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Abstract

The host immune response to the oral biofilm plays a central role in the aetiology of periodontitis. Our understanding of host-
pathogen interactions has historically been reliant on monolayer culture systems stimulated by microorganisms. However,
2D culture systems possess major shortcomings as these do not adequately mimic the complexities of the native tissue and
therefore fail to provide meaningful information on the pathogenesis of periodontal disease. To mimic the in vivo condition,
various types of 3D oral mucosal equivalents (OME) have been employed, including reconstituted models and 3D organotypic
culture models. The rationale for OME is to serve as a relevant in vitro tool to examine the interactions of human epithelial
cells with bacterial biofilms, to understand the process of epithelial layer damage, molecular mechanisms underpinning
the development of periodontitis and models for testing novel therapeutics. Furthermore, to gain a deeper understanding
of periodontal dysbiosis, it is important to appreciate the molecular mechanisms underlying host epithelial cell production
of cytokines and chemokines in response to bacterial stimulation; and signalling pathways which underpin host-pathogen
interactions such as mitogen-activated protein kinases (MAPK) and nuclear factor kappa light chain enhancer of activated B
cells (NFkB). Thus, the aim of this narrative review is to summarise the evidence regarding the application of 3D oral mucosal
models in host-pathogen infection studies relating to periodontal disease, review the molecular mechanisms underlying host
response and provide recommendations for future studies in this field.
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Abbreviations: OME: Oral Mucosal Equivalents; MAPK:
Mitogen-Activated Protein Kinases; HE: Human Gingival
Epithelium; TEER: Transepithelial Electrical Resistance.

Introduction

Physiologically relevant 3D mucosal models offer the
ideal application for studying the molecular mechanisms

3D Oral Mucosal Models for Studying Host-Pathogen Interactions in Periodontal Disease

of periodontal disease development and testing of novel
therapeutics. The major goal of these oral mucosal equivalents
(OME) is to be a valuable in vitro tool for studying (a) the
interactions of human epithelial cells with bacterial biofilms,
(b) the process of epithelial layer damage, (c) the molecular
mechanisms underlying periodontitis development, and (d)
models for testing novel therapeutics [1]. However, until late
1980’s, our understanding and studies of host-pathogen
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interactions was only limited to monolayer culture systems
stimulated by microorganisms as they were able to allow the
cells to receive a consistent supply of nutrients and growth
factors [2]. However, these 2D (monolayer) culture systems
were observed to have significant shortcomings: they do
not adequately mimic the complexity of native tissue and
thus fail to provide reliable information on morphological
changes [2]. Importantly, they also lack the multilayering
of epithelium, which, acts as a barrier against pathogen
invasion, is responsible for the production of cytokines in
response to oral microbiota and is involved in keratinocyte-
fibroblast interactions [3].

Studies utilising 3D OMESs, including reconstituted
models and 3D organotypic culture models, were being
employed to mimic the in vivo condition [2,4,5]. These 3D
models were considered physiologically relevant for studying
the mechanisms of periodontal disease development, and
testing novel therapeutics, even though most of the studies
were restricted to <4h time frame due to the toxicity of
microbes to epithelial cells [1]. However, as biofilm dysbiosis
underlies the pathogenesis of periodontal disease [6] it is
essential that an in vitro model be developed which would
mimic the in vivo condition to the fullest extent, thus enabling
the translational research to be carried out.

A variety of different 3D organotypic cultures have
been suggested over the years that respond to infection
with microbial pathogens in ways that reflect the natural
infection process [7-9] and commercially or engineered
models of the oral mucosa have also been developed for
studying periodontal disease. We have also previously,
proposed a plausible in vitro 3D organotypic culture model
of the dentogingival junction which simulated the physiology
of the tissues in vivo and respond to secreted biomolecules
from the underlying fibroblasts [10,11]. In all these models
the standard procedure for engineering oral mucosa models
involves: (a) isolation and expansion of epithelial and
fibroblast cells from original tissues or commercial cell lines
(b) seeding and culture of fibroblasts in a suitable substrate,
and (c) finally, seeding of epithelial cells onto the engineered
connective tissue layer [12,13]. One of the major advantages
of using tissue- engineered models in microbiology is the
reduction of animal experiments [4] which reinforces the
principles of the 3Rs, replacement, reduction, and refinement
[14].

Inflammatory responses to oral microbiota differ
depending on whether the epithelial cells are stimulated
by planktonic or biofilms. These responses include altered
cytokine levels, altered gene expression and changes in
signalling pathways [3,15]. While most infection studies have
employed planktonic bacteria, biofilm dysbiosis is the basis of
periodontal disease, as discussed earlier [6]. Therefore, this
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underlies the importance of employing multi-species biofilms
and oral mucosal models in studying mechanisms of disease
pathology. Currently, there is a lack of human physiologically
relevant in vitro models for studying mechanisms of disease
development. Therefore, the aim of this narrative review is to
summarise the evidence regarding the application of 3D oral
mucosal models in host-pathogen infection studies relating
to periodontal disease, review the molecular mechanisms
underpinning the host-pathogen interactions and provide
recommendations for future studies in this field.

3D Organotypic Cultures

Epithelial-mesenchymal interactions may be more
appropriately studied via the construction of 3D organotypic
cultures. This technique allows the specific interaction
between two populations to be studied in vitro under
controlled conditions [4,16-20]. The main advantage
of employing the use of 3D cultures is that it is able to
recapitulate the 3D organisation of cells and ECM within
tissues and organs [2]. These culture systems allow for
the in vitro growth of complex biological tissues in a way
that models the 3D space which cells normally reside and
function in vivo. Therefore, organotypic cultures systems
models complex cellular interactions more effectively than
monolayer cultures [21-23] by allowing complex interactions
cell-cell and cell-ECM interactions to be modelled in such
a way that replicates part of their normal physiology and
function [2,24].

The 3D culture models have proven to be more realistic
when it comes to translating study findings for in vivo
applications. The decrease in the gap between the cell
culture system and the cellular physiology is a significant
advantage of the 3D approach over the 2D approach [21,25].
Some of the important areas for which 3D cell culture
systems are excellent models include disease pathogenesis
studies, drug discovery studies, drug response studies,
and other applications such as pharmacological studies,
understanding cell physiology, gene and protein expressions,
cancer research, and tissue engineering [24,26].

3D organotypic cultures used to model the oral mucosa
typically consisted of epithelia supported by a collagen
bed enriched with fibroblasts. Fibroblasts were typically
embedded into collagen gel, which was allowed to contract
before being seeded with keratinocytes and raised to the air-
liquid interface for further growth and maturation [27].

Collagen matrix, composed of native collagen type I, is
a commonly used hydrogel scaffold in 3D culture systems
[28]. Type I collagen is the predominant structural protein
with the ECM. The ease of handling, processing and relatively
low cost are some of its many advantages. In addition, the
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structural properties of the collagen gel may be altered to suit
the requirements of the experiment. For example, the pore
size, ligand density and stiffness can be varied by changing
the concentration of collagen or introducing chemical
cross-linking compounds [29]. However, one drawback
with collagen-based scaffolds is its poor biostability, with
a relatively high biodegradation rate [5,13] Cross-linked
collagen with glutaraldehyde appears to provide an effective
method to alter the biodegrading rate of collagen-based
scaffolds without compromising on its biocompatibility
[5,12].

Reconstituted Epithelial Models

Advancements in tissue engineering, leading to the
development of tissue-scaffold constructs to facilitate
cell growth and differentiation, could be manipulated to
express surface markers indicative of phenotypic traits,
thereby producing immune-modulating molecules. Four
commercially available tissue-engineered oral mucosa
models are available [30]:

e Skin Ethic TM Human Oral Epithelium (HOE)

e  Skin Ethic Human Gingival Epithelium (HGE) constructs
by EPISKIN (Lyon, France)

e EpiOral TM

e Epi Gingival TM tissues from MatTek Corporation
(Ashland, MA)

In the Skin Ethic models, epithelial cells are seeded
onto inert filter substrates and raised to the air-liquid
interface within a humidified incubator [30]. The models
were cultured in a defined nutrient medium provided via the
filter substratum. This model demonstrates the expression
of natural major markers of epithelial differentiation and
responds to pharmacologically active treatments similar to
human epithelium in vivo [30]. Similarly, the Human Gingival
Epithelium (HGE) model involves culturing human gingival
cells on an inert polycarbonate filter at the air-liquid interface
using a chemically defined medium [30]. In certain studies,
the HGE model was co-cultured with immunological cells
[31]. The HGE models feature proliferating basal cells (Ki-
67 positive) that extend to deeper layers, an advantageous
characteristic for studying infections, as basal layer cell
proliferation is typically restricted in normal mucosal cells
[32]. The Epioral and EpiGingival models are cultivated
in serum-free medium at the air-liquid interface and are
equipped with a collagen matrix containing buccal and
gingival fibroblasts [33,34]. The epithelial tissue’s barrier
integrity is assessed via the non-invasive, quantitative
method of transepithelial electrical resistance (TEER) [35].
Notably, cornified EpiGingival tissue exhibits higher barrier
lipid content and a more robustbarrier compared to cornified
EpiOral tissue. Both tissues manifest active cell division, as
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evidenced by Ki-67 staining in the basal layer, demonstrating
similar Ki-67 expression to native tissue [32,36]. MatTek has
also introduced dendritic cells into the full thickness EpiOral
tissue, while the functionality of dendritic cells within the
tissue requires further investigation, the EpiOral model
has proven useful in exploring disease progression and
pathogenic mechanisms [36].

Bacterial Infection And Invasion Of Oral
Mucosal Equivalents

Oral mucosal models could be infected by the addition
of the desired concentration of microorganisms or bacterial
biofilm (Figure 1). Most host- microbiome interaction studies
generally employ the use of planktonic bacterial culture
(non-biofilm design) and indeed our early understanding
of pathogenesis of periodontal disease were based on
monolayer cultures stimulated by planktonic bacterial
culture [3].

However, oral microbiota tends to form multispecies
biofilms, and their behaviour when embedded in a biofilm
matrix is distinct from their planktonic form [37]. Indeed, an
in vitro periodontal multi-species biofilm model developed
to investigate the host modulatory effects of bioactive
molecules on biofilm has demonstrated encouraging results
which were found to be reproducible and stable over time
[38]. Therefore, it was proposed that this particular in vitro
periodontal biofilm model be applied for testing the efficacy
of bioactive molecules for the treatment periodontitis prior
to moving to clinical trials [38].

Long-term bacterial infection of the oral mucosa
model is challenging due to their varying requirements
for culture media. The time of infection of the oral mucosa
with pathogenic microorganisms differs between studies,
usually ranging from 1.5 to 48 hours, though in one study
oral mucosal models were exposed to bacteria for 72 hours
[1]. Prolonged incubation of oral mucosa model in anaerobic
atmosphere compromises the structural integrity and
epithelial cell viability after 24 hours [39]. Additionally,
prolonged infection by periopathogens such as P. gingivalis
and F. nucleatum reduces its viability as these organisms
require anaerobic incubation to thrive [15].

The invasion of epithelium and connective tissue by
periopathogens to elicit specific immune responses and
the subsequent upregulation of signalling pathways are key
events in the development of periodontitis [6]. Scratch assays
performed to the epithelial layer to induce damage to the
epithelial layer will provide a pathway for microbial invasion
[1]. The penetration of F. nucleatum into the collagen matrix
is strain- dependent and is more pronounced in the biofilm
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form than in planktonic form [37]. P gingivalis is known to
penetrate connective tissues [40] with the severity of its
invasiveness being attributed to the presence of gingipains
[41].

On the other hand, commensal oral bacteria seem to
act as antagonists against potential pathogens and facilitate
the maintenance of oral mucosal health [3]. A recent study
showed that exposure to a biofilm of multispecies commensal
microorganisms from healthy human saliva for 7 days
increased epithelial thickness and keratinocyte proliferation
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in oral mucosa models [42] suggesting that commensal
microbiota improved oral epithelial barrier function.

Lastly, the relative thickness of oral epithelium appears
to impact on bacterial invasion. For example, submerged
3D organotypic constructs with thin epithelium allows
penetration of P gingivalis into the connective tissues,
while airlifted constructs with thicker epithelium prohibits
its penetration into the lamina propria. The viability of P
gingivalis in 3D constructs also decreases with time [15].

substrate (D’) prior to infection (E).

Figure 1: Protocol for bacterial infection of oral mucosal models. Following revival of microorganisms (A), they are cultured
in respective nutrient rich media for 24-48 hours (B). Once the absorbance has been verified (C), the microorganisms could
be directly infected on the mucosal model at the desired concentration (D). Alternatively, a biofilm could be developed on a

Co-Infection Of Host Cells With P. Gingivalis
And F. Nucleatum

In vitro epithelial cell co- cultures have been developed
to model the complexities of periodontal bacteria-epithelium
interactions, consisting of primary gingival epithelial cells,
or epithelial cell lines either in monolayered or multilayered
culture [31,43]. Primary gingival epithelial cells, obtained
from gingival explants, were known to express specific
keratin and differentiation markers which characterise
gingival epithelial cells [44,45] . Transformed cell lines
derived from gingival epithelial cells were known to be
poorly differentiated and respond similarly to oral bacteria
[46,47].

Porphyromonas gingivalis, a Gram-negative anaerobic
bacterium with black pigmentation, has been identified as a
significantaetiological factor in the initiation and progression
of periodontitis [16]. Fusobacterium nucleatum, an anaerobic
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Gram-negative bacterium, adheres to early colonisers and
enhances the attachment of other periodontopathic bacteria
such as P, gingivalis. Co-infection with F. nucleatum has been
observed to heighten the ability of P. gingivalis to penetrate
host cells [37]. However, the mechanisms underlying F.
nucleatum’s interactions with P. gingivalis to influence the
invasion of P, gingivalis into host cells remain unknown [48].
Brown, et al. have introduced an innovative model involving
immune cells, gingival tissue, and biofilms to replicate
cellular interactions at the gingival margin, while capturing
the local inflammatory response [31].

The synergy between P gingivalis and F. nucleatum
in polymicrobial infections was observed to enhance
the invasion of host cells by P. gingivalis, resulting in a
notable increase in invasion efficiencies [49]. In particular,
F. nucleatum, through its interactions with host cells,
could synergistically enhance the invasion of P. gingivalis
[50]. Additionally, P gingivalis was found to hinder the

Copyright© Lu EMC and Pudipeddi A.


https://medwinpublishers.com/OAJDS/

expression of adhesion-related proteins (FadA and FomA)
of F. nucleatum through proteases, potentially preventing
F. nucleatum’s intracellular degradation and promoting
proliferation and amplifying its overall infectivity [49].
Additionally, P gingivalis and F. nucleatum were found to
synergistically facilitate the invasiveness of other organisms.
For example, P. gingivalis enhances the invasion of T. forsythia
into epithelial cells [51] and F. nucleatum can transport non-
invasive Streptococcus cristatus into epithelial cells through
the formation of co-adhered dual species consortia [52].
These observations underscore the involvement of multi-
species bacteria in the pathogenesis of periodontitis. In the
next section we explore host epithelial cell responses to
periopathogenic microorganisms.

Molecular Mechanisms Underpinning
Pathogenic Invasion Of Host Cells

The oral epithelium, in collaboration with cells from
the innate immune system, detects pathogen-associated
molecular patterns (PAMPs) produced by microbes utilising
a set of pattern recognition receptors (PRRs) encoded in
germline cells [53]. There are, indeed, four principal classes
of PRRs recognized: (1) Toll-like receptors (TLRs), (2) C-type
lectin receptors (CLRs), (3) Nod-like receptors (NLRs), and
(4) retinoic-acid-inducible gene 1 receptors (RIGs) [54].
The distribution of these PRRs varies based on cell type,
with each type recognising specific PAMPs. Among these
four classes, TLRs and NLRs predominantly participate
in the identification of bacteria [55]. Activation of these
PRRs triggers intracellular signalling pathways and specific
transcription factors, ultimately resulting in the release of
inflammatory mediators. The nuclear factor kappa light
chain enhancer of activated B cells (NF-KB) and mitogen-
activated protein kinases (MAPKs) signalling pathways play
pivotal roles in regulating inflammation, immunological
responses, as well as cellular growth, differentiation, and
survival [56,57].

The receptor activator of NF-KB (RANK) and its ligand
RANKL, are both vital to osteoclast development and
activation. RANKL, via the mitogen-activated protein kinase
(MAPK) and the I kappaB kinase (IKK), triggers the activation
of transcription factors AP-1 and NF-KB. The MAPK pathway
comprises three arms: p38, c-Jun N-terminal kinase (JNK),
and extracellular signal-regulated kinase 1/2 (ERK1/2).
This signalling cascade engages downstream transcriptional
events, including the activator protein-1 (AP-1) heterodimer
[57].Both the NF-KB and MAPK pathways significantly govern
cytokine gene expression. These signalling pathways form an
intricate network with overlapping processes that ultimately
impact nuclear substrates responsible for regulating gene
expression and protein synthesis [58].
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TLR1 to TLR10 are recognized members within the TLR
family. Notably, TLR1, 2, 4, 5, 6, and 9 participate in bacterial
recognition [59]. Upon binding to ligands, the cytoplasmic
Toll/IL-1B receptor (TIR) domain of TLR interacts with
various adaptor molecules, setting off a distinct MyD88-
dependent pathway, primarily leading to the generation
of inflammatory cytokines [60,61]. Essentially, MyD88
engages with TNF receptor-associated factor 6 (TRAF6),
which activates MAPK kinase (MAPKKK) TAK1. The latter
instigates | kappa B (IKB) and NFKkB, ultimately resulting in
the production of pro-inflammatory cytokines. (Figure 2).

Figure 2: MyD88 dependent signalling pathway involved in
bacterial recognition. MyD88 engages with TNF receptor-
associated factor 6 (TRAF6), which activates MAPK Kkinase
(MAPKKK) TAK1. The latter instigates I kappa B (IKB) and
nuclear factor kappa light chain enhancer of activated B
cells (NF-kB), ultimately resulting in the production of pro-
inflammatory cytokines.

Upon invasion of host epithelial cells by pathogenic
bacteria, several of the molecular signalling pathways are
upregulated. For example, following the interaction of oral
epithelial cells with either heat-killed or live F. nucleatum
intensifies the activation of numerous signalling pathways,
namely, triggering of the p38 and JNK MAP kinase pathways
[62]. Upon exposure to live E. nucleatum, oral epithelial cells
exhibit heightened expression of IL-8 mRNA, under the
regulation of NF-KB, p38, and ERK1/2 activation. Specifically,
live F. nucleatum triggers TLR and MAPK signalling pathways,
leading to activation of IL-6 and IL-8 [61]. In a separate
investigation focused on gingival epithelial cell multilayers,
F. nucleatum stimulation was linked to the induction of IL-1f3
and TNF-a [3]. Furthermore, investigations into F. nucleatum
infections have illuminated the pivotal roles of NF-KB, p38,
and JNK MAPK pathways in governing the production of IL-
1a, IL-1f3, and IL-8 genes [62].
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Upon exposure to heat-killed F. nucleatum, both TLR4
and TLR9 activation ensue, accompanied by the activation of
NF-KB (p65 transcription factor). This prompts the induction
of various factors including IL-1, IL-8, GM-CSF, TNF-a, CCL2,
CCL20, as well as S100A8 and S100A9-genes which are
pivotal for cellular protection, neutrophil recruitment, and
activation [63,64].

Live P gingivalis  induces  dose-dependent
downregulation of ERK1/2, with minimal activation of the
JNK and p38 MAPK pathways [65]. Conversely, P. gingivalis
infections were associated with decreased ERK and IL-8
mRNA levels, confirming the role of the MAPK pathway
[66]. In the presence of live P. gingivalis, IL-1f3 production is
triggered, whereas IL-6 and IL-8 production in oral epithelial
cells are inhibited. Strikingly, heat-killed P. gingivalis elicits
a contrasting response, generating substantial amounts of
IL-6 and IL-8 while not inducing IL-1f [67]. Notably, live, and
heat-killed P. gingivalis elicit different reactions, with heat-
killed P. gingivalis provoking a pro-inflammatory response,
compared to the live strain, exhibiting a more subversive
influence [68].

Heat-killed P gingivalis activates TLR4, induces NF-KB
activation, and stimulates the production of IL-1, IL-8, GM-
CSF, TNF-a, CCL2, and CCL20 in oral epithelial cells [69].
Studies indicate that P gingivalis expresses pro-inflammatory
factors, and its LPS has been found to induce the secretion
of IL-1B, IL-6, IL-1B0, TNF-q, IFN-, IP-10, and MIP-1 proteins
in oral epithelial cells via TLR2 [69]. Moreover, P. gingivalis
LPS activates the NF-KB signaling pathway, including the
p65 transcription factor, along with the p38 and JNK MAPK
pathways [70]. Recently, the haemoglobin receptor (HbR)
protein of P, gingivalis was found to stimulate IL-8 secretion
via p38 and ERK1/2 activation, subsequently activating
ATF-2, CREB, and NF-KB transcription factors [71]. Despite
the pro-inflammatory profile associated with heat-killed P
gingivalisand the anti-inflammatory profile oflive P gingivalis,
investigations using the live strain have demonstrated both
phenotypes, underscoring the bacterium’s capability to
manipulate host responses [72].

Discussion

3D oral mucosal models are critical in gaining a
comprehensive understanding of the molecular basis
underlying periodontal dysbiosis. The combination of
epithelial cells with fibroblasts in culture and the resultant
molecular crosstalk between these two different cell types
can be utilised in microbial infection of co- cultures to
elicit clinically relevant host responses [1,37,38,73]. The
technological advances in the development of OME has the
capacity to histologically examine the infectious process,
visualise live epithelial tissue invasion and microorganism-
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induced damage, and analyse the in situ expression of specific
fungal and host proteins or mRNA. This setup facilitates the
exploration of interactions between a pathogen’s virulence
attributes and host defence mechanisms.

The oral microbiota exists as complex multispecies
biofilms. This is important since a multi-species biofilm can
form a microbial community with metabolic benefits which
can better withstand environmental stresses and higher
resistance to antibacterial agents [37,38,74,75].

Most of the bacterial infections applied to oral mucosal
models have used planktonic bacterial cells instead of biofilm
grownbacteria. Periodontal disease,however, ischaracterised
by subgingival biofilm dysbiosis, inflammation and tissue
destruction [6,76]. Additionally, due to the complexity of the
biofilm interactions that occur in a microbial community,
biofilms behave very differently compared to their single
species counterparts [74] such as the generation of distinct
cytokine profile, signalling events and cellular differentiation
[73]. Therefore, to effectively understand the mechanisms
of host-pathogen interactions in periodontal disease,
appropriate in vitro oral mucosal models, stimulated by oral
multi-species biofilms are needed to replicate and reflect the
intricacies of the in vivo host -biofilm interactions.

Although 3D mucosal models are more relevant and
informative than epithelial cell monolayer cultures, there
are still important limitations to be considered. For example,
the models lack constant desquamation, an absence of saliva
consisting of mucin, a deficiency in the number of present
bacteria and immune responses and most of all, a static
environment [3,15,38]. Most co-culture models (conventional
submerged keratinocytes and fibroblasts) are limited to 48-
72 hours bacterial exposure, even though the interactions
in vivo are in a lasting dynamic status [1,15,77,78]. These
limitations make it challenging to extrapolate data from in
vitro experiments to the clinical situation. Lastly, the 3D oral
mucosal models lack some of the other cell types present
in normal human oral mucosa and therefore are unable to
completely replicate the complexities of cellular interactions
and its relationship with other anatomical structures in vivo
[13]. Therefore, future studies employing vascularized OMM
or those that contain immune cells would be indicated for
studying host-pathogen interactions in periodontal disease.

In summary, 3D oral mucosal models offer the ideal
application for studying the mechanisms of periodontal
disease development and testing of novel therapeutics.
Understanding the molecular mechanisms underlying host
epithelial cell production of cytokines and chemokines in
response to bacterial stimulation and invasion will be critical
for the discovery of novel therapeutics for the management
of periodontal disease. Thus, OMEs provides a robust in
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vitro methodology which would facilitate the exploration of
interactions between a pathogen’s virulence attributes and
host defence mechanisms.

10.
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