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Countless in vitro cell culture models based on the use of epithelial cell types of single lineages have been characterized and have
provided insight into the mechanisms of infection for various microbial pathogens. Diverse culture models based on disease-
relevant mucosal epithelial cell types derived from gastrointestinal, genitourinary, and pulmonary organ systems have delineated
many key host-pathogen interactions that underlie viral, parasitic, and bacterial disease pathogenesis. An alternative to single
lineage epithelial cell monoculture, which offers more flexibility and can overcome some of the limitations of epithelial cell culture
models based on only single cell types, is coculture of epithelial cells with other host cell types. Various coculture models have
been described, which incorporate epithelial cell types in culture combination with a wide range of other cell types including
neutrophils, eosinophils, monocytes, and lymphocytes. This paper will summarize current models of epithelial cell coculture and

will discuss the benefits and limitations of epithelial cell coculture for studying host-pathogen dynamics in infectious diseases.

1. Epithelial Cell Monoculture for
Modelling Disease

The defining event for most infections occurs during the ini-
tial phase of the host response to colonisation by a pathogen
[1] or commensal organism [2]. In studying host responses
there is a tendency to focus on the cell types that comprise the
biological barriers to microbes to uncover the host signalling
events and virulence traits that are involved in the initial
phase of disease. Cell culture models can compartmentalize
and define the broad range of molecular mechanisms that
underlie strategies of microbial virulence such as host
receptor ligand binding and can afford critical insight in what
drives host defence strategies. Many diverse, sometimes intri-
cate, epithelial cell culture models based on the use of single
lineages of cells, also known as monocultures, have been
characterized under carefully optimized in vitro conditions.
These have provided the basis for our current understanding
of many host-pathogen interactions such as those involving
herpes and hepatitis viruses [3, 4], the malaria parasite [5, 6],

and leading bacterial pathogens including Haemophilus
influenzae and Campylobacter jejuni [7, 8]. Monocultures
have also provided much of our current understanding of
how M cells sample bacteria from the lumen of mucosal sites
that initiates innate immune defence [9—11]. In studying host
responses to microorganisms as well as the virulence traits
employed during host-pathogen interactions the limitations
in extrapolating functional mechanisms in cell culture
models that are based on only single cell types are well
known. Most evidently, these limitations reflect the inherent
inability of single lineage monoculture systems to model
the complex biological processes that occur in tissues in
vivo. These processes comprise multiple cell types that often
necessarily interact to mediate effective antimicrobial defence
[12, 13] and inflammatory reactions [14, 15]. Widespread
use of monolayers and suspensions of single cell types in
vitro was driven in part by difficulties in identifying discrete
functional pathways using in vivo models.

The main advantage of in vitro models based on single
cell types lies in their ability to provide key information on
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a particular cell type’s reaction to an infectious microbe.
Monocultures provide an efficient and economical means
of teasing apart a wide range of experimental variables
given the versatility of homogeneous cell populations in
vitro versus the economic and ethical constraints of in
vivo models. However, cell culture models consisting of
one cell type reflect few biological host systems, given the
multiple intercellular communication networks that exist in
organs and the vasculature and lymphatics. Monocultures
are unable to replicate critical processes that drive immune
responses to pathogens such as antigen-presenting cell-
lymphocyte communication [16]. Monocyte-derived den-
dritic cells challenged with Burkholderia pseudomallei, for
example, require contact with other cell types to generate
immune responses [17]. Seropositive T cells combined with
dendritic cells mediate gamma interferon production in
CD4* T cells and granzyme B in CD8* T cells in this case
[17]. Thus, despite their widespread use and noted benefits
monoculture systems are not an ideal foundation for in vitro
modelling of infectious processes.

An in vitro alternative to monoculture is coculture of
multiple cell types including most commonly epithelial cells.
This approach is being used with increasing frequency as a
solution to bridge the gap between overly simplistic single
lineage in vitro models and the dynamic biological processes
that occur in vivo. Coculturing epithelial cells with other cell
types in proportional levels approximated to known tissue
constituency have been used to mimic the in situ interactions
of various body systems. Such models have been used to
study immune defence and have highlighted the effects of
neutrophils, eosinophils, monocytes, and lymphocytes on
epithelial cell function [18]. These effects appear to occur
predominantly through the paracrine signalling actions of
cytokines and other chemical mediators [18]. Contact-
dependent juxtacrine events may also impact coculture phe-
notypes; however, reports of these have been rarely reported
in comparison.

Epithelial cell coculture models have recently been
extended to primary cells to define epithelial cell function in
immune reactivity to microorganisms. A coculture model of
alveolar epithelial cells with monocyte-derived macrophages
and dendritic cells, for example, has been used to model
alveolar epithelial barriers to microorganisms [19]. Expan-
sion of cocultures through the use of structurally distinct
3D organotypic systems [20, 21] is another area of intense
research gaining popularity. These systems utilize free flow-
ing media and complex scaffolds in radial-flow or rotating
wall bioreactors. This approach more closely replicates in
vivo biology beyond basic coculturing of different cell types
with rearrangement of cells into proto-organic structures
[20, 21]. Moreover, recent data indicate that these systems
offer new ways to study signalling events and drug inter-
actions [21]. Stationary 3D models have also been used to
study dynamics of cell migration through cell layers and sus-
pensions [22]. Highly complex organotypic rotating models
that incorporate synthetic surfaces and matrices have also
been used to explore permeability properties [23]. However,
nonscaffolded cocultures provide a compromise in terms
of advantages and limitations because they are technically
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uncomplicated but provide capacity to model intercellular
interactions. An overview of nonscaffolded epithelial cell
coculture models that have been described in the literature
is illustrated in Figure 1.

2. Benefits and Limitations of
Epithelial Cell Coculture

The range of coculture models using continuous epithelial
cell lines is diverse. Many tend to incorporate epithelial
cells lines in short-term assays (less than 24 h) to replicate
biological barriers and interactions with membranous sur-
faces [24], or immune responses and host defence [18]. One
benefit of coculture compared to monoculture is its capacity
to better reflect the in vivo biology of cytokines, growth
factors, and transcriptional regulators activated or repressed
in response to disease. For example, a study of inflammatory
mechanisms underlying colon cancer revealed monocyte-
derived IL-10 directly effects intestinal epithelial cell IL-6
synthesis [25]. This was thought to contribute to disease
progression through mucin production and cell migration
[25]. In terms of wound repair during disease and regenera-
tion of biological barriers coculture models have been useful
for defining novel epithelial cell function. Investigations of
the epithelium in epidermal tissue showed that laminin-
5 anchors basal epithelial cells to the extra cellular matrix
(ECM) but requires fibroblasts to mediate cleavage of the
mature peptide [26]. This promotes incorporation into the
ECM to enable stronger epithelial layer attachment [26].
Cocultures analysing cell types for epithelial regeneration
have also indicated that fibroblasts stimulate repair of a
Caco2 monolayer more efficiently than a monolayer alone
after damage to the cells [27]. Collectively, this illustrates the
contributions of fibroblasts in epithelial barrier regeneration
and underscores the benefits of cocultures for study of
wound repair.

In addition to wound repair, an area where coculture
models have led to major advances is embryotrophic cocul-
turing [28]. These models have reconstructed uterine tissue
in vitro by using primary and immortalized cell lines and
conditional media to host embryonic development [29].
In nonscaffolded models reductive effects of fibroblasts,
epithelial cells and other uterine cell types have been
demonstrated to confer benefits on embryo maturation.
This appears to occur through removal of defined media
components and concentrations of byproducts such as oxi-
dants, free radicals, and cytokines. Beneficial effects through
the provision of various proteins and growth factors were
reported to enhance viability in this model [29]. A noted
limitation in these studies, however, was the use of serum,
which negatively influenced embryonic outcomes. This led to
multiphase coculture systems that utilized chambers between
sections within cocultures to minimize the impact of media
components. Serum-free media was identified as a possible
alternative to address the divergent nutritional requirements
of the different cells in this system [29].

2.1. Media and Continuous Cell Lines for Epithelial Cell Cocul-
ture. Shifts in concentrations of media components such as
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FiGure 1: Examples of coculture models for the study of infection. A. Monolayer cocultures typically incorporate epithelial cells and another
adherent cell type(s) and these detect microbes (I) and signal via juxtacrine mechanisms (black arrow) to cells in the monolayer to induce
synthesis of immune factors and cytokines. Microbes that bind or invade epithelial cells may induce signals from the partner cell types in the
monolayer, which can release inflammatory molecules (IT) such as nitric oxide (NO) or reactive oxygen species (ROS). In models that utilize
viable microbes overgrowth can lead to cytotoxicity of host cells in the monolayer (III) and may limit the study. B. Suspension cocultures
often utilize phagocytes that ingest microbes and signal other cells to proliferate (I). Suspension coculture models sometimes use dynamic
conditions such as rolling and may incorporate immature or mature versions of cell lineages such as monocytes or macrophages. Intercellular
signalling can occur via juxtacrine pathways (black arrow) where receptors are ligated and can lead to the induction of inflammatory
molecules (IT). Alternatively, cells may respond to immune factors as co-stimulatory molecules that are required for optimal responses
to microbes (III) such as production of regulatory factors. C. Mixed cocultures typically utilize adherent monolayers in combination with
a suspension cell type(s), which can respond to co-stimulation by differentiation (I). Microbe binding to suspension cells may lead to
cytokine/immune factor signalling of the adherent cells to induce the secretion of inflammatory molecules by the monolayer (II). Phagocytes
present in the coculture may ingest microbes and signal to the adherent cells via an unknown receptor mechanism to promote juxtacrine
signalling between cells (black arrow) as a means to trigger downstream regulatory factors (III). Microbe binding to adherent cells may
stimulate paracrine signalling to suspension cells, recruiting them towards the monolayer (IV).

glucose, amino acids, serum, and vitamins can occur more
rapidly in cocultures than monocultures due to increased
metabolism and byproduct accumulation. For example,
lactic acid, which lowers pH and inhibits key glycosylating
enzymes, inhibits cell growth [30]. Modifying media by alter-
native carbohydrates can stabilize pH and, when combined
with bicarbonate-CO, buffering, can minimize the impact of
increased metabolism [30]. Increased metabolism of infected
cocultures is also important to consider, particularly for
receptor and glycosylated microbial-binding target studies.
These targets can be affected by media components and
byproducts [31-33]. For example, nutrient consumption and
byproduct accumulation decreases protein glycosylation [30]

but glycan structures of glycoproteins on host cells can be
important for microbe binding [34]. Where glycoproteins
act as ligands for microbe adherence such as for H. Pylori
[35], deregulated metabolism and modified glycoprotein
availability may introduce model artefacts. Secretion of basal
signalling factors leads to their accumulation in coculture
more rapidly and this can also affect the function of
certain cell types [36]. Metabolic breakdown of glutamine to
ammonia, for example, inhibits cell growth at high pH, and
can decrease sialylation and change glycan structure [30].
Accumulation of byproducts and depletion of glutamine
would occur more rapidly where the microorganisms under
study proactively utilize glutamine for metabolism [37].



Finally, microbial respiration may also affect the biology
of epithelial cell cocultures; dissolved oxygen, for example,
influences galactosylation [30] and microbial adherence can
be affected by the level of dissolved oxygen in culture media
[38]. Where epithelial cell lines are studied in longer-term
assays (more than 24 h) the impact of media requirements
is even more important. It is notable that coculture systems
may limit the movements of molecules over time when
studied under organotypic conditions [29].

A limitation of most cocultures described to date is
the effects of continuous cell lines, which often display
phenotypes not observed in primary cells [39]. An example
is varied expression of cytokines and cell surface markers
[40, 41]. Murine gastric epithelial cells show different levels
of expression of cathepsin-X, a cell marker with a putative
immunological interaction with macrophages, depending on
whether the gastric epithelial cells are primarily derived or
immortalized [39]. Strong cathepsin-X expression in pri-
mary cells contrasts with undetectable levels in immortalised
cells, which leads to lesser attachment of H. pylori. This has
a major effect on the outcome of host-pathogen interactions
in this model [39]. Another well-characterized phenotypic
disconnect between primary and continuous epithelial cells
is bladder uroepithelial cells. While primary mammalian
uroepithelial cells express uroplakin proteins such as UPIa,
UPIb, UPIL, and UPIII on their surface [42, 43], commonly
used carcinoma-derived immortalized uroepithelial cell lines
used to study adherence of and inflammatory reactions
to uropathogenic Escherichia coli [44, 45] and streptococci
[46] mostly do not express these proteins [47-50]. E-
cadherin and cingulin expression also differs in monolayers
versus primary cells [50]. Despite these known artefacts
of continuous epithelial cell lines, their use in coculture
offers tangible benefits compared to primary cells. Most
epithelial cell lines are robust, are easily propagated, and
they may be preferable for long-term assays where temporal
continuity and avoidance of repeated collection of primary
cells are important. They are more suited to studies where
isolation of primary cells is technically demanding or time
consuming. The risk of cross-contamination between cell
lines is, however, increased with concurrent use of multiple
cell lines for coculture as demonstrated for HeLa epithelial
cells [51]. Thus, regular maintenance of multiple cell lines
demands increased adherence to strict work-flow practices,
and regular quality control checks to ensure the integrity of
continuous cell lines [52].

Finally, the maintenance of cell lines for coculture
requires repeated passaging, and this routine activity can
introduce artefacts in coculture. Trypsin protease, for exam-
ple, used to detach cells, causes physiological changes includ-
ing upregulation of protein production [53], membrane
protein and sialic acid modification [54], proliferation [55],
and activation of membrane channels [56]. Application of
golgi-blockers such as brefeldin A [57] in coculture to retain
intracellular products such as cytokines can disrupt other
cellular functions by prohibiting exocytosis of vital proteins
and may even cause cell death [58]. Thus, treatment agents
used for the regular maintenance of cells lines for coculture
and their treatment and analysis need to be carefully selected
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so that experimental artefacts in coculture systems are mini-
mized.

2.2. Epithelial Cell Cocultures for Immunology and Organ-
otypic Models. Coculturing of epithelial cells in an immuno-
logical context has provided key information on the influ-
ence of individual cell types towards others in proximity.
For example, exposure of cells to pathogen-associated molec-
ular patterns has yielded responses in transcription and
translation that are distinct in coculture versus monoculture
[59, 60]. In the context of cytokine production and T cell
proliferation, coculturing has yielded intriguing results in
side-by-side comparisons with monoculture. For example,
use of a TLR7/8-specific oligonucleotide agonist mediates
a stimulatory effect on CD4+ T cell proliferation [60].
However, when cocultured with the agonist and peripheral
blood mononuclear cells the proliferation signal for T cells
is overridden and coculture causes suppression effects via
an unknown mechanism thought to involve monocyte-
expressed TLR8 [60]. In a separate system of lung epithe-
lial cells, exposure of nanoparticles in a coculture with
monocyte-derived macrophages and dendritic cells showed
a synergistic effect in comparison to monocultures [59];
whereas monocultures showed minor responses to inflam-
matory stress cocultures exhibited reduced oxidative stress
and increased proinflammatory responses in this model [59].

Epithelial cell cocultures have also been used to simulate
differentiation and reassortment of cells into tissue-like
arrangements. These 3D organotypic models have emerged
in recent decades through the usage of bioreactors and
matrix gels [23]. Two types of bioreactors, namely, rotating
wall models and radial flow models have been characterized
and function through the use of cylindrical chambers with
a central core to mediate perfusion [23, 61]. The rotating
wall bioreactor makes use of the central core to permit
gas exchange while the cylinder horizontally rotates with
cocultured cells and collagen-coated porous beads to initiate
3D architecture [23]. In contrast, the radial flow model
utilizes the cylinder in a stationary fashion to permit media
perfusion from the external membrane of the cylinder into
the coculture and outwards through the membrane of the
central core [62]. A 3D rotating wall bioreactor coculture
of alveolar epithelial cells with macrophages was shown
to mediate differentiation of monocytes into macrophage-
like cells, and cause macrophages to migrate towards
the epithelial layer [63]. Here, the effects of monocytes,
macrophages and epithelial cells yielded a unique synergistic
phenotype that afforded better protection from cytotoxin-
induced apoptosis [63]. Apoptosis modelling with infected
epithelial and other cell types is relevant for cocultures since
apoptosis is a key response of many cell types to bacteria
[64-66]. Approaches towards replicating organotypic tissues
with a focus on complete synthetic organ recreation are also
providing glimpses into the future of organ replacement. In
studies focused on liver, the use of immortalized hepatic and
sinusoidal cell lines was combined in a radial flow bioreactor
to replicate part of a lobe [62]. Studies of byproducts from
these synthetic liver organoids have yielded varying results
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TABLE 1
Monoculture Nonscaffolded coculture Organotypic coculture
Composition Simple Moderate, multicellular Complex 3D, multicellular
.. . . . isti t. istic/int [lul-
Interactivity Direct response to stimulus ~ Synergistic/antagonistic/intercellular Synergistic/antagonistic/intercellu

In vivo likeness Least similar
Simple culture and media

Technical requirements
components

Contamination Low risk

Architecture considerations Monolayer or suspension

Moderately similar

Distinct media needs, no scaffolding
requirements

Moderate risk with continuous cell
lines

Mixed monolayer, suspension, or
combination

ar/stratified

Best model of in vivo

Extensive expertise in media, culture
and perfusion

Moderate risk with continuous cell
lines

Scaffolds, gels, permeable barriers,
media perfusion

but so far indicate some key synergistic effects for drug
metabolism, albumin, and urea production [20, 61, 62, 67].

An alternative form of 3D organotypic coculture uses
matrix gels. These take advantage of harvesting cell lines
to resuspend in collagen solutions with gelatine to form a
basic 3D architecture. Using this architecture, the proximity
of different cell types can be assayed for morphological
changes to cell structure, or migration of cells [23]. In
dentistry, the study of early tooth germ cell structure has
been observed through the use of 3D and layered cultures
that utilise dental tooth pulp and enamel epithelial cells
suspended in layers that are then floated in media [68]. This
resulted in a cuboidal morphology of enamel epithelial cells,
which correlates with developmental effects in vivo. Here, the
result would have been a simple monolayer if the epithelial
cells were studied in monoculture [68]. 3D matrix gels
have also demonstrated migration and differentiation when
cocultured in layers. Matrix gel models in particular have
been applied to intestinal studies. In one study, suspension
of monocytes and intestinal fibroblasts in a collagen gel
with intestinal epithelial cells led to the formation of
epithelial monolayers that promoted monocyte migration
and differentiation into macrophages [69]. The monocytes
in this system achieved only partial maturation without the
intestinal epithelial cells [69]. Thus, coculture affected not
only cell-cell adhesion but also terminal cell differentiation.
Synergies like these probably reflect elevated growth factor
production in the media that mediates coculture-dependent
cell maturation.

2.3. Epithelial Cell Cocultures for Modelling Infectious Diseases.
Epithelial cell cocultures are increasingly being used to study
host responses to infection. These models are typically based
on cocultures of two host cell types and subsequent challenge
with a microbial component such as membrane proteins,
LPS, or cytotoxins to study virulence and pathogenesis.
Whole bacteria, viruses, and parasites are also often used
to challenge cocultures although this approach may be
limited by microbial overgrowth. Lymphocytes, monocytes,
macrophages, and natural killer cells play pivotal roles in
host responses to infection, and many coculture studies have
investigated the interactions of these cell types with epithelial
cells. Epithelial cell-macrophage cocultures are particularly

useful where there is known in situ proximity of these two cell
types in vivo such as in the bladder. Different roles between
macrophages and epithelial cells in tissues such as the kidneys
[70], intestinal epithelium [71-74], and urogenital tissues
[75] have been highlighted through different responses to
cytotoxic and infectious agents. These studies have indicated
the important combination of matured mononuclear cells
and the surrounding epithelial cell layer in vivo in the
primary response to infection (Table 1).

Contrasting results between coculture models and
monocultures of macrophages or epithelial cells in infectious
conditions have been shown through the use of adenoviral
vectors [76, 77]. These vectors are used as vehicles for
gene delivery in experimental and preclinical protocols,
and encounter mixed immunological responses depending
on the in vivo or in vitro setting [76, 77]. Infection of
macrophage-epithelial cell cocultures with an adenoviral
vector is capable of stimulating closer in vivo-like immune
responses than with macrophage or epithelial cells alone
[78]. These responses, which follow proinflammatory stim-
ulation, have been demonstrated via elevated levels of nitric
oxide, reactive oxygen species, and chemokine profiles [78].
Here, IL-6 and nitric oxide responses of the coculture
were reduced by NF-kB and tyrosine kinase inhibitors,
highlighting their role as inflammatory mediators [78].
Thus, epithelial cell-mononuclear cell coculture models have
provided insight into immune responses to gene delivery
vectors that could not be gained through the use of
monocultures [78]. Additionally, they have provided key
data on cell signalling effects through distinct cytokine
profiles in response to infectious stimuli [79]. For example,
an intestinal coculture demonstrated more limited cytokine
reactivity compared to monocultures [79]. A lower response
to challenge in coculture may reflect synergistic suppressive
effects that occur in vivo [79]. On the other hand, the use
of epithelial cells in coculture with macrophages leads to a
synergistic effect on IL-10 production after infection with
Escherichia coli (B Duell., unpublished observations).

An important factor that can affect experimental design
and the successful application of coculture models in infec-
tion studies is the effect of microbial viability on host cell
viability. Viable microbes can rapidly influence the viability
of host cells through necrosis, apoptosis, and pyroptosis. As
a consequence, survival rates of the cocultured cells can



decrease rapidly [80]. While cell death is inevitable as culture
media becomes spent, the input of antibiotics can kill
the microbe or induce a nonreplicative viable form that
can enable cocultures to be studied longer term [80]. In
coculture models where pathogen viability is a consideration,
preserving microbial cell structure is best addressed by the
use of gamma-irradiation to inactivate the microbial cells
[81]. This represents a better alternative to heat killing or
UV irradiation, since both techniques denature microbial cell
structures that may be important for host cell interactions
(82, 83]. Whilst all of these approaches compromise the
advantages of a viable pathogen in coculture, they do provide
modelling conditions not possible with the use of viable
microbes where microbial overgrowth occurs. Viability is
not an issue where cocultures are used to study microbial
components. For example, the use of virosomes in cocultures
of macrophages, epithelial cells, and dendritic cells to model
lung tissue has revealed alternate cell entry mechanisms
with potential applications to clinical therapies and viral
pathogenesis [84]. Systems based on the use of microbial
components have useful applications for studying vectors
and can simulate responses to microbial epitopes without
compromising viability of host cells.

3. Conclusions

Epithelial cell coculture models have significant benefits over
monocultures, particularly in the study of infectious diseases.
These models provide an important step in informing the
experimental approach towards in vivo experimentation.
The synergistic effects of epithelial cells with multiple cell
types combined in culture can be partnered with microbial
infection of cocultures to drive clinically relevant host
responses. Incubation of epithelial cells with other cell types
affects how the cells synthesize cytokines, induce signalling
events, and differentiate. Careful selection of the cell types
to use in coculture with epithelial cells and appropriate
maintenance of cells is vital for suitability of coculture
models. A central feature of coculture is applicability across a
broad range of biological systems in addition to infectious
diseases. For infection studies cocultures are essential to
replicate host responses to foreign molecules, cell signalling
molecules, and microbial antigens. Increased use of coculture
models in the future will be necessary to discover new and
more accurate in vitro synergies to unlock the complexity of
in vivo biology. These models will eventually provide a more
complete range of in vitro tools for experimentation, for-
mulating the basis for translational studies with downstream
clinical applications.
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