on the
immune responses as well as viral replication (87, 202, 203).
They showed that the presence of DCs or T cells enhanced
antiviral and inflammatory responses and inhibited viral
replication. A triple co-culture has also been described, in
Frontiers in Immunology | www.frontiersin.org 11
which primary HAECdif (bronchial) were co-cultured with
monocyte-derived DCs (moDCs) and macrophages (204).
Here, the moDCs were infected with HRSV and added apically
to a layer of HAEC in a transwell system. Uninfected moDCs
were simultaneously added to the basolateral membrane of
the insert. This led to the transmission of HRSV to the
HAEC, but not to the moDCs located basolaterally. However,
when macrophages were added to the apical surface of this co-
culture, the basolateral moDCs were infected too, indicating
some type of trans-epithelial transport mechanism. This
study shows the importance of having multiple factors in a
culture to understand the infection process (205). All in all,
combining primary HAECdif with endothelial cells, airflow, the
microbiome and immune cells would be an ideal model to mimic
our RT.
CONCLUSION AND FUTURE DIRECTIONS

We need scalable, feasible, affordable and reproducible in vitro
models that adequately reflect the complexity of our RT and the
cascade of events that occur during viral infections. We
illustrated in this review that primary HAEC and AO are
promising models for the RT and for studying respiratory viral
pathogenesis. Since the field of primary epithelial cell models and
AO is rapidly progressing, future applications of these models are
endless. Currently these models are used for testing and
developing effective treatments for SARS-CoV-2 (206).
Another potential future application of primary HAEC is using
species-specific cells to study the zoonotic potential of viruses.
With these models it is possible to test the infectivity of the
viruses isolated from the natural hosts in primary human
respiratory epithelial cells and vice versa (207–210).

Furthermore, primary HAEC and AO can be used for drug
screening studies, to test the potential of a drug, small molecule
or antibody to inhibit virus replication in the context of a more
representative tissue environment. There are many papers
describing drug studies performed in HAEC (211). In the
future, the use of AO for drug screening studies can be of great
value as well (212).

The ultimate goal is to design a model that reflects the
respiratory environment in all critical aspects to understand
respiratory virus infections and host interaction in detail.
Therefore, the usage of self-organized AO models would be
preferable over the use of primary HAEC, either in 2D at ALI
or 3D. Although initially more expensive and laborious to set up,
such AO cultures can be maintained for long periods and are
expected to generate the most reproducible results. However,
primary HAEC are still a good model to use, especially for rapid
screening of inter-individual variation of different donors in
response to respiratory virus infections, or fast initial
drug screening.

A state-of-the-art development is the lung-on-a-chip model.
This model allows co-culture of primary respiratory epithelial
cells, for instance primary HAEC or AO, with endothelial cells
and mimics breathing by using an airflow and stretching. This
model might recapitulate the human airways most faithfully, but
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there are still many challenges to be overcome before this can be
used widely. This model is expensive, and requires specific
expertise and equipment. One of the biggest hurdles is using
the lung-on-a-chip model in a BSL-II or higher laboratory
environment. However, the first study using a lung-on-a-chip
model in combination with a respiratory virus (Influenza A) has
been published recently showing the potential of this
model (213).

In conclusion, primary HAEC are better suited for
investigating basic virus-host interactions, such as receptor
use and tropism of a respiratory virus than cell lines. However,
for investigating the more complex interplay between virus,
target cells and immune responses, AO appear to be more
suitable. Further improving this model by introducing
additional system factors, such endothelium and airflow (as
has been done for lung-on-a-chip models), commensal
bacteria and immune cells are required to even more closely
mimic the micro-environment present in the RT. This culture
system will help us understand viral respiratory infections and
host responses, and to develop effective therapies to cure
these infections.
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111. Qian Z, Ou X, Góes LGB, Osborne C, Castano A, Holmes KV, et al.
Identification of the Receptor-Binding Domain of the Spike Glycoprotein
of Human Betacoronavirus HKU1. J Virol (2015) 89(17):8816–27.
doi: 10.1128/JVI.03737-14

112. Jang Y, Seo SH. Gene Expression Pattern Differences in Primary Human
Pulmonary Epithelial Cells Infected With MERS-CoV or SARS-CoV-2. Arch
Virol (2020) 165(10):2205–11. doi: 10.1007/s00705-020-04730-3

113. Loo SL, Wark PAB, Esneau C, Nichol KS, Hsu ACY, Bartlett NW. Human
Coronaviruses 229E and OC43 Replicate and Induce Distinct Antiviral
Responses in Differentiated Primary Human Bronchial Epithelial Cells.
Am J Physiol Lung Cell Mol Physiol (2020) 319(6):L926–31. doi: 10.1152/
ajplung.00374.2020

114. Vanderheiden A, Ralfs P, Chirkova T, Upadhyay AA, Zimmerman MG,
Bedoya S, et al. Type I and Type III Interferons Restrict SARS-CoV-2
Infection of Human Airway Epithelial Cultures. J Virol (2020) 94(19):
e00985–20. doi: 10.1101/2020.05.19.105437
Frontiers in Immunology | www.frontiersin.org 15
115. Bui CHT, Chan RWY, Ng MMT, Cheung MC, Ng KC, Chan MPK, et al.
Tropism of Influenza B Viruses in Human Respiratory Tract Explants and
Airway Organoids. Eur Respir J (2019) 54(2):1900008. doi: 10.1183/
13993003.00008-2019

116. Bhowmick R, Derakhshan T, Liang Y, Ritchey J, Liu L. Gappa-Fahlenkamp
H. A Three-Dimensional Human Tissue-Engineered Lung Model to Study
Influenza A Infection. Tissue Eng Part A (2018) 24(19–20):1468–80.
doi: 10.1089/ten.tea.2017.0449

117. Ioannidis I, McNally B, Willette M, Peeples ME, Chaussabel D, Durbin JE,
et al. Plasticity and Virus Specificity of the Airway Epithelial Cell Immune
Response During Respiratory Virus Infection. J Virol (2012) 86(10):5422–36.
doi: 10.1128/JVI.06757-11

118. Lin YT, Lin CF, Yeh TH. Influenza A Virus Infection Induces Indoleamine
2,3-Dioxygenase (IDO) Expression and Modulates Subsequent
Inflammatory Mediators in Nasal Epithelial Cells. Acta Otolaryngol (2020)
140(2):149–56. doi: 10.1080/00016489.2019.1700304

119. Jeong KI, Piepenhagen PA, Kishko M, DiNapoli JM, Groppo RP, Zhang L,
et al. CX3CR1 Is Expressed in Differentiated Human Ciliated Airway Cells
and Co-Localizes With Respiratory Syncytial Virus on Cilia in a G Protein-
Dependent Manner. PloS One (2015) 10(6):e0130517. doi: 10.1371/
journal.pone.0130517

120. Johnson SM, McNally BA, Ioannidis I, Flano E, Teng MN, Oomens AG, et al.
Respiratory Syncytial Virus Uses CX3CR1 as a Receptor on Primary Human
Airway Epithelial Cultures. PLoS Pathog (2015) 11(12):e1005318.
doi: 10.1371/journal.ppat.1005318

121. Griffiths CD, Bilawchuk LM, McDonough JE, Jamieson KC, Elawar F, Cen Y,
et al. IGF1R Is an Entry Receptor for Respiratory Syncytial Virus. Nature
(2020) 583(7817):615–9. doi: 10.1038/s41586-020-2369-7

122. Zhang L, Peeples ME, Boucher RC, Collins PL, Pickles RJ. Respiratory
Syncytial Virus Infection of Human Airway Epithelial Cells is Polarized,
Specific to Ciliated Cells, andWithout Obvious Cytopathology. J Virol (2002)
76(11):5654–66. doi: 10.1128/JVI.76.11.5654-5666.2002

123. Hong GP, Canning P, Douglas I, Villenave R, Heaney LG, Coyle PV, et al.
Relative Respiratory Syncytial Virus Cytopathogenesis in Upper and Lower
Respiratory Tract Epithelium. Am J Respir Crit Care Med (2013) 188(7):842–
51. doi: 10.1164/rccm.201304-0750OC

124. Persson BD, Jaffe AB, Fearns R, Danahay H. Respiratory Syncytial Virus can
Infect Basal Cells and Alter Human Airway Epithelial Differentiation. PloS
One (2014) 9(7):e102368. doi: 10.1371/journal.pone.0102368

125. Porotto M, Ferren M, Chen YW, Siu Y, Makhsous N, Rima B, et al. Authentic
Modeling of Human Respiratory Virus Infection in Human Pluripotent Stem
Cell-Derived Lung Organoids. MBio (2019) 10(3):e00723–19. doi: 10.1128/
mBio.00723-19

126. Loevenich S, Malmo J, Liberg AM, Sherstova T, Li Y, Rian K, et al. Cell-
Type-Specific Transcription of Innate Immune Regulators in Response
to Hmpv Infection. Mediat Inflammation (2019) 4964239. doi: 10.1155/
2019/4964239

127. Bao X, Liu T, Spetch L, Kolli D, Garofalo RP, Casola A. Airway Epithelial Cell
Response to Human Metapneumovirus Infection. Virology (2007) 368
(1):91–101. doi: 10.1016/j.virol.2007.06.023

128. Yu X, Lakerveld AJ, Imholz S, Hendriks M, ten Brink SCA, Mulder HL, et al.
Antibody and Local Cytokine Response to Respiratory Syncytial Virus
Infection in Community-Dwelling Older Adults. mSphere (2020) 5(5):
e00577–20. doi: 10.1128/mSphere.00577-20

129. Villenave R, Thavagnanam S, Sarlang S, Parker J, Douglas I, Skibinski G,
et al. In Vitro Modeling of Respiratory Syncytial Virus Infection of Pediatric
Bronchial Epithelium, the Primary Target of Infection In Vivo. Proc Natl
Acad Sci USA (2012) 109(13):5040–5. doi: 10.1073/pnas.1110203109

130. Villenave R, Broadbent L, Douglas I, Lyons JD, Coyle PV, Teng MN, et al.
Induction and Antagonism of Antiviral Responses in Respiratory Syncytial
Virus-Infected Pediatric Airway Epithelium. J Virol (2015) 89(24):12309–18.
doi: 10.1128/JVI.02119-15

131. Das S, Palmer OP, Leight WD, Surowitz JB, Pickles RJ, Randell SH, et al.
Cytokine Amplification by Respiratory Syncytial Virus Infection in Human
Nasal Epithelial Cells. Laryngoscope (2005) 115(5):764–8. doi: 10.1097/
01.MLG.0000159527.76949.93

132. Okabayashi T, Kojima T, Masaki T, Yokota S-I, Imaizumi T, Tsutsumi H,
et al. Type-III Interferon, Not Type-I, is the Predominant Interferon Induced
August 2021 | Volume 12 | Article 683002

https://doi.org/10.1165/ajrcmb.20.6.3261
https://doi.org/10.1165/ajrcmb.20.6.3261
https://doi.org/10.1086/315463
https://doi.org/10.1086/315513
https://doi.org/10.1164/ajrccm.165.8.2103094
https://doi.org/10.1186/s12931-017-0567-0
https://doi.org/10.3967/bes2018.016
https://doi.org/10.3389/fcimb.2020.00103
https://doi.org/10.3389/fcimb.2020.00103
https://doi.org/10.3389/fimmu.2020.00974
https://doi.org/10.1038/nature12005
https://doi.org/10.1128/JVI.74.19.9234-9239.2000
https://doi.org/10.1128/JVI.74.19.9234-9239.2000
https://doi.org/10.1128/JVI.03368-12
https://doi.org/10.1128/JVI.00854-15
https://doi.org/10.1126/science.abc1669
https://doi.org/10.1007/s13238-020-00811-w
https://doi.org/10.1128/JVI.03737-14
https://doi.org/10.1007/s00705-020-04730-3
https://doi.org/10.1152/ajplung.00374.2020
https://doi.org/10.1152/ajplung.00374.2020
https://doi.org/10.1101/2020.05.19.105437
https://doi.org/10.1183/13993003.00008-2019
https://doi.org/10.1183/13993003.00008-2019
https://doi.org/10.1089/ten.tea.2017.0449
https://doi.org/10.1128/JVI.06757-11
https://doi.org/10.1080/00016489.2019.1700304
https://doi.org/10.1371/journal.pone.0130517
https://doi.org/10.1371/journal.pone.0130517
https://doi.org/10.1371/journal.ppat.1005318
https://doi.org/10.1038/s41586-020-2369-7
https://doi.org/10.1128/JVI.76.11.5654-5666.2002
https://doi.org/10.1164/rccm.201304-0750OC
https://doi.org/10.1371/journal.pone.0102368
https://doi.org/10.1128/mBio.00723-19
https://doi.org/10.1128/mBio.00723-19
https://doi.org/10.1155/2019/4964239
https://doi.org/10.1155/2019/4964239
https://doi.org/10.1016/j.virol.2007.06.023
https://doi.org/10.1128/mSphere.00577-20
https://doi.org/10.1073/pnas.1110203109
https://doi.org/10.1128/JVI.02119-15
https://doi.org/10.1097/01.MLG.0000159527.76949.93
https://doi.org/10.1097/01.MLG.0000159527.76949.93
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rijsbergen et al. Respiratory Virus Infections In Vitro
by Respiratory Viruses in Nasal Epithelial Cells. Virus Res (2011) 160:360–6.
doi: 10.1016/j.virusres.2011.07.011

133. Kogure T, Suzuki T, Takahashi T, Miyamoto D, Hidari KIPJ, Guo CT, et al.
Human Trachea Primary Epithelial Cells Express Both Sialyl(a2-3)Gal
Receptor for Human Parainfluenza Virus Type 1 and Avian Influenza
Viruses, and Sialyl(a2-6)Gal Receptor for Human Influenza Viruses.
Glycoconjugate J (2006) 23(1–2):101–6. doi: 10.1007/s10719-006-5442-z

134. Zhang L, Bukreyev A, Thompson CI, Watson B, Peeples ME, Collins PL,
et al. Infection of Ciliated Cells by Human Parainfluenza Virus Type 3 in an
In Vitro Model of Human Airway Epithelium. J Virol (2005) 79(2):1113–24.
doi: 10.1128/JVI.79.2.1113-1124.2005

135. Zhang H, Newman DR, Sannes PL. HSULF-1 Inhibits ERK and AKT
Signaling and Decreases Cell Viability In Vitro in Human Lung Epithelial
Cells. Respir Res (2012) 13:69. doi: 10.1186/1465-9921-13-69

136. Zhang L, Collins PL, Lamb RA, Pickles RJ. Comparison of Differing
Cytopathic Effects in Human Airway Epithelium of Parainfluenza Virus 5
(W3A), Parainfluenza Virus Type 3, and Respiratory Syncytial Virus.
Virology (2011) 421(1):67–77. doi: 10.1016/j.virol.2011.08.020

137. Schaap-Nutt A, D’Angelo C, Scull MA, Amaro-Carambot E, Nishio M, Pickles
RJ, et al. Human Parainfluenza Virus Type 2 V Protein Inhibits Interferon
Production and Signaling and Is Required for Replication in non-Human
Primates. Virology (2010) 397(2):285–98. doi: 10.1016/j.virol.2009.11.018

138. Lam E, Ramke M, Warnecke G, Schrepfer S, Kopfnagel V, Dobner T, et al.
Effective Apical Infection of Differentiated Human Bronchial Epithelial Cells
and Induction of Proinflammatory Chemokines by the Highly
Pneumotropic Human Adenovirus Type 14p1. PloS One (2015) 10(7):
e0131201. doi: 10.1371/journal.pone.0131201

139. Meyer-Berg H, Zhou Yang L, Pilar de Lucas M, Zambrano A, Hyde SC, Gill
DR. Identification of AAV Serotypes for Lung Gene Therapy in Human
Embryonic Stem Cell-Derived Lung Organoids. Stem Cell Res Ther (2020) 11
(1):488. doi: 10.1186/s13287-020-01950-x

140. Yang TI, Li WL, Chang TH, Lu CY, Chen JM, Lee PI, et al. Adenovirus
Replication and Host Innate Response in Primary Human Airway Epithelial
Cells. J Microbiol Immunol Infect (2019) 52(2):207–14. doi: 10.1016/
j.jmii.2018.08.010

141. Raj VS, Lamers MM, Smits SL, Demmers JA, Mou H, Bosch BJ, et al.
Identification of Protein Receptors for Coronaviruses by Mass Spectrometry.
Methods Mol Biol (2015) 1282:165–82. doi: 10.1007/978-1-4939-2438-7_15

142. Barrass SV, Butcher SJ. Advances in High-Throughput Methods for the
Identification of Virus Receptors. Vol. 209, Medical Microbiology and
Immunology. Springer; (2020) 209(3):309–23. doi: 10.1007/s00430-019-
00653-2

143. Wang S, Qiu Z, Hou Y, Deng X, Xu W, Zheng T, et al. AXL is a Candidate
Receptor for SARS-CoV-2 That Promotes Infection of Pulmonary and
Bronchial Epithelial Cells. Cell Res (2021) 31(2):126–40. doi: 10.1038/
s41422-020-00460-y

144. Yeager CL, Ashmun RA, Williams RK, Cardellichio CB, Shapiro LH, Look
AT, et al. Human Aminopeptidase N Is a Receptor for Human Coronavirus
229E. Nature (1992) 357(6377):420–2. doi: 10.1038/357420a0

145. Vlasak R, Luytjes W, Spaan W, Palese P. Human and Bovine Coronaviruses
Recognize Sialic Acid-Containing Receptors Similar to Those of Influenza C
Viruses. Proc Natl Acad Sci USA (1988) 85(12):4526–9. doi: 10.1073/
pnas.85.12.4526

146. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, et al. Angiotensin-
Converting Enzyme 2 is a Functional Receptor for the SARS Coronavirus.
Nature (2003) 426(6965):450–4. doi: 10.1038/nature02145

147. Hofmann H, Pyrc K, van der Hoek L, Geier M, Berkhout B, Pöhlmann S.
Human Coronavirus NL63 Employs the Severe Acute Respiratory Syndrome
Coronavirus Receptor for Cellular Entry. Proc Natl Acad Sci USA (2005) 102
(22):7988–93. doi: 10.1073/pnas.0409465102

148. HoffmannM, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–
280.e8. doi: 10.1016/j.cell.2020.02.052

149. Pyrc K, Sims AC, Dijkman R, Jebbink M, Long C, Deming D, et al. Culturing
the Unculturable: Human Coronavirus HKU1 Infects, Replicates, and
Produces Progeny Virions in Human Ciliated Airway Epithelial Cell
Cultures. J Virol (2010) 84(21):11255–63. doi: 10.1128/JVI.00947-10
Frontiers in Immunology | www.frontiersin.org 16
150. Staunton DE, Merluzzi VJ, Rothlein R, Barton R, Marlin SD, Springer TA. A
Cell Adhesion Molecule, ICAM-1, is the Major Surface Receptor for
Rhinoviruses. Cell (1989) 56(5):849–53. doi: 10.1016/0092-8674(89)90689-2

151. Hofer F, Gruenberger M, Kowalski H, Machat H, Huettinger M, Kuechler E,
et al. Members of the Low Density Lipoprotein Receptor Family Mediate Cell
Entry of a Minor-Group Common Cold Virus. Proc Natl Acad Sci USA
(1994) 91(5):1839–42. doi: 10.1073/pnas.91.5.1839

152. Marlovits TC, Abrahamsberg C, Blaas D. Very-Low-Density Lipoprotein
Receptor Fragment Shed From HeLa Cells Inhibits Human Rhinovirus
Infection. J Virol (1998) 72(12):10246–50. doi: 10.1128/JVI.72.12.10246-
10250.1998

153. Suzuki T, Yamaya M, Kamanaka M, Jia YX, Nakayama K, Hosoda M, et al.
Type 2 Rhinovirus Infection of Cultured Human Tracheal Epithelial Cells:
Role of LDL Receptor. Am J Physiol Lung Cell Mol Physiol (2001) 280(3 24-
3):L409–20. doi: 10.1152/ajplung.2001.280.3.L409

154. Bochkov YA, Palmenberg AC, Lee WM, Rathe JA, Amineva SP, Sun X, et al.
Molecular Modeling, Organ Culture and Reverse Genetics for a Newly
Identified Human Rhinovirus C. Nat Med (2011) 17(5):627–32. doi:
10.1038/nm.2358

155. Johnson JE, Gonzales RA, Olson SJ, Wright PF, Graham BS. The
Histopathology of Fatal Untreated Human Respiratory Syncytial Virus
Infection. Mod Pathol (2007) 20(1):108–19. doi: 10.1038/modpathol.3800725

156. Tayyari F, Marchant D, Moraes TJ, Duan W, Mastrangelo P, Hegele RG.
Identification of Nucleolin as a Cellular Receptor for Human Respiratory
Syncytial Virus. Nat Med (2011) 17(9):1132–5. doi: 10.1038/nm.2444

157. Chang A, Masante C, Buchholz UJ, Dutch RE. Human Metapneumovirus
(HMPV) Binding and Infection Are Mediated by Interactions Between the
HMPV Fusion Protein and Heparan Sulfate. J Virol (2012) 86(6):3230–43.
doi: 10.1128/JVI.06706-11

158. Cox RG, Erickson JJ, Hastings AK, Becker JC, Johnson M, Craven RE, et al.
Human Metapneumovirus Virus-Like Particles Induce Protective B and T
Cell Responses in a Mouse Model. J Virol (2014) 88(11):6368–79. doi:
10.1128/JVI.00332-14

159. Bergelson JM, Cunningham JA, Droguett G, Kurt-Jones EA, Krithivas A,
Hong JS, et al. Isolation of a Common Receptor for Coxsackie B Viruses and
Adenoviruses 2 and 5. Science (1997) 275(5304):1320–3. doi: 10.1126/
science.275.5304.1320

160. Dominguez SR, Travanty EA, Qian Z, Mason RJ. Human Coronavirus
HKU1 Infection of Primary Human Type II Alveolar Epithelial Cells:
Cytopathic Effects and Innate Immune Response. PloS One (2013) 8(7):
e70129. doi: 10.1371/journal.pone.0070129

161. Qian Z, Travanty EA, Oko L, Edeen K, Berglund A, Wang J, et al. Innate
Immune Response of Human Alveolar Type II Cells Infected With Severe
Acute Respiratory Syndrome-Coronavirus. Am J Resp Cell Mol Biol (2013) 48
(6):742–8. doi: 10.1165/rcmb.2012-0339OC

162. Jakiela B, Brockman-Schneider R, Amineva S, Lee WM, Gern JE. Basal Cells
of Differentiated Bronchial Epithelium Are More Susceptible to Rhinovirus
Infection. Am J Respir Cell Mol Biol (2008) 38(5):517–23. doi: 10.1165/
rcmb.2007-0050OC

163. Mosser AG, Brockman-Schneider R, Amineva S, Burchell L, Sedgwick JB,
Busse WW, et al. Similar Frequencyaa of Rhinovirus-Infectible Cellsasas in
Upper and Lower Airway Epithelium. J Infect Dis (2002) 185(6):734–43xxzx.
doi: 10.1086/339339

164. Nakagome K, Bochkov YA, Ashraf S, Brockman-Schneider RA, Evans MD,
Pasic TR, et al. Effects of Rhinovirus Species on Viral Replication and
Cytokine Production. J Allergy Clin Immunol (2014) 134(2):332–41.e10.
doi: 10.1016/j.jaci.2014.01.029

165. Yeo NK, Jang YJ. Rhinovirus Infection-Induced Alteration of Tight Junction
and Adherens Junction Components in Human Nasal Epithelial Cells.
Laryngoscope (2010) 120(2):346–52. doi: 10.1002/lary.20764

166. Teng MN, Whitehead SS, Collins PL. Contribution of the Respiratory
Syncytial Virus G Glycoprotein and its Secreted and Membrane-Bound
Forms to Virus Replication In Vitro and In Vivo. Virology (2001) 289
(2):283–96. doi: 10.1006/viro.2001.1138

167. de Graaf M, Herfst S, Aarbiou J, Burgers PC, Zaaraoui-Boutahar F, Bijl M,
et al. Small Hydrophobic Protein of Human Metapneumovirus Does Not
Affect Virus Replication and Host Gene Expression In Vitro. PloS One (2013)
8(3):e58572. doi: 10.1371/journal.pone.0058572
August 2021 | Volume 12 | Article 683002

https://doi.org/10.1016/j.virusres.2011.07.011
https://doi.org/10.1007/s10719-006-5442-z
https://doi.org/10.1128/JVI.79.2.1113-1124.2005
https://doi.org/10.1186/1465-9921-13-69
https://doi.org/10.1016/j.virol.2011.08.020
https://doi.org/10.1016/j.virol.2009.11.018
https://doi.org/10.1371/journal.pone.0131201
https://doi.org/10.1186/s13287-020-01950-x
https://doi.org/10.1016/j.jmii.2018.08.010
https://doi.org/10.1016/j.jmii.2018.08.010
https://doi.org/10.1007/978-1-4939-2438-7_15
https://doi.org/10.1007/s00430-019-00653-2
https://doi.org/10.1007/s00430-019-00653-2
https://doi.org/10.1038/s41422-020-00460-y
https://doi.org/10.1038/s41422-020-00460-y
https://doi.org/10.1038/357420a0
https://doi.org/10.1073/pnas.85.12.4526
https://doi.org/10.1073/pnas.85.12.4526
https://doi.org/10.1038/nature02145
https://doi.org/10.1073/pnas.0409465102
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1128/JVI.00947-10
https://doi.org/10.1016/0092-8674(89)90689-2
https://doi.org/10.1073/pnas.91.5.1839
https://doi.org/10.1128/JVI.72.12.10246-10250.1998
https://doi.org/10.1128/JVI.72.12.10246-10250.1998
https://doi.org/10.1152/ajplung.2001.280.3.L409
https://doi.org/10.1038/nm.2358
https://doi.org/10.1038/modpathol.3800725
https://doi.org/10.1038/nm.2444
https://doi.org/10.1128/JVI.06706-11
https://doi.org/10.1128/JVI.00332-14
https://doi.org/10.1126/science.275.5304.1320
https://doi.org/10.1126/science.275.5304.1320
https://doi.org/10.1371/journal.pone.0070129
https://doi.org/10.1165/rcmb.2012-0339OC
https://doi.org/10.1165/rcmb.2007-0050OC
https://doi.org/10.1165/rcmb.2007-0050OC
https://doi.org/10.1086/339339
https://doi.org/10.1016/j.jaci.2014.01.029
https://doi.org/10.1002/lary.20764
https://doi.org/10.1006/viro.2001.1138
https://doi.org/10.1371/journal.pone.0058572
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rijsbergen et al. Respiratory Virus Infections In Vitro
168. Geiser J, Boivin G, Huang S, Constant S, Kaiser L, Tapparel C, et al. RSV and
HMPV Infections in 3D Tissue Cultures: Mechanisms Involved in Virus-Host
and Virus-Virus Interactions. Viruses (2021) 13(1):139. doi: 10.3390/v13010139

169. Rijsbergen LC, Rennick LJ, Laksono BM, van Run PRWA, Kuiken T, Duprex
WP, et al. In Vivo Comparison of a Laboratory-Adapted and Clinical-Isolate-
Based Recombinant Human Respiratory Syncytial Virus. J Gen Virol (2020)
101(10):1037–46. doi: 10.1099/jgv.0.001468

170. Liesman RM, Buchholz UJ, Luongo CL, Yang L, Proia AD, DeVincenzo JP,
et al. RSV-Encoded NS2 Promotes Epithelial Cell Shedding and Distal
Airway Obstruction. J Clin Invest (2014) 124(5):2219–33. doi: 10.1172/
JCI72948

171. Deng Y, Herbert JA, Robinson E, Ren L, Smyth RL, Smith CM. Neutrophil-
Airway Epithelial Interactions Result in Increased Epithelial Damage and
Viral Clearance During Respiratory Syncytial Virus Infection. J Virol (2020)
94(13):e2161–19. doi: 10.1128/JVI.02161-19

172. Piedimonte G, Perez MK. Respiratory Syncytial Virus Infection and
Bronchiolitis. Pediatr Rev (2014) 35(12):519–30. doi: 10.1542/pir.35-12-519

173. Kindler E, Jonsdottir HR, Muth D, Hamming OJ, Hartmann R, Rodriguez R,
et al. Efficient Replication of the Novel Human Betacoronavirus EMC on
Primary Human Epithelium Highlights its Zoonotic Potential. MBio (2013)
4(1):e00611–12. doi: 10.1128/mBio.00611-12

174. Montgomery ST, Frey DL, Mall MA, Stick SM, Kicic A. Rhinovirus Infection
Is Associated With Airway Epithelial Cell Necrosis and Inflammation via
Interleukin-1 in Young Children With Cystic Fibrosis. Front Immunol
(2020) 11:596. doi: 10.3389/fimmu.2020.00596

175. Montgomery ST, Stick SM, Kicic A. An Adapted Novel Flow Cytometry
Methodology to Delineate Types of Cell Death in Airway Epithelial Cells.
J Biol Methods (2020) 7(4):e139. doi: 10.14440/jbm.2020.336

176. Liu A, Zhang X, Li R, Zheng M, Yang S, Dai L, et al. Overexpression of
the SARS-CoV-2 Receptor ACE2 is Induced by Cigarette Smoke in
Bronchial and Alveolar Epithelia. J Pathol (2021) 253(1):17–30. doi:
10.1002/path.5555

177. Radzikowska U, Ding M, Tan G, Zhakparov D, Peng Y, Wawrzyniak P, et al.
Distribution of ACE2, CD147, CD26, and Other SARS-CoV-2 Associated
Molecules in Tissues and Immune Cells in Health and in Asthma, COPD,
Obesity, Hypertension, and COVID-19 Risk Factors. Allergy Eur J Allergy
Clin Immunol (2020) 75(11):2829–45. doi: 10.1111/all.14429

178. Zhang H, Rostami MR, Leopold PL, Mezey JG, O’Beirne SL, Strulovici-Barel
Y, et al. Expression of the SARS-CoV-2 ACE2 Receptor in the Human
Airway Epithelium. Am J Respir Crit Care Med (2020) 202(2):219–29.
doi: 10.1164/rccm.202003-0541OC

179. Lukassen S, Chua RL, Trefzer T, Kahn NC, Schneider MA, Muley T, et al.
SARS-CoV-2 Receptor ACE2 and TMPRSS2 Are Primarily Expressed in
Bronchial Transient Secretory Cells. EMBO J (2020) 39(10):e105114.
doi: 10.15252/embj.20105114

180. Kormuth KA, Lin K, Prussin AJ, Vejerano EP, Tiwari AJ, Cox SS, et al.
Influenza Virus Infectivity Is Retained in Aerosols and Droplets Independent
of Relative Humidity. J Infect Dis (2018) 218(5):739–47. doi: 10.1093/infdis/
jiy221

181. Ilyushina NA, Ikizler MR, Kawaoka Y, Rudenko LG, Treanor JJ, Subbarao K,
et al. Comparative Study of Influenza Virus Replication in MDCK Cells and
in Primary Cells Derived From Adenoids and Airway Epithelium. J Virol
(2012) 86(21):11725–34. doi: 10.1128/JVI.01477-12

182. Hawksworth A, Lockhart R, Crowe J, Maeso R, Ritter L, Dibben O, et al.
Replication of Live Attenuated Influenza Vaccine Viruses in Human Nasal
Epithelial Cells Is Associated With H1N1 Vaccine Effectiveness. Vaccine
(2020) 38(26):4209–18. doi: 10.1016/j.vaccine.2020.04.004

183. Hou YJ, Chiba S, Halfmann P, Ehre C, Kuroda M, Dinnon KH, et al. SARS-
CoV-2 D614G Variant Exhibits Efficient Replication Ex Vivo and
Transmission In Vivo. Science (2020) 370(6523):1464–8. doi: 10.1101/
2020.09.28.317685

184. Komabayashi K, Matoba Y, Seto J, Ikeda Y, TanakaW, Aoki Y, et al. Isolation
of Human Coronaviruses OC43, HKU1, NL63, and 229E in Yamagata,
Japan, Using Primary Human Airway Epithelium Cells Cultured by
Employing an Air-Liquid Interface Culture. Jpn J Infect Dis (2020) 74
(4):285–92. doi: 10.7883/yoken.JJID.2020.776

185. Benam KH, Villenave R, Lucchesi C, Varone A, Hubeau C, Lee H-H, et al.
Small Airway-on-a-Chip Enables Analysis of Human Lung Inflammation
Frontiers in Immunology | www.frontiersin.org 17
and Drug Responses In Vitro.Nat Methods (2016) 13(2):151–7. doi: 10.1038/
nmeth.3697

186. Bhatia SN, Ingber DE. Microfluidic Organs-on-Chips. Nat Biotechnol (2014)
32(8):760–72. doi: 10.1038/nbt.2989

187. Kaarj K, Yoon JY. Methods of Delivering Mechanical Stimuli to Organ-On-
a-Chip. Micromachines (Basel) (2019) 10(10):700. doi: 10.3390/mi10100700

188. Nickol ME, Lyle SM, Dennehy B, Kindrachuk J. Dysregulated Host
Responses Underlie 2009 Pandemic Influenza-Methicillin Resistant
Staphylococcus Aureus Coinfection Pathogenesis at the Alveolar-Capillary
Barrier. Cells (2020) 9(11):1–19. doi: 10.3390/cells9112472

189. Wu A, Mihaylova VT, Landry ML, Foxman EF. Interference Between
Rhinovirus and Influenza A Virus: A Clinical Data Analysis and
Experimental Infection Study. Lancet Microbe (2020) 1(6):e254–62.
doi: 10.1016/S2666-5247(20)30114-2

190. Cebrián G, Condón S, Mañas P. Physiology of the Inactivation of Vegetative
Bacteria by Thermal Treatments: Mode of Action, Influence of
Environmental Factors and Inactivation Kinetics. Foods (2017) 6(12):107.
doi: 10.3390/foods6120107

191. Gulraiz F, Bellinghausen C, Dentener MA, Reynaert NL, Gaajetaan GR,
Beuken EV, et al. Efficacy of IFN-l1 to Protect Human Airway Epithelial
Cells Against Human Rhinovirus 1B Infection. PloS One (2014) 9(4):e95134.
doi: 10.1371/journal.pone.0095134

192. Bellinghausen C, Gulraiz F, Heinzmann AC, Dentener MA, Savelkoul PH,
Wouters EF, et al. Exposure to Common Respiratory Bacteria Alters the
Airway Epithelial Response to Subsequent Viral Infection. Respir Res (2016)
17(1):68. doi: 10.1186/s12931-016-0382-z

193. Sajjan U, Wang Q, Zhao Y, Gruenert DC, Hershenson MB. Rhinovirus Disrupts
the Barrier Function of Polarized Airway Epithelial Cells. Am J Respir Crit Care
Med (2008) 178(12):1271–81. doi: 10.1164/rccm.200801-136OC

194. Wang JH, Kwon HJ, Jang YJ. Rhinovirus Enhances Various Bacterial
Adhesions to Nasal Epithelial Cells Simultaneously. Laryngoscope (2009)
119(7):1406–11. doi: 10.1002/lary.20498

195. Golda A, Malek N, Dudek B, Zeglen S, Wojarski J, Ochman M, et al.
Infection With Human Coronavirus NL63 Enhances Streptococcal
Adherence to Epithelial Cells. J Gen Virol (2011) 92(6):1358–68.
doi: 10.1099/vir.0.028381-0

196. Avadhanula V, Rodriguez CA, De Vincenzo JP, Wang Y, Webby RJ, Ulett
GC, et al. Respiratory Viruses Augment the Adhesion of Bacterial
Pathogens to Respiratory Epithelium in a Viral Species- and Cell Type-
Dependent Manner. J Virol (2006) 80(4):1629–36. doi: 10.1128/
JVI.80.4.1629-1636.2006

197. Min S, Kim S, Cho SW. Gastrointestinal Tract Modeling Using Organoids
Engineered With Cellular and Microbiota Niches. Exp Mol Med (2020) 52
(2):227–37. doi: 10.1038/s12276-020-0386-0

198. Choi KG, Wu BC, Lee AH, Baquir B, Hancock REW. Utilizing Organoid and
Air-Liquid Interface Models as a Screening Method in the Development of
New Host Defense Peptides. Front Cell Infect Microbiol (2020) 10:228.
doi: 10.3389/fcimb.2020.00228

199. Habibi MS, Thwaites RS, Chang M, Jozwik A, Paras A, Kirsebom F, et al.
Neutrophilic Inflammation in the Respiratory Mucosa Predisposes to
RSV Infection. Science (2020) 370(6513):eaba:9301. doi: 10.1126/
science.aba9301

200. Stark JM, Van Egmond AWA, Zimmerman JJ, Carabell SK, Tosi MF.
Detection of Enhanced Neutrophil Adhesion to Parainfluenza-Infected
Airway Epithelial Cells Using a Modified Myeloperoxidase Assay in a
Microtiter Format. J Virol Methods (1992) 40(2):225–42. doi: 10.1016/
0166-0934(92)90071-K

201. Tosi MF, Stark JM, Hamedani A, Smith CW, Gruenert DC, Huang YT.
Intercellular Adhesion Molecule-1 (ICAM-1)-Dependent and ICAM-1-
Independent Adhesive Interactions Between Polymorphonuclear
Leukocytes and Human Airway Epithelial Cells Infected With
Parainfluenza Virus Type 2. J Immunol (1992) 149(10):3345–9.

202. Jornot L, Cordey S, Caruso A, Gerber C, Vukicevic M, Tapparel C, et al. T
Lymphocytes Promote the Antiviral and Inflammatory Responses of Airway
Epithelial Cells. PloS One (2011) 6(10):e29293. doi: 10.1371/
journal.pone.0026293

203. Rahmatpanah F, Agrawal S, Jaiswal N, Ngyuen HM, McClelland M, Agrawal
A. Airway Epithelial Cells Prime Plasmacytoid Dendritic Cells to Respond to
August 2021 | Volume 12 | Article 683002

https://doi.org/10.3390/v13010139
https://doi.org/10.1099/jgv.0.001468
https://doi.org/10.1172/JCI72948
https://doi.org/10.1172/JCI72948
https://doi.org/10.1128/JVI.02161-19
https://doi.org/10.1542/pir.35-12-519
https://doi.org/10.1128/mBio.00611-12
https://doi.org/10.3389/fimmu.2020.00596
https://doi.org/10.14440/jbm.2020.336
https://doi.org/10.1002/path.5555
https://doi.org/10.1111/all.14429
https://doi.org/10.1164/rccm.202003-0541OC
https://doi.org/10.15252/embj.20105114
https://doi.org/10.1093/infdis/jiy221
https://doi.org/10.1093/infdis/jiy221
https://doi.org/10.1128/JVI.01477-12
https://doi.org/10.1016/j.vaccine.2020.04.004
https://doi.org/10.1101/2020.09.28.317685
https://doi.org/10.1101/2020.09.28.317685
https://doi.org/10.7883/yoken.JJID.2020.776
https://doi.org/10.1038/nmeth.3697
https://doi.org/10.1038/nmeth.3697
https://doi.org/10.1038/nbt.2989
https://doi.org/10.3390/mi10100700
https://doi.org/10.3390/cells9112472
https://doi.org/10.1016/S2666-5247(20)30114-2
https://doi.org/10.3390/foods6120107
https://doi.org/10.1371/journal.pone.0095134
https://doi.org/10.1186/s12931-016-0382-z
https://doi.org/10.1164/rccm.200801-136OC
https://doi.org/10.1002/lary.20498
https://doi.org/10.1099/vir.0.028381-0
https://doi.org/10.1128/JVI.80.4.1629-1636.2006
https://doi.org/10.1128/JVI.80.4.1629-1636.2006
https://doi.org/10.1038/s12276-020-0386-0
https://doi.org/10.3389/fcimb.2020.00228
https://doi.org/10.1126/science.aba9301
https://doi.org/10.1126/science.aba9301
https://doi.org/10.1016/0166-0934(92)90071-K
https://doi.org/10.1016/0166-0934(92)90071-K
https://doi.org/10.1371/journal.pone.0026293
https://doi.org/10.1371/journal.pone.0026293
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rijsbergen et al. Respiratory Virus Infections In Vitro
Pathogens via Secretion of Growth Factors. Mucosal Immunol (2019) 12
(1):77–84. doi: 10.1038/s41385-018-0097-1

204. Ugonna K, Bingle CD, Plant K, Wilson K, Everard ML. Macrophages are
Required for Dendritic Cell Uptake of Respiratory Syncytial Virus From an
Infected Epithelium. PloS One (2014) 9(3):e91855. doi: 10.1371/journal.
pone.0091855

205. Papazian D, Würtzen PA, Hansen SW. Polarized Airway Epithelial Models
for Immunological Co-Culture Studies. Int Arch Allergy Immunol (2016) 170
(1):1–21. doi: 10.1159/000445833

206. van der V J, L MM, H BL, C H. Advancing Lung Organoids for COVID-19
Research. Dis Model Mech (2021) 14(6):dmm049060. doi: 10.1242/
dmm.049060

207. Suksatu A, Sangsawad W, Thitithanyanont A, Smittipat N, Fukuda MM,
Ubol S. Characteristics of Stork Feces-Derived H5N1 Viruses That are
Preferentially Transmitted to Primary Human Airway Epithelial Cells.
Microbiol Immunol (2009) 53(12):675–84. doi: 10.1111/j.1348-0421.
2009.00177.x

208. Kim J-S, Heo P, Yang T-J, Lee K-S, Cho D-H, Kim BT, et al. Selective Killing
of Bacterial Persisters by a Single Chemical Compound Without Affecting
Normal Antibiotic-Sensitive Cells. Antimicrob Agents Chemother (2011) 55
(11):5380–3. doi: 10.1128/AAC.00708-11

209. Huang DTN, Lu CY, Chi YH, Li WL, Chang LY, Lai MJ, et al. Adaptation of
Influenza A (H7N9) Virus in Primary Human Airway Epithelial Cells. Sci
Rep (2017) 7(1):11300. doi: 10.1038/s41598-017-10749-5

210. Anthony SJ, Gilardi K, Menachery VD, Goldstein T, Ssebide B, Mbabazi R,
et al. Further Evidence for Bats as the Evolutionary Source of Middle East
Respiratory Syndrome Coronavirus. MBio (2017) 8(2):e00373–17. doi:
10.1128/mBio.00373-17
Frontiers in Immunology | www.frontiersin.org 18
211. Forbes B, Ehrhardt C. Human Respiratory Epithelial Cell Culture for Drug
Delivery Applications. Eur J Pharm Biopharm (2005) 60(2):193–205.
doi: 10.1016/j.ejpb.2005.02.010

212. Fang Y, Eglen RM. Three-Dimensional Cell Cultures in Drug Discovery and
Development. SLAS Discovery (2017) 22(5):456–72. doi: 10.1177/
1087057117696795

213. Si L, Bai H, Rodas M, Cao W, Oh CY, Jiang A, et al. A Human-Airway-on-a-
Chip for the Rapid Identification of Candidate Antiviral Therapeutics and
Prophylactics. Nat BioMed Eng (2021) 2021:1–15. doi: 10.1038/s41551-021-
00718-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Rijsbergen, van Dijk, Engel, de Vries and de Swart. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
August 2021 | Volume 12 | Article 683002

https://doi.org/10.1038/s41385-018-0097-1
https://doi.org/10.1371/journal.pone.0091855
https://doi.org/10.1371/journal.pone.0091855
https://doi.org/10.1159/000445833
https://doi.org/10.1242/dmm.049060
https://doi.org/10.1242/dmm.049060
https://doi.org/10.1111/j.1348-0421.2009.00177.x
https://doi.org/10.1111/j.1348-0421.2009.00177.x
https://doi.org/10.1128/AAC.00708-11
https://doi.org/10.1038/s41598-017-10749-5
https://doi.org/10.1128/mBio.00373-17
https://doi.org/10.1016/j.ejpb.2005.02.010
https://doi.org/10.1177/1087057117696795
https://doi.org/10.1177/1087057117696795
https://doi.org/10.1038/s41551-021-00718-9
https://doi.org/10.1038/s41551-021-00718-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	In Vitro Modelling of Respiratory Virus Infections in Human Airway Epithelial Cells – A Systematic Review
	Introduction
	Methodology and Study Design
	Results
	Discussion
	The Respiratory Tract
	In Vitro Models
	Primary Respiratory Epithelial Cells
	Undifferentiated Primary Respiratory Epithelial Cells
	Differentiated Primary Respiratory Epithelial Cells
	Considerations for Use of Primary Cells
	Stem Cell-Based Models

	Studying Respiratory Virus Infections
	Receptor Studies
	Tropism
	Disease Modelling
	Innate Immune Responses
	Other Applications of Primary Respiratory Epithelial Cells

	Co-Cultures
	Endothelial Cells
	Microbiome
	Immune Cells


	Conclusion and Future Directions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


