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Abstract: Respiratory viruses remain a significant cause of morbidity and mortality in the human
population, underscoring the importance of ongoing basic research into virus–host interactions.
However, many critical aspects of infection are difficult, if not impossible, to probe using standard
cell lines, 2D culture formats, or even animal models. In vitro systems such as airway epithelial
cultures at air–liquid interface, organoids, or ‘on-chip’ technologies allow interrogation in human
cells and recapitulate emergent properties of the airway epithelium—the primary target for
respiratory virus infection. While some of these models have been used for over thirty years,
ongoing advancements in both culture techniques and analytical tools continue to provide new
opportunities to investigate airway epithelial biology and viral infection phenotypes in both normal
and diseased host backgrounds. Here we review these models and their application to studying
respiratory viruses. Furthermore, given the ability of these systems to recapitulate the extracellular
microenvironment, we evaluate their potential to serve as a platform for studies specifically addressing
viral interactions at the mucosal surface and detail techniques that can be employed to expand
our understanding.

Keywords: 3D model; tissue engineering; mucus; periciliary layer; mucosal barrier; viral infection;
microscopy

1. Introduction

Through the simple act of breathing, the respiratory tract is exposed to the external environment,
and therefore represents both an important target and portal for infection. Respiratory viruses
comprise many clinically significant pathogens, including influenza virus, respiratory syncytial virus,
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), among others, for which our
knowledge of infection mechanisms is incomplete. However, the lung is a complex and dynamic
tissue characterized by different anatomical zones comprising different cell types, a temperature
gradient, and the continuous forces exerted by mechanical clearance mechanisms and tidal breathing.
As a mucosal tissue, the airway epithelium also evolved a physical and chemical extracellular
barrier that promotes normal tissue homeostasis and neutralizes pathogens. While immortalized cell
lines have historically been the workhorse of viral research, they lack critical aspects of the airway
microenvironment at both the cellular and extracellular level. In addition, animal and human challenge
studies are limited by species-specific differences or the types of analyses that can be performed.
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Thus, understanding respiratory virus–host interactions in the natural infection setting is a challenge.
While no model system is perfect, Transwell cultures of airway epithelium at air–liquid interface (ALI),
organoid models, and tissue-engineered platforms offer tractable systems to dissect the mechanisms of
infection in the native context. By virtue of their improved recapitulation of the extracellular mucosal
compartment, these culture models exhibit characteristics—termed “emergent properties”—not seen
in more reductive systems. These models were initially pioneered in the 1980s [1–5] and have since
been further developed and utilized by many laboratories to uncover novel viral phenotypes. Here we
provide an overview of these complex in vitro airway models and highlight their successful application
in virology.

Furthermore, given the ability of these models to recapitulate the mucosal surface, in parallel with
the development of genetic tools, virus-labeling techniques, and advanced microscopy applications,
we ask whether these systems represent useful platforms to probe viral interactions in the extracellular
space. Viral penetration of the secreted mucus barrier is essential for infection and the importance
of mucosal barriers and host factors within mucus in viral infection has been recognized for
decades [6–8]. Still, how viruses overcome this barrier, what specific host components in this extracellular
microenvironment impact infection, and conversely, how infection alters the mucosal barrier remain
critical open questions in understanding respiratory viral pathogenesis. Moreover, an accurate
understanding of altered barrier state observed in chronic lung disease and how this influences viral
infection phenotypes is essential for understanding why some individuals may be at greater risk of
infection. Thus, in the latter half of this review, we summarize host factors comprising the extracellular
barrier, evaluate the utility and potential application of 3D models in answering the questions above,
and highlight tools and techniques that can be utilized to do so.

2. In Vitro Airway Models with Emergent Properties

2.1. Air–Liquid Interface Transwell Systems

Transwell culturing systems maintained at ALI with proper differentiation media allow for
pseudostratified epithelial growth and formation of a mucosal barrier [9–12]. Transwell systems
traditionally utilize cells derived from normal tissue samples including adult basal stem cells
(i.e., primary cells) [13–18] and more recently, human pluripotent stem cells (hPSC) [19–22],
although hPSC systems may require longer differentiation timescales and often involve
lentiviral-mediated delivery of cell reprogramming factors [19–21]. Primary cells can be acquired
directly through epithelial brushing or tissue digestion from human and animal model sources,
after which cell suspensions can be frozen down for future use or, like hPSC, expanded in
normal 2D cell culture format [13–18]. Basal progenitor cells are then transferred to extracellular
matrix-coated Transwell membranes and maintained in submerged conditions until the cells
reach confluence. Finally, media is removed from the apical chamber and in some systems,
a new media is required to maximize differentiation into a polarized epithelium over several
weeks (Figure 1). Currently, several commercially available media systems and cell suppliers exist
(e.g., Lonza, STEMCELL Technologies), allowing widespread access to these systems without the need
for in-house media development or optimization. Transwell systems in 96-well format have also been
developed, allowing for high-throughput utility [23]. Importantly, ALI cultures have been shown to
recapitulate the morphology and physiology of the upper conducting airways of the normal human
respiratory epithelium, including rare cell populations found in vivo [9–12]. Additionally, as models of
airway disease, they can recapitulate major clinical features of cystic fibrosis (CF) [24–28], asthma [29–33],
and chronic obstructive pulmonary disease (COPD) [30,34,35].

One limitation of primary cell-derived models is that differentiation capacity of these cells
is lost progressively upon expansion in traditional 2D cell culture settings. Fresh primary cells
have to be acquired, and cell stocks from individual donors bought commercially can be exhausted.
Despite this, media supplemented with a Rho-kinase inhibitor can enhance cell proliferation and
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viability prior to differentiation [36,37]. Additionally, passaging these undifferentiated basal cells in
the presence of irradiated fibroblasts alongside Rho-kinase inhibition leads to so-called “conditionally
reprogrammed cells” which allows additional passages without loss of multipotent differentiation
capacity [36,37]. These systems are not only cost-saving, but allow a larger window for genetic
manipulation, selection, and cryopreservation of larger stocks. The establishment of an immortalized
basal cell line (termed BSCi-NS1.1 cells) which is capable of differentiation up to passage thirty
has extended this limit even further [38]. Another immortalized cell line is the well-characterized
Calu-3 line which can be propagated indefinitely, but whose differentiation is limited to secretory and
non-ciliated cells [39]. Still, primary cell-derived ALI cultures have proven to be genetically tractable
systems for knockdown (e.g., shRNA) or knockout (e.g., CRISPR/Cas9 targeting) of desired genes
with [40,41] or without [42] extending cellular differentiation capacity limits.

Figure 1. In vitro model systems of the human respiratory tract with emergent properties. Air liquid
interface (ALI) systems utilize porous membranes for cell attachment, giving rise to consistent open-air
lumen development. Organoid systems self-organize within a matrix or scaffold, often leading
to variable orientations of the lumen. Organ on-a-chip models utilize multiple tissue lineages on
a mechanically manipulated scaffold, capturing dynamic tissue–tissue interactions. Created with
BioRender.com.

2.2. Organoids

More recently, in vitro organoid systems have been developed that allow recapitulation of
organ development through self-organizing tissues and platforms in both liquid culture and 3D
scaffolding matrices. Unlike ALI systems which have a membrane scaffold that dictates airway lumen
development, organoids self-organize such that the lumen can be either external or internal (see Figure 1).
These systems use hPSC [22,43–48] or primary cells derived directly from mature tissue [45,49–51].
Both hPSC and primary cell organoid differentiation can recapitulate the mature proximal lung [43–50].
As with ALI systems, hPSC-derived organoids can require longer differentiation timescales [43,44] and
can result in matching in utero tissue development time, particularly for distal airway structures [52,53].
Because of this, one hurdle of hPSC systems for lung organoid development is recapitulation of the
lower lung [52–57]. For instance, while alveolar cell markers can be detected in a subpopulation of
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cells, these appear to represent bipotential progenitor cells [52,56]. Nevertheless, general progress has
been made recently (reviewed here: [54,55]), in particular for primary cell organoid systems [58,59].

As organoid progenitor cells can maintain differentiation capacity after cryostorage [49], they offer
the possibility of perpetual cell culture expansion. This allows for banked donor material to be compared
in multiple laboratories and, in the case of primary cells, against past and future donor stocks [49].
Additionally, these systems are proving tractable to genetic manipulations such as knock-in [60] and
lentiviral transduction [45], and can be grown in a multiwell format allowing for high-throughput
screening of host tissue response to a multitude of signaling or environmental factors [61,62].

2.3. Incorporation of Airway Mechanics, Heterotypic Cell–Cell Interactions, and On-Chip Systems

In vivo, lung cells experience dynamic forces both from the expansion and contraction of tidal
breathing, as well as perfusion from extensive vasculature [63]. These mechanical stresses and their
impacts on airway biology are increasingly being investigated with in vitro culture systems to better
recapitulate the native airway environment. For example, Tarran et al. subjected primary human
bronchial cultures at ALI to rotational shear forces to mimic the dynamic mechanical stress experienced
by much of the respiratory tree during inspiration and expiration [24]. Using this system, they found
that the airway surface liquid (ASL) ion imbalance found under standard conditions in cultures from
CF donors could be rescued through mechanical stimulation of luminal ATP release [24]. In addition,
Dimova et al. were able to stabilize primary nasal ALI Transwell cultures by using a perfusion system,
thereby preventing a progressive loss of ciliated cells over time [64].

In addition to mechanical systems which recapitulate additional features of the normal human
lung, co-culture of human pulmonary cells with other lineages is being actively explored. While current
organoid and ALI systems better model proximal rather than distal airways, in vivo studies revealed
that endothelial expression of Tsp1 is critical to alveolar lineage differentiation [65]. Lee et al.,
then demonstrated that co-culture of primary murine bronchoalveolar cells and Tsp1-expressing lung
endothelial cells in an in vitro organoid model led to better recapitulation of alveolar markers [65].
Barkauskas et al. found that primary human type II alveolar epithelial cells only grew into self-renewing
alveolar organoids when co-cultured with a fetal human pulmonary fibroblast cell line, and that mature
type II alveolar cells could be found even after subculture [66]. In a murine model of pneumonectomy,
Lechner et al., demonstrated that monocytes and M2-like macrophages accumulated at sites of type
II alveolar cell proliferation in vivo [67]. Extending this to a co-culture model of primary type II
alveolar cells, they found that macrophages had a dose-dependent effect on the development of
alveolar organoids which could be found expressing both type II and type I alveolar epithelial cell
markers [67]. Together, these studies highlight the importance of heterotypic cell–cell interactions in
model development.

More recently, ‘organ-on-a-chip’ models have combined co-culture systems with mechanical
shear stress and microfluidics perfusion (Figure 1) [68]. The chips are small (~2 cm-long) and can
feature a flexible membrane which acts as both an ALI scaffold and a simulated source of tidal
breathing through vacuum-mediated expansion and contraction. These chip systems also offer the
ability to model dynamic cross-talk between epithelial, endothelial [68,69], and even immune cell
components [70–72]. Notably, endothelial-epithelial interactions can be added to in vitro systems to
better recapitulate features of the distal lung [68–71], though they can also recapitulate more proximal
airways as with standard ALI systems [72]. In modeling the distal human lung, barrier function
was shown to be affected by simulated tidal breathing [69] and perfusion flow [71]. In particular,
these chip models are promising tools for studying features of pneumonia since they can capture both
epithelial–endothelial inflammatory responses [69–71], recruit circulating leukocytes in the perfusion
chamber [70], and accommodate alveolar macrophages in the apical chamber [71]. As with classical
ALI systems, perfusion chip models can also recapitulate features of chronic inflammatory diseases
such as asthma [72].
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3. Application of In Vitro Airway Models with Emergent Properties in Virology

Many studies have shown that culture systems with emergent properties recapitulate important
pathological features of infection, capture host responses or viral attenuation observed in vivo, and often
display phenotypes not resolvable with 2D systems. Moreover, these models are susceptible to a wide
range of respiratory viruses [52,53], including difficult (e.g., rhinovirus C [73–75]), “unculturable”
(e.g., human coronavirus HKU1 [76]; human bocavirus [77]) and novel viruses with unknown properties
(e.g., SARS-CoV-2 [78]). As these systems model the natural host, and therefore viral targets for
infection, their utility in studying clinical isolates is also not sensitive to ongoing viral evolution.
For example, circulating influenza A virus (IAV) strains have evolved new receptor-binding properties,
resulting in decreased rates of clinical sample isolation in traditional 2D cell culture systems [79–82] and
rapidly selecting for artifactual in vitro mutations [80–83]. ALI systems have been shown to remove
these mutations in as little as a single passage and thereby better stabilize clinical genotypes [83].

These systems also represent powerful risk assessment tools of emergent viruses, a task traditionally
carried out with animal models and ex vivo tissue infections [84–88]. For instance, Hui et al. explored
avian influenza virus replication and immune response in bronchus explant cultures alongside organoid
cultures derived from the same human donor, showing that viral replication kinetics and tropism were
in agreement across both systems [49]. Similarly, Zhou et al. modeled the proximal human airway
through organoid development to analyze avian and swine IAV alongside 2009 pandemic H1N1,
and found these organoids to be a morphologically-relevant system to assess emerging influenza
viruses [50].

ALI systems are also being utilized in assessment of live attenuated viral vaccines [89–94].
The restriction of an experimental human parainfluenza virus 2 vaccine candidate in the upper
respiratory tract (URT) and lower respiratory tract (LRT) of African green monkeys was recapitulated
in tracheal/bronchial epithelial cultures by modulating temperature to reflect proximal or distal
airways [92]. Further, the failure of the 2013–2014 US influenza season LAIV4 vaccine, which did not
confer protection against circulating H1N1 to children [95–99], could have been predicted prior to
market release through the use of ALI systems. In line with observed post-market failure, primary nasal
epithelial cultures revealed an enhanced attenuated phenotype of live attenuated influenza vaccine
strains not seen in 2D immortalized cell lines [89–91]. Similarly, an attenuated respiratory syncytial
virus vaccine candidate was mildly restricted in 2D culture systems when compared with a wild-type
strain, but exhibited marked restriction in replication when infecting either cotton rats or human
primary cell-derived ALI cultures [93].

Beyond live attenuated vaccine candidates, ALI cultures have shown utility in screening
antiviral compounds [100–102]. Work by Boda et al. used this model system as a platform to
screen inhibitors of rhinovirus and influenza virus replication [100]. An inhibitor of influenza virus
replication in ALI cultures was also shown to be protective against severe disease in ferrets [101]
and more recently, alongside remdesivir, was shown to broadly inhibit emergent coronaviruses,
including SARS-CoV-2 [102].

Meaningful human- and donor-specific data can be captured through emergent culture systems
in lieu of challenge experiments, which are hindered by the severity of the agent being tested
and participant acquisition [103,104]. For example, work by Peretz et al. showed that cultures
responded to sex hormones according to the sex of the primary cell donor. Specifically, female—but
not male—donors restricted IAV replication after exposure to estrogenic compounds [105], providing a
means to mechanistically investigate the impact sex has on airway diseases [106]. Huang et al.
showed that bronchial and nasal epithelial cell ALI cultures responded to IAV infection differently
according to patient-related clinical specifics [107]. Similarly, work by Honce et al. found that
bronchial epithelial cell cultures derived from obese donors had reduced interferon responses and
increased viral replication [108]. In an ‘asthma-on-a-chip’ format, Nawroth et al., found that while
exogenous interleukin 13 recapitulated hallmarks of human asthma (e.g., goblet cell hyperplasia),
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rhinovirus replication was unaffected, in part due to altered antiviral and chemokine secretion
profiles [72].

More generally, these systems have been widely used to assess viral cellular tropism [49,76,109–112],
apical or basolateral sites of viral entry and release [53,76,109,113], and component cell type-specific
responses to viral infection [71,72]. ALI Transwell models are also increasingly genetically tractable,
further enabling the mechanistic dissection of specific host factors with regard to infection phenotypes.
While examples of this are currently scarce, knockout of the rhinovirus C receptor cadherin related
family member 3 (CDHR3) in a polarized model of airway epithelium was recently achieved to gain
insight into CDHR3 function and impact on rhinovirus C infection [41].

4. Components of the Extracellular Barrier in the Respiratory Tract

As described above, in vitro models of the respiratory tract that recapitulate various aspects
of the native microenvironment have been widely utilized to gain novel insight into virus–host
interactions. Importantly, infection of the respiratory tract in vivo requires viruses to successfully
penetrate the mucus barrier and work to date has highlighted both pro- and antiviral roles of barrier
components (e.g., mucins [114,115], defensins [116–119], proteases [120–139], antiproteases [123,140],
lactoferrin [141], exosomes [142], and microbiota [143]). 3D models attempt to recreate the respiratory
tract mucosal barrier in vitro, and therefore must incorporate important components of the in vivo
barrier, some of which are defined in greater detail below.

4.1. Mucus and Mucins

Similar to other mucosal tissues, the extracellular barrier in the respiratory tract consists of a
secreted mucus gel and an underlying periciliary layer (PCL) that provides structural stability to the
mucus layer [144] as depicted in Figure 2. The physicochemical properties of mucus such as viscosity,
pH, and thickness (~10–50µm) [145,146] are mediated by ions [28,147–149]. While fluctuating in various
diseased states [150], the pH of respiratory mucus is normally slightly acidic (~6.6) with alkinalization
facilitating the formation of the mucus gel [151]. The mucus gel and PCL contain mucin glycoproteins
which organize into a porous meshwork and fall into three categories: secreted polymerizing mucins,
secreted non-polymerizing mucins, and membrane-associated tethered mucins.

Figure 2. Cross-section of the respiratory tract mucosal barrier. Epithelial cells of the proximal airways
are protected by a dense PCL and overlying mucus gel layer. Pathogens can be slowed or trapped
in this restrictive gel while the coordinated beating of underlying ciliated epithelial cells propels this
gel away from the more vulnerable distal airways towards gastrointestinal clearance. Created with
BioRender.com.
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The mucus gel of the respiratory tract mainly consists of the secreted polymeric mucins MUC5B
and MUC5AC. While these mucins form the mucus matrix together through disulfide cross-linking
and/or physical entanglements, MUC5B and MUC5AC are differentially expressed [152–154] and
structured, and serve different roles in mucosal immunity [114,155–161]. Notably, the specific roles
MUC5B and MUC5C play in viral neutralization are still unclear. MUC5B is most abundantly expressed
in submucosal glands and epithelium along the respiratory tract while MUC5AC is primarily found in
the nasal respiratory epithelium and segmental bronchi [153,154]. Both mucins are absent from the
terminal bronchioles [152,153], which correlates with the mucus layer gradient (thick in the URT to
absent in the LRT) [152,153]. MUC5B, but not MUC5AC, is essential for proper mucociliary clearance
(MCC) [155]—the primary method by which mucus (and any trapped pathogens) is removed from the
lung by the coordinated beating of cilia within the PCL. Either a lack or overexpression of MUC5B
leads to defective MCC by changing viscosity and disrupting mucus equilibrium [155–157].

While the vast majority of secreted mucins polymerize into gels, MUC7 and MUC8 are soluble and
do not polymerize. There is little literature on MUC7 in the respiratory tract, perhaps reflecting the fact
MUC7 expression appears to be limited to submucosal glands (and occasionally goblet cells) at very
low expression levels [162,163]. The functions and characteristics of MUC8 are also poorly understood,
in part because the cDNA sequence and the murine homolog have not yet been determined [164].
In one study, MUC8 siRNA silencing resulted in altered cytokine production, indicating that MUC8
may function as an anti-inflammatory mucin [165].

Tethered mucins are found in the PCL where they contribute to airway surface hydration and
create a mesh denser than that of the mucus gel [144]. Tethered mucins lack the cytosine-rich termini
characteristic of secreted mucins. Instead, they are anchored to the cell surface by a transmembrane
domain downstream of their heavily glycosylated, “brush-like” extracellular domain, and have a short
cytosolic tail which enables interaction with cell signaling pathways [166–169]. Beyond their ability to
form a physical barrier, shedding of the extracellular domain from the epithelial surface [9,166,170]
may facilitate viral clearance [115]. Notably, although tethered mucins are expressed on epithelial
cells throughout the respiratory tract, they are localized to specific sites within the microenvironment
(MUC1, microvilli; MUC4 and MUC20, cilia; MUC16, goblet cells) [9,171]. This distribution, along with
the diverse array of carbohydrates linked to their extracellular protein cores and differences in
cytoplasmic tail sequence, may underlie mucin-specific effects in viral infection [9,166,172,173].

4.2. Secreted (Non-Mucin) Components

Secreted proteins such as defensins, proteases, immunoglobulins, and extracellular vesicles such as
exosomes provide mucus with additional physicochemical and immunological properties, and greatly
influence viral invasion and pathogenesis. Growth factors, transferrins such as lactoferrin, and other
immune cells also found in the respiratory tract are not covered in this review.

4.2.1. Defensins

Defensins are antimicrobial peptides which neutralize bacteria, viruses, and fungi by attracting
immune cells and directly interacting with pathogens. Defensins are categorized alpha, beta, or theta
based on their chemical structure, but all are small (18-45 residues), cationic, amphipathic, and have
β-sheet regions [116]. α-defensins are further divided into myeloid (intracellular action) and enteric
(extracellular action) [116]. While enteric α-defensins are absent from the respiratory tract, myeloid
(neutrophilic) defensin expression increases in the respiratory tract during viral infection [174,175].
β-defensins are ubiquitously expressed by epithelial cells throughout the body, but β-defensin-1, -2,
and -3 are the most studied respiratory tract β-defensins [116,176]. In addition to their antimicrobial
role, β-defensins have been found to serve as both proinflammatory mediators [177–179] and
attenuators [180–182] of the innate immune response, with the former better understood than the
latter [183]. θ-defensins are not naturally expressed in humans and only exist in our genome
as pseudogenes [116]. However, synthetic peptides (retrocyclins) partially derived from these
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human θ-defensin pseudogenes have antiviral potential against human immunodeficiency virus,
herpes simplex virus, and IAV in vitro [117,184].

4.2.2. Proteases

Unchecked proteolytic activity can lead to tissue damage and chronic lung disease [185–187],
highlighting the importance of protease/antiprotease balance to maintaining lung health [188].
This balance also can influence susceptibility to viral infection as proteases tend to act as
activators of viral glycoproteins [123]. Common proteases of the respiratory tract include type
II transmembrane serine proteases, cysteine proteases, and matrix metalloproteinases, the latter
of which contribute to the pathogenesis of various lung diseases (cysteine proteases [189–197];
matrix metalloproteinases [198–202]).

The type II transmembrane serine protease family is characterized by a nucleophilic serine
and includes human airway trypsin-like protease (HAT), matriptase, and hespin/transmembrane
protease serine 2 (TMPRSS2). Notably, HAT upregulates MUC5AC [203], thereby increasing mucus
production, and matriptase degrades the extracellular matrix which can lead to tissue alterations [204].
Additionally, TMPRSS2 activates many major respiratory viruses [123] including IAV [124–126,133,134,136]
and coronaviruses (SARS-CoV, SARS-CoV-2) [121,127,128,130]. Cysteine proteases, a subfamily of
cathepsins, cleave with a cysteine residue as the nucleophile target and include cathepsin B, K, L, and S
in the respiratory tract [123]. Under normal conditions, cysteine proteases provide many important
immune functions including inflammation control, macrophage function, class II-associated Ii peptide
degradation in major histocompatibility complex class II molecules, generation of CD4+ T cells,
and toll-like receptor-9 signaling [205–210]. However, cysteine proteases can cause serious damage
to the extracellular matrix and tissues [185–187] when activated by acidic conditions [211,212].
Matrix metalloproteinases are zinc-dependent endopeptidases which primarily degrade extracellular
matrix components, but also activate/deactivate signaling proteins such as cytokines. Due to their
highly-degradative nature, matrix metalloproteinases are found in low concentrations in the healthy
adult lung and expression is tightly regulated [213]. However, matrix metalloproteinases play essential
roles in fetal lung development [214,215], and epithelial cell migration and tissue remodeling during
lung wound repair [216–220].

4.2.3. Other Secreted Components

Exosomes, a form of extracellular vesicle, play an important role in cell–cell communication and
mucosal barrier immunity via transportation of a wide variety of cargo including proteins, lipids,
DNA, and RNA [142,221–224]. Exosomes may block viral infection through direct interactions [142]
while various other publications have highlighted the role of exosomes in the lung immune response,
both innate and adaptive, and pro- and anti-inflammatory [225–229]. Considerable quantities of
secretory immunoglobulins (IgG and IgA) are also located in respiratory mucus, and serve to neutralize
foreign antigens captured by the mucosal barrier [230,231]. In addition to their immunological role,
immunoglobulin expression has been found to impact mucus secretion; approximately 44% of patients
with humoral primary immunodeficiencies (low levels of IgG, IgA, and IgM) suffer from mucus
plugging, where high quantities of mucus block the respiratory tract [232].

4.3. Microbiota

The respiratory tract microbiota decreases in biomass from URT to LRT as exposure to the
environment decreases [233]. Each niche along the URT (e.g., nasal cavity, nasopharynx, sinuses,
oral cavity, oropharynx) has its own distinct microbiota [234]. While the microbial population found at
any one time varies widely from person to person, studies suggest the existence of an underlying core
URT microbiota shared between the majority of healthy individuals in the same population [235–237].
The LRT, traditionally considered sterile, has a diverse collection of bacteria resident to both healthy
and diseased respiratory tracts. While the most common method of analyzing LRT microbiota involves
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passing a bronchoscope through the URT, studies have confirmed the presence of a LRT microbiota
and concluded that microbiota found in bronchoalveolar lavage samples were not exclusively a
result of URT bronchoscope contamination [238,239]. However, there is little evidence supporting
the existence of a common LRT microbiota amongst healthy individuals [233] and multiple studies
have proposed that microbes migrate from URT to LRT through passive microaspiration [240–242].
Overall, while the bacterial load in the lung is low compared to other tissues (e.g., the gastrointestinal
tract), multiple studies have detected a connection between niche respiratory microbiota populations
and innate defenses against respiratory viruses such as respiratory syncytial virus, rhinovirus,
human metapneumovirus, and IAV in vivo in infants [243–245], children [246], adults [247], and mouse
models [143].

5. Utility of In Vitro Airway Models with Emergent Properties in Probing Virus Interactions in
the Extracellular Space

As noted in the Introduction, cell lines and animal models fail to recapitulate critical aspects
of the human airway microenvironment not only at the intracellular, but also the extracellular
level. Specifically, cell lines lack a complete representation of the polarized glycocalyx and mucosal
barrier [248,249] while animal models exhibit species-specific differences (e.g., in mucin structure [250],
mucin-associated glycans [251,252]). Thus, in vitro models with emergent properties may also be
useful tools for many questions underlying airway infection biology at the mucosal surface.

Organoids, for instance, recapitulate epithelial cell diversity of the proximal airways [43–50],
components of the PCL [52,253], and secrete gel-forming mucins [43,45,49,50,52] as well as other factors
of the ASL [254]. However, while not always the case [50], airway organoids can develop with the
apical lumen internal to their spherical structure (see Figure 1) [45,47,49,50], posing a problem for
viruses which require access to the apical epithelial surface. Several approaches have been taken to
overcome this problem such as microinjection [53], shearing by pasteur pipettes [49], or enzymatic
dissociation and culturing on a 2D format [50], though the latter can impact the pseudostratified nature
of the culture. In these apical-internal organoid systems [45,47,49,50], both access to and analysis of
the mucus gel is very difficult. Additionally, a totally enclosed apical surface prevents normal MCC,
as all apical secretions—except in cases of transcytosis across the epithelial barrier—are recalcitrant.

Conversely, when the apical lumen is external to the organoid, secretory components intermix
with organoid matrix and media components. This dilution may prevent formation of any normal
mucus gel layer and impact the architecture of the PCL. Overall, little investigation has been done on
the degree to which this system recapitulates the secretory components of the human airways and
organoids have not yet been utilized effectively for virus-mucus interaction studies.

In contrast to organoid cultures, differentiation of cells at ALI in Transwell models enables
easy access to both the apical and basolateral components of the same culture (Figure 1) and,
perhaps as a result, ALI systems have been widely investigated for their PCL and mucus gel properties.
For instance, the well-developed PCL of primary cell-derived ALI cultures has been shown to be
capable of frustrating viral access to the apical membrane [255] while the secreted mucin gel can entrap
virions [256]. Vahey and Fletcher utilized the immortalized and Transwell ALI-differentiable Calu-3
line to demonstrate that influenza virion pleomorphy allowed for specific glycoprotein orientation
and enhanced penetration through this protective gel [257]. Moreover, the composition of the
mucus gel in nasal and bronchial epithelial cell-derived culture systems is very similar to ex vivo
endotracheal tube-derived mucus samples [258]. Mucus samples collected from ALI cultures also show
comparable microstructural properties as those collected ex vivo [258,259]; still, the extent to which
ALI culture-generated mucus phenocopies native or diseased mucus is not completely understood.

Interestingly, barrier properties of diseased-state mucus are thought to be enhanced as a result
of increased concentration of mucins [260–262] and oxidative state changes [260], both of which
contribute to a higher degree of mucin cross-linking [260] and therefore reduced gel pore sizes [263].
However, these reinforced barrier properties fail to explain similar susceptibility to viral infections
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by individuals with diseased mucus states [264,265]. One way to explore the barrier properties of
healthy and diseased mucus is through the use of clinical samples [261,262,266,267]. Normal healthy
human mucus can be collected through induction by nebulized hypertonic saline inhalation and
subsequent tracheal aspiration [261,267], or collected from endotracheal tubes [258], although the
former can impact hydration and therefore percent solid content of the mucus gel. Patients with
CF [26,266] or COPD [262,268] can spontaneously expectorate enough mucus for rheological or
other analysis. The differentiation of cells from diseased lungs also provides an opportunity to
assay infection in cultures with altered barrier states. Indeed, viral spread was observed to be
restricted in CF (versus normal) ALI cultures following human parainfluenza virus 3 infection [109].
Alternatively, ALI cultures can be used to explore this disconnect as cessation of regular washing with
saline leads to dramatic accumulation of mucus and total solids concentration in excess of values
observed in patients with obstructive mucus diseases [262]. The addition of nebulized or liquid saline
then allows for tunable concentration and hydration of ALI mucus gels [267]. Overall, the ALI format
is readily amenable to viral infection (see Section 3) and culture-state measurements before and after
viral infection, such as oxidative level [260], ASL height, cilia beat frequency, and MCC, in both normal
and diseased proximal airway contexts (see Section 6) [24–26,28,269].

6. Assaying Virus–Host Interactions in the Extracellular Space In Vitro

6.1. Host-Specific Barrier Properties and How to Assess Them

The mucosal layer that coats the airway epithelium acts as a physical and chemical barrier against
inhaled particulates and pathogens [270,271]. Viral infection and spread within the respiratory tract is
influenced by the content and properties of the mucosal barrier. Conversely, viral infection may alter
these properties and impact lung function. Thus, tools that can be applied to define barrier properties
in in vitro systems are essential.

As reviewed in Section 4 and depicted in Figure 2, secreted mucins polymerize through
cross-linking and physical entanglements, creating a porous microstructure which controls the
transport of nano- and microscale entities, such as viruses [270,272]. Microstructural pore size can
be measured through particle tracking microrheology [259,273]. For instance, pore size is measured
using the trajectory of fluorescent nanoparticles with muco-inert surface chemistry, as their diffusion is
mediated solely by steric obstruction from the mucus mesh [259,266,273,274]. Direct microrheological
analysis of ALI culture mucus, as opposed to collection through culture washing and subsequent
concentration and dialysis, is possible [275]; however, this approach requires cilia immobilization to
prevent drift of probe particles. The concentration of individual mucins can be readily determined
through relative (e.g., Western blot [276]) and absolute (e.g., enzyme-linked immunosorbent assay [277])
assays, though hyperaccumulation of mucus can interfere with immunological readouts and necessitate
quantitation through chromatography [26,268].

Dehydration or excessive osmotic pressure from mucus hyperaccumulation, as seen in CF
patient-derived ALI cultures, can lead to a collapse of the culture PCL and a cessation of
MCC [267]. Additionally, CF ALI cultures experience ASL dysfunction after viral perturbation,
potentially enhancing subsequent mucoadhesion and bacterial infection risk [24] observed in clinical
CF exacerbations after viral respiratory infection [264]. PCL height of ALI cultures can be measured
by adding differentially-sized fluorescent polymers or nanoparticles and visualized through confocal
microscopy where the PCL is located within the non-overlapping regions as a result of size exclusion
of larger particles [144]. Compromised PCL height negatively impacts MCC [267] which is associated
with increased susceptibility to respiratory infections in vivo [264].

Ciliary action and mucus rheological properties give rise to MCC [278–280]. Some viral
infections have been associated with reduced cilia beat frequency [269,281]; therefore, measuring cilia
beat frequency is also important to understanding host barrier function and its viral interactions.
Microscopic high-speed video of ciliary action can lead to determination of cilia beat frequency of a
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given region [278,282] and even the directionality of ciliary strokes [283]. Notably, higher cilia beat
frequency does not necessarily correlate with increased MCC [284] as the rheological properties of
mucus also impact MCC [278,279]. Mucus layer velocity is calculated by tracking large (e.g., 2 µm)
fluorescent particles entrapped in the mucus network, and long-exposure images depict the path flow
(see Figure 3A) [280,285].

Figure 3. Probing the extracellular barrier: (A) Representative 2 s exposure image of fluorescent
microspheres to illustrate mucociliary transport on normal and CF human tracheobronchial epithelial
cell cultures. Reprinted with permission from Button, B.; Picher, M.; Boucher, R. “Differential effects
of cyclic and constant stress on ATP release and mucociliary transport by human airway epithelia”.
The Journal of Physiology 2007, 580(2), 577-592. Copyright 2007, The Physiological Society [285].
(B) Trajectories and mean squared displacement (MSD) of adeno-associated virus serotype 1 (AAV1) and
adeno-associated virus serotype 6 (AAV6) in sputum samples from CF patients, * p < 0.05; Mann-Whitney
test. Reprinted with permission from Duncan, G.; Kim, N.; Colon-Cortes, Y.; Rodriguez, J.; Mazur, M.;
Birket, S.; Rowe, S.; West, N.; Livraghi-Butrico, A.; Boucher, R.; Hanes, J.; Aslanidi, G.; and Suk, J.
“An adeno-associated viral vector capable of penetrating the mucus barrier to inhaled gene therapy”
(https://doi.org/10.1016/j.omtm.2018.03.006). Molecular Therapy—Methods & Clinical Development
2018, 9:296-304. Copyright 2018, The American Society of Gene and Cell Therapy [286].

6.2. Viral Particle Tracking, Host–Virus Interactions, and Specific Barrier Component Contributions

Viral transit through the mucus gel and subsequent PCL is a necessary component of all respiratory
infections (see Section 4), and therefore evaluating the diffusion of viral particles through mucus
represents an important aspect of viral pathogenesis. Individual virions can be tracked in real time by
directly labelling viral particles with reactive, lipophilic, or intercalating dyes [287]. Quantum dots,
a type of semiconductor nanoparticles, can also be used to label virions [288] without significantly

https://doi.org/10.1016/j.omtm.2018.03.006
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impacting infectivity [289]. Once labeled, particles can be imaged directly [290] in mucus or engineered
surrogates [273]. Trajectories of virion movement can be imaged, as shown in Figure 3B, to measure
diffusion and mucus penetration [272,286].

As opposed to muco-inert particles used to study microrheology, viral particles often exhibit
adhesive interactions with airway mucus components [286]. The measured pore sizes of airway
mucus (~200–500 nm) would imply rapid diffusion of viral particles through the mucus layer based
on viral particle size [259,266]. However, adhesive interactions between viral surface glycoprotein
domains have been shown to significantly reduce viral diffusion through airway mucus [257,291].
For example, particle tracking microrheology studies using fluorescently-labelled adeno-associated
virus revealed that diffusion of the 20 nm virions through CF sputum was substantially slower
compared to 100 nm nanoparticles, which are significantly larger [292]. Importantly, viral particle
tracking can be done with any mucus source, including directly on ALI systems. Evidence of viral
adhesion can then be further investigated outside the context of 3D model systems using surface
plasmon resonance [293], optical tweezers and atomic force microscopy [294], or a quartz crystal
microbalance [295]. However, to date there have been few attempts at direct tracking of viral particles
in mucus gel or on ALI systems [286].

Finally, engineered mucus hydrogels and genetic ablation of mucin expression in ALI or
organoid systems represent potentially powerful tools to study the contributions of specific barrier
components to infection. Engineered mucus can be produced in large volumes and can be
tuned to desired parameters [273,296–298] such as variable cross-linking concentration [296]
or mucin gels composed of only MUC5B or MUC5AC [273,297]. As with ex vivo mucus,
these surrogate mucin gels could then be applied to in vitro systems to explore infection phenotypes.
However, difficulty in mimicking both bulk and microrheological properties of native mucus
combined with the genetic tractability of in vitro culture systems (see Section 2) highlights the utility
in creating modified mucus gels through altered gene expression within the context of in vitro
human ASL. Similarly, the contribution of tethered mucins as well as other host factors in the ASL can
be dissected at baseline and during viral infection. For instance, CRISPR/Cas9-mediated depletion
of the tethered mucin MUC18 from ALI cultures suggests a general pro-inflammatory role [40].
Koh et al. demonstrated that ablation of the SAM-pointed domain containing ETS transcription
factor (SPDEF) from ALI cultures prevented MUC5AC induction and subsequent MCC impairment
after stimulation with interleukin 13 [42].

Still, more work remains to dissect the contribution that individual mucins and other
respiratory factors make towards a functional ASL barrier which protects from viral infection.
Additionally, the extent to which individual host factors influence viral pathogenesis in both healthy
and diseased human airways still needs to be addressed.

7. Conclusions and Future Perspectives

Understanding mucosal barriers is paramount in virology given the number of important
pathogens (coronaviruses, adenovirus, human immunodeficiency virus, human papillomavirus,
influenza virus, rhinovirus, and so forth) that infect via this route. To identify specific components of
these barrier tissues that influence infection, researchers have utilized a variety of model systems ranging
from cell lines to whole organisms. While no model system is without drawbacks and limitations,
3D in vitro models offer the benefit of mirroring the in vivo mucosal microenvironment while
providing the opportunity for detailed mechanistic studies on virus–host interactions. Further, ex vivo
patient-derived samples can be used to directly interrogate the barrier function of human mucus and
may help, in part, to bridge the gap between 3D in vitro systems and the respiratory tract in vivo.

A better understanding of virus-mucus interactions may provide new insight into the onset
and severity of viral infection. In order to initiate infection, viruses deposited on the airway surface
must overcome the mucus barrier to avoid removal via MCC. Some have argued that reduced mucus
clearance explains the susceptibility of individuals with chronic lung disease (e.g., COPD, asthma)
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to exacerbation-inducing respiratory virus infections [265]. However, individuals with chronic lung
disease often possess alterations to the mucosal barrier (e.g., increased mucus gel concentration and
thickness) that would seem to reinforce barrier function. Furthermore, the underlying PCL presents
an additional physical barrier to infection with the tethered mucin mesh possessing network sizes
less than 40 nm. Thus, the mechanism by which viruses with diameters 2–3 times larger than this
(e.g., influenza virus, SARS-CoV-2) can bypass the PCL to infect ciliated cells is unclear. The model
systems, in combination with the assays, described in this review may provide the means to address
these and other long-standing questions on respiratory viral infectious diseases.

The state-of-the-art 3D in vitro systems discussed in this review have proven useful and will continue
to be essential for studies on viral infections in mucosal tissues. However, incorporating additional
components of the respiratory tract should be considered to address their limitations. As highlighted
here and elsewhere, the interaction between respiratory tract microbiota, the immune response,
and viral pathogens has been demonstrated in a wide variety of studies. However, immune cells
and microbiota remain absent from almost all 3D models of respiratory viral infection. The lack of
microbiota in 3D models does mark a significant difference between respiratory infection in vivo versus
in vitro and the impact of said difference on in vitro experimental results of viral infection are unknown.
The impact of MCC on infection has been challenging to re-create in 3D in vitro systems as they are
typically designed as a closed system with no point of exit for viruses entrapped within the mucus
layer. To include this important innate defense mechanism, adaptations to the lung-on-a-chip systems
could be made that allow for MCC-mediated elimination of viral pathogens. When viral infections
are initiated in vitro, the mucosal layer is often removed by washing and aspiration prior to infection.
The administration of viruses to cultures with the mucus barrier intact would be ideal in order to mimic
natural infections. In addition, the delivery of viruses in aerosol to 3D in vitro systems would more
closely mimic the inhaled transmission route. This could be achieved using commercially available
in vitro aerosol exposure systems (e.g., VITROCELL® Cloud Systems). Including these components
into existing platforms will significantly improve our ability to model and study critical facets of host
defenses against respiratory viruses.
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AAV1 adeno-associated virus serotype 1
AAV6 adeno-associated virus serotype 6
ALI air–liquid interface
ASL airway surface liquid
CF cystic fibrosis
CDHR3 cadherin related family member 3
COPD chronic obstructive pulmonary disorder
HAT human airway trypsin-like protease
hPSC human pluripotent stem cell
IAV influenza A virus
LRT lower respiratory tract
MCC mucociliary clearance
MSD mean squared displacement
PCL periciliary layer
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
TMPRSS2 transmembrane protease serine 2
URT upper respiratory tract
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