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Abstract

Three-dimensional, organotypic models of the oral mucosa have been developed to study a wide variety of phenomena occurring
in the oral cavity. Although a number of models have been developed in academic research labs, only a few models have been
commercialized. Models from academic groups offer a broader range of phenotypes while the commercial models are more
focused on the oral and gingival mucosa. The commercialized models are manufactured under highly controlled conditions and
meet the requirements of quality standards, which leads to high levels of reproducibility. These in vitro models have been used to
evaluate the irritancy of oral care products such as toothpastes, mouthwashes, and mucoadhesives. The effects of cigarette smoke
on oral cavity tissues have been studied and compared to those of e-cigarettes. Oral tissue models have facilitated investigation of
the mechanisms of oral mucositis and oral candidiasis and have been used to examine transbuccal drug delivery rates and the
absorption of nanoparticles. Infection studies have investigated the effects of HIV-1 along with the effects of commensal and
pathogenic bacteria. More recently, a differentiated oral tissue model has been shown to express the ACE2 receptor, which is
known to be important for the receptor-mediated entry of the SARS-CoV-2 coronavirus into human cells and tissues. Hence, oral
mucosal models may find application in determining whether viral infection of the oral mucosa is possible and whether such
infection has implications vis-a-vis the current COVID-19 pandemic. As is apparent, these models are used in a broad variety of
applications and often offer advantages versus animal models in terms of reproducibility, avoiding species extrapolation, and the
ethical concerns related to human and animal experimentation. The goals of this paper are to review commercially available
models of the human buccal and gingival mucosa and highlight their use to gain a better understanding of a broad range of
phenomena affecting tissues in the oral cavity.
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Introduction

Three-dimensional (3D), organotypic tissue models offer sev-
eral advantages over cells in monolayer (2D culture) since in
many aspects the tissue models replicate the differentiated
structure and function of native tissues (Jensen and Teng
2020). In native buccal and gingival tissues, the epithelial
barrier prevents or limits the passage of toxins, microbes,
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and chemicals into the underlying basal layers of the tissue
where they could damage the proliferating basal stem cells
(Bierbaumer et al. 2018). Likewise, the barrier of these tissues
prevents passage of xenobiotics into the vasculature where
they could pose systemic toxicity problems (Komiyama
et al. 2019). In monolayer culture models, xenobiotics have
direct access to the proliferative cells, and thus, they cannot
appropriately model exposure risk (Moharamzadeh et al.
2008; Moghaddam et al. 2016). Another advantage of the
organotypic tissue models relates to route of exposure to test
materials and/or xenobiotics. The 3D oral and gingival tissue
models are cultured at the air-liquid interface (ALI) in cell
culture inserts (e.g., Millicell™ or Transwell™) with a micro-
porous membrane bottom. In ALI culture, cells are seeded into
the inserts, and after a period of submerged culture, the culture
medium is removed from the apical culture surface. At the
ALI the cells are fed solely through the microporous
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membrane underneath the growing tissue, and the apical sur-
face of that tissue is exposed to the atmosphere within the
incubator. Thus, culture at the ALI allows for clinically rele-
vant exposure of test articles or xenobiotics since these mate-
rials can be applied directly to the apical tissue surface
(Klausner et al. 2007). In contrast, monolayer cultures are
submerged in aqueous medium and test articles need to be
dissolved prior to application to the cells. Culture at the ALI
also induces differentiation so that tissue properties more
closely reproduce in vivo characteristics (Delcourt-Huard et al.
1997). Sensitivity to drugs and drug metabolism, gene and
protein expression, cell-to-cell communication, and other phe-
nomena are more accurately represented in 3D cultures than in
2D systems, as recently reviewed (Jensen and Teng 2020).
The 3D organotypic tissue models of the oral mucosa are more
accessible and available than the animal models traditionally
used to study the oral cavity, which include monkey, rat,
mouse, dog, pig, rabbit, cavy, sheep, and buffalo
(Samaranayake and Samaranayake 2001; Sa et al. 2016).
Additionally, toothpastes and other oral care products fall un-
der legislation applicable to cosmetics which includes prod-
ucts for use “with the teeth and the mucous membranes of the
oral cavity ...cleaning them, perfuming them, changing their
appearance, protecting them, keeping them in good condi-
tion....” This legislation prohibits animal testing of oral care
products in the European Union (EU Regulation EC No
1223/2009) and many non-EU oral care companies have also
committed to reducing or eliminating the use of animal
models for the testing of their products. Inter-species differ-
ences between animals and humans can make extrapolation of
animal data difficult, whereas the 3D culture models, which
comprised human cells, avoid this issue. Additionally, be-
cause the oral tissue models are less complex than the whole
organism models, researchers can isolate specific phenomena
of interest and can more easily interpret experimental data.
Due to these advantages, oral tissue models cultured using
human cells are often the test system of choice for many ap-
plications (https://www.episkin.com/HGE-Gingival-
Epithelium).

Models of Oral Mucosal Tissue

The oral mucosa of the human oral cavity can be broken in
three categories: (1) the lining (buccal, sublingual, soft palate
tissues), (2) masticatory (gingival and hard palate tissues), and
(3) specialized mucosa (dorsal surface of the tongue). In vivo,
all of these tissue subtypes consist of an outer, stratified squa-
mous epithelium comprising oral keratinocytes and an under-
lying collagen-based connective tissue (referred to as the lamina
propria) which contains fibroblasts, along with blood vessels,
nerve endings, and salivary glands in its lower layers. The lin-
ing mucosa is ~ 60% of the total surface area of the oral cavity

and the epithelial layer remains non-cornified. The masticatory
tissue represents ~25% of the oral cavity and is cornified and
the specialized mucosa of the tongue is ~ 15% with interspersed
cornified and non-cornified regions (Squier and Kremer 2001).
Many in vitro models reflecting the different phenotypes of the
various oral mucosal tissues have been developed, as compre-
hensively reviewed (Bierbaumer et al. 2018).

This review will focus on commercially available models
and the various applications for which they have been utilized.
Currently, four tissue-engineered oral mucosa models are
commercially available, the SkinEthic™ Human Oral
Epithelium (HOE) and the SkinEthic Human Gingival
Epithelium (HGE) constructs from EPISKIN (Lyon,
France), and the EpiOral™ and EpiGingival™ tissues from
MatTek Corporation (Ashland, MA). The SkinEthic tissues
are produced following the ISO 9001: 2015 quality standards
and the MatTek tissues are manufactured in accordance with
the Good Manufacturing Practice (GMP) quality standards.
These standards require that each lot of tissue meets pre-
established lot release criteria which enhances the reproduc-
ibility of these systems. The commercial tissues are produced
on a regular basis and are shipped to researchers throughout
the world (https://www.episkin.com/HOE-Oral-Epithelium).

MatTek Corporation has produced an oral mucosal model,
EpiOral, with a buccal phenotype since 2006. The tissue mod-
el is cultured in serum-free medium in cell culture inserts with
a microporous membrane bottom (0.4 pm average pore size),
at the air-liquid interface (i.e., the apical tissue surface is ex-
posed to the atmosphere as opposed to being submerged in
culture medium; see Fig. 1). Normal human oral keratinocytes
harvested from non-diseased donor tissues (either from
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Figure 1. Schematic of culture at the air-liquid interface (ALI). Cells are
seeded into the cell culture inserts (CCI) onto the microporous membrane
(which is typically coated with an extracellular matrix protein such as
collagen). After a brief period of submerged culture in which culture
medium is placed beneath and into the CCI, the medium is removed from
the CCI so that the apical tissue surface is exposed to the atmosphere.
Feeding of the tissue continues exclusively by medium passing through
the microporous membrane until the tissue is fully differentiated. Since
the apical surface of the fully differentiated tissue is not submerged, neat
test articles can be applied directly to the tissue without first diluting them
in an aqueous medium.
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cadavers or from patients undergoing tooth extractions) are
utilized. The EpiOral tissue is non-cornified with limited bar-
rier lipid content (Klausner et al. 2007). Transepithelial elec-
trical resistance (TEER), a non-invasive, quantitative method
to assess the barrier integrity of epithelial tissues (Benson ez al.
2013), has been used to characterize the tissues. Average
TEER of 413 + 138 Q*cm? (n=22) has been reported for
the EpiOral tissue model (Klausner et al. 2007). EpiOral tis-
sues express cytokeratins 13 and 14 along with innate immune
markers such as human beta defensin 1 (HBD1) and HBD3
and toll-like receptor 2 (TLR2) and TLR4, similar to native
buccal tissue (Kimball et al. 2006). In addition to EpiOral,
MatTek produces an oral tissue with a gingival phenotype,
EpiGingival, which is cornified and has higher barrier lipid
content and a more robust barrier than the EpiOral tissue, as
confirmed by average TEER of 516 + 122 Q*cm?® (n = 10, p =
0.048 vs. the EpiOral tissue). EpiGingival tissues express
cytokeratin 13 in the apical tissue layers and cytokeratin 14
in the basal tissue layers and are much more resilient to dam-
age by surfactants such as Triton X-100 (Klausner et al.
2007). Hematoxylin and eosin (H&E)-stained cross-sections
of the EpiOral and EpiGingival tissues are shown in Fig. 2.
Both tissues have actively dividing cells, as evidenced by Ki-
67 staining in the basal layer of the tissue, similar to native
tissue (Yadev et al. 2011; Schlage et al. 2014). MatTek also
produces full thickness versions of the EpiOral and
EpiGingival tissues, EpiOral-FT and EpiGingival-FT, which
include an underlying lamina propria consisting of a collagen
matrix containing normal human buccal or gingival fibro-
blasts harvested from healthy explant tissue (Klausner ez al.
2007; Morse et al. 2018). Finally, MatTek has incorporated
dendritic cells into the full thickness EpiOral tissue (Schlage
et al. 2014), although the functionality of the dendritic cells
within the tissue has not been investigated in a rigorous
manner.

The SkinEthic-reconstructed human oral epithelial (HOE)
model is cultured using TR146 cells which were derived from
a squamous cell carcinoma of the buccal mucosa (Rupniak
et al. 1985). The HOE is cultivated on an inert polycarbonate
filter at the air-liquid interface in a chemically defined medi-
um. This model forms an epithelial tissue devoid of stratum
corneum and histologically resembles the mucosa of the oral
cavity. The HOE expresses cytokeratins 6 and 16, along with
CD44 (https://www.episkin.com/HOE-Oral-Epithelium) and
TEER was reported to be 55-122 Q*cm? (Jacobsen et al.
1995). The SkinEthic Human Gingival Epithelium (HGE)
model is produced by culturing normal human gingival cells
on an inert polycarbonate filter at the air-liquid interface in a
chemically defined medium. This model is histologically sim-
ilar to the outer cell layers of the human gum tissue and ex-
presses cytokeratins 10 and 13 and filaggrin (https:/www.
episkin.com/HGE-Gingival-Epithelium). In one study, the
HGE model was cultured in conjunction with
immunological cells (Brown ef al. 2019). Both the HOE and
HGE models contain proliferating (Ki-67 positive) basal cells
but the HOE also contains Ki-67 positive cells in the upper
layers of the mucosal model, while in normal mucosa, prolif-
erating cells are restricted to the basal layer (Yadev et al.
2011). H&E-stained cross-sections of the HOE and HGE tis-
sues are shown in Fig. 3.

Quality Control of the EpiOral Tissue Model

The commercial tissue models are produced under highly con-
trolled manufacturing conditions which improve their reproduc-
ibility. MatTek’s EpiOral (ORL-200) and EpiGingival (GIN-
100) tissues are manufactured under Good Manufacturing
Procedures (GMP) and each lot is evaluated prior to shipping,
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Figure 2. Hematoxylin and eosin (H&E)-stained cross-sections of the MatTek organotypic oral mucosa tissue models: (a) EpiOral (ORL-200) and (b)

EpiGingival (GIN-100).



https://www.episkin.com/HOE-Oral-Epithelium
https://www.episkin.com/HGE-Gingival-Epithelium
https://www.episkin.com/HGE-Gingival-Epithelium

IN VITRO 3D CULTURE MODELS OF THE ORAL MUCOSA 151

< ”":r\ '
) (gt )
i, LGSR |

Figure 3. Hematoxylin and eosin (H&E)-stained cross-sections of the SkinEthic organotypic oral mucosa tissue models: (¢) human oral epithelial

(HOE) and () Human Gingival Epithelium (HGE).

and after storage for 24 h storage at 4°C (mock shipping condi-
tions) to mimic standard overnight shipping conditions. Each
tissue lot must meet the Quality Control (QC) criteria which
were first established in 2014. The purpose of the QC assay is
to ensure reproducible tissue properties across independent tis-
sue lots produced over time—an essential property for any tox-
icological test system (Rispin ef al. 2006). The QC parameters
were established based on QC data from 46 tissue lots produced
during 2012-2013, following storage under mock shipping
conditions.

The key parameter involved in EpiOral QC testing is the
ET-50, which refers to the exposure time required for the
reference chemical (1.0%, v/v) Triton X-100, to reduce the
tissue viability to 50%, as measured by the MTT assay
(Mosmann 1983; Klausner et al. 1997; Klausner et al.

2007). The MTT assay measures mitochondrial activity in
the basal cells of the tissue. For a test material (such as
Triton X-100) to decrease the MTT tissue viability, it must
penetrate the epithelial barrier and impair normal mitochon-
drial function. Therefore, the MTT ET-50 indirectly monitors
the barrier function of the tissue which is important for all
topically applied materials. Recently, the EpiOral tissue has
been shipped from the USA to Japan to service the Japanese
oral care market. Due to extended shipping times and customs
clearance, the tissue typically spends 48—72 h in the package.
QC data for n=23 tissue lots tested at MatTek Corporation
(Ashland, MA), n =18 lots tested at LION Corporation
(Odawara, Japan), and n =11 lots tested at Kurabo Industries
Ltd. (Osaka, Japan) are presented in Table 1. Although ET-
50s are slightly lower following the international shipment, all
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Table 1 Results of Quality

Control (QC) testing. ET-50 (min) NC OD average
Ship date Lot MatTek LION Kurabo MatTek LION Kurabo
10/23/17 26173 90.8 61.8 - 1.559 1.242 -
11/13/17 26186 90.5 60.7 - 1.369 1.334 -
1/15/18 27712 90.1 75.7 45.7 1.564 1.739 1.789
1/29/18 27724 97.0 83.7 71.6 1.524 1.620 1.96
2/26/18 27739 80.8 64.6 71.1 1.523 1.710 1.803
3/26/18 27750 71.3 49.0 - 1.575 1.852 -
4/9/18 27753 89.2 59.1 56.6 1.489 1.675 1.803
5/7118 27761 84.5 81.2 - 1.596 1.895 -
5121/18 27762 77.8 53.0 - 1.450 1.627 -
6/4/18 27766 85.5 76.7 - 1.587 1.653 -
6/25/18 27772 73.0 71.5 - 1.606 1.673 -
8/20/18 27784 57.9 48.7 49.1 1.596 1.574 1.856
9/17/18 27793 94.2 - 45.5 1.580 - 2.033
10/1/18 27796 78.2 53.6 - 1.447 1.684 -
10/15/18 29500 88.8 - 57.4 1.406 - 1.703
10/29/18 29505 72.8 78.6 - 1.528 1.608 -
11/12/18 29508 96.9 79.8 63.6 1.623 1.501 1.724
11/26/18 29518 82.1 67.6 - 1.558 1.594 -
12/10/18 29524 48.6 455 - 1.696 1.684 -
1/14/19 29527 71.9 - 473 1.587 - 1.766
2/11/19 29537 47.0 45.1 - 1.530 1.761 -
6/3/19 29564 85.5 - 42.0 1.577 - 1.773
7/22/19 29582 51.3 - 51.9 1.585 - 1.913
Average 78.2 64.2 54.7 1.545 1.635 1.829
St dev 14.2 12.8 10.3 0.076 0.154 0.102
N 23 18 11
QC criteria: PC: ET-50 NC: 0D >1.0

34.8 min<ET-50<105.8 min

Results for standardized QC testing at MatTek (USA) after packaging and overnight storage at 4°C or following
3—4 d international shipment to Kurabo Industries Ltd. (Osaka, Japan) and LION Corporation (Kanagawa, Japan).
In Japan, QC testing was performed on day 3 following shipping except for two lots at LION and one lot at
Kurabo in which testing was performed on day 4 due to weather-related shipping delays (delayed shipments are
italicized in the table above). The ET-50 for the positive control (PC), 1% Triton X-100, and the optical density
(OD) from the MTT assay for tissue exposed to the negative control (NC), ultrapure water, are shown. Although
ET-50 values are slightly lower in Japan, all lots meet the QC acceptance criteria. The QC criteria listed were
established based on data from 46 tissue lots produced during 2012-2013, following packaging and overnight
storage at 4°C.

lots met the QC specifications when tested at LION and
Kurabo. These results are similar to those for other mucosal
models which also meet QC parameters following extended
shipment times to Japan (Kaluzhny et al. 2006).

Oral Irritation and Cytotoxicity
Commercial producers of oral care products such as tooth-

pastes, mouthwashes, and teeth whitening agents need a rela-
tively simple, non-animal means of assessing the potential

irritancy of their products when they are placed in the oral
cavity. Using the MTT assay, researchers at MatTek and
Procter and Gamble used the exposure time to decrease tissue
viability to 50% (ET-50) to distinguish between the irritancy
levels of toothpaste for adults, children, and infants. In addi-
tion, the release of the proinflammatory mediators interleukin-
lo (IL-1e¢) and IL-13 was measured to model the effect of
common additives to oral care formulations on irritancy
(Klausner et al. 2007). A group at Johnson & Johnson used
the EpiOral tissue model to investigate the effect of varying
levels of ethanol in mouthwashes on tissue viability and
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transbuccal permeation. They found that common mouth-
washes and solutions with ethanol content up to 26.9% had
no effect on tissue viability or tissue morphology. In addition,
these mouthwashes did not alter the transbuccal permeability
of a model drug, caffeine (Koschier et al. 2011). Yang ef al.
2011 used the EpiGingival tissue to study the retention of o-
cymen-5-ol and zinc delivered by topical application of tooth-
paste. They found that significantly higher concentrations of
these materials could be delivered using the toothpaste com-
pared to equivalent doses delivered from solution.
Importantly, no cytotoxic effects to the EpiGingival tissue
were observed (Yang ef al. 2011). Significantly, some groups
have suggested that the 3D models are more relevant than 2D
monolayer systems for cytotoxicity/biocompatibility studies
(Moharamzadeh et al. 2008) and in one report, the
EpiGingival was deemed the more appropriate model for eval-
uating the biocompatibility of bioadhesives (Moghaddam
et al. 2016). In this study, lipophilic ingredients in the adhe-
sive were toxic at all concentrations to monolayer cells but
non-toxic to the EpiGingival tissue at the desired end-use con-
centration. The authors concluded that, given the ethical and
regulatory restrictions related to animal studies for medical
devices and cosmetic products, the 3D oral tissue models
may be a more realistic and appropriate model for preclinical
biocompatibility studies (Moghaddam et al. 2016).

In vitro tissue models of the oral mucosa have also been
utilized to determine the irritancy properties of dental mate-
rials. EpiOral was used to ensure that chemical enhancers for
iontophoresis did not disrupt tissue morphology (Hu ef al.
2010) and that a polymer blend to be used as a mucoadhesive
was not toxic to the tissue (Song ef al. 2017). The SkinEthic
oral tissue was used to evaluate the toxicity of archwires used
in orthodontic appliances. Vannet et al. compared archwires
made of stainless steel (SS), a nickel-titanium alloy (Nitinol),
or a titanium-molybdenum alloy (TMA) and determined their
effects on tissue viability and histology. Of the three materials,
the viability of the tissues exposed to the SS wire was indis-
tinguishable from the negative control (non-exposed) tissues
while the Nitinol and TMA wires reduced tissue viability by ~
15%. Likewise, a comparison of histological cross-sections of
tissues exposed to these wires showed the SS wire to be the
most biocompatible (Vande Vannet ef al. 2006). The same
research group investigated different soldering methods and
their effect on the SkinEthic HOE. Point welded (PW), laser
welded (LW), and silver-soldered (SiS) were compared and
although viability and histology effects were mild, the PW
and LW wires induced less toxicity in terms of tissue via-
bility and histology, when compared to the SiS wires
(Vande Vannet and Hanssens 2007). In addition, this group
found that non-cured orthodontic bonding adhesives caused
cytotoxicity and caused histological changes to the HOE;
effects were much milder for the polymerized adhesives
(Vande Vannet et al. 2007).

The in vitro tissue models have also been used as an initial
toxicity screen for novel materials that will be introduced into
the oral cavity. Kovalchuk ef al. 2013 studied new lipid anti-
oxidants which were designed to kill breast cancer cells. They
utilized the EpiOral and EpiGingival tissue models and did
not see any effects on tissue morphology or gene expression
when tissues were exposed to the lipid antioxidants
(Kovalchuk et al. 2013). EpiOral and EpiGingival were also
used to evaluate potential toxicity of silver nanoparticles
(AgNP) which have advantageous antimicrobial properties.
For exposure times up to 48 h, researchers observed low tox-
icity and inflammatory effects in the AgNP-exposed tissues
(Pindakova et al. 2017). Finally, Hayakumo et al. 2014 uti-
lized EpiOral and EpiGingival to assess the cytotoxicity of a
new antibacterial agent, ozone nano-bubble water (NBW3).
They demonstrated rapid and potent bactericidal activity of
the NBW3 against representative periodontopathogenic bac-
teria (e.g., P. gingivalis and A. actinomycetemcomitans) but
did not observe any cytotoxicity to the oral tissue models after
24 h of exposure and suggested that NWB3 might be useful as
an adjunct to current periodontal therapy (Hayakumo ef al.
2014).

Transbuccal Drug Delivery

Due to its diminutive barrier properties, the buccal mucosa is
an attractive site to administer drugs for either local or system-
ic delivery. For systemic delivery, direct access to the under-
lying capillaries and bloodstream would avoid the hepatic first
pass metabolism and enzymatic degradation within the gas-
trointestinal tract (Senel and Hincal 2001; Smart 2005). Using
the EpiOral tissue model, researchers have investigated the
transbuccal delivery of small molecules such as nicotine for
nicotine replacement therapy. Boateng et al. characterized the
permeation of nicotine as part of smoking cessation therapy
from hydroxypropyl methylcellulose/sodium alginate wafers
and films (Boateng and Okeke 2019) and Battaglia and
Nguyen 2017 showed that tincture of benzoin increased nic-
otine delivery by 2.1-fold while preventing apoptosis
(Battaglia and Nguyen 2017). The transbuccal delivery of
macromolecules such as insulin has also been proposed.
Studies of lyophilized chitosan xerogels loaded with insulin
showed a linear relationship between insulin permeation in
EpiOral tissue and in excised sheep buccal tissue (Giovino
et al. 2013; Boateng et al. 2014). Another study focused on
using permeation enhancers to deliver methylxanthines
through the skin. In addition to transdermal data, researchers
showed that delivery rates through the buccal tissue (EpiOral)
were much higher and concluded that transbuccal delivery
would offer an alternative means of delivery (Thakur et al.
2007). Using the SkinEthic HOE model, Nielsen et al. 1999
looked at the permeability of fluorescein isothiocyanate
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(FITC)-labeled dextrans (FD) over a range of molecular
weights (MW) from 4000 to 40,000. They found (a) that per-
meability of FD decreased as MW increased and (b) that the
permeation enhancer, sodium glycocholate, was able to in-
crease permeability rates up to a MW of 10,000 (Nielsen
et al. 1999). Campisi et al. 2008 investigated the possibility
of transbuccal delivery of carbamazepine (CBZ), an anticon-
vulsant drug. Even though CBZ readily permeated through
the SkinEthic HOE tissue model, histological observations
of the tissue showed disruption of the normal histological
features of the oral mucosa. These observations were con-
firmed using porcine oral mucosa and although cytotoxicity
was ruled out as the cause for these changes, the authors con-
cluded that more studies would be necessary to assess the
feasibility of transbuccal delivery of this drug (Campisi et al.
2008).

Researchers have also used oral tissue models to assess
whether materials placed in the oral cavity would permeate
through the buccal mucosa and thereby gain access to the
circulatory system. Using the SkinEthic HOE model,
Komiyama et al. 2019 studied nanomaterials used in the den-
tal field. They found that nano-hydroxyapatite, a widely used
synthetic form of the naturally occurring mineral found in
tooth enamel and dentin, did not penetrate through the epithe-
lium and thereby would likely not present any systemic toxi-
cological issues (Komiyama et al. 2019). In a similar manner,
based on the permeability of 5-fluorouracil (5-FU), a drug
currently used to treat oral squamous cell carcinoma
(OSCCQ), through the HOE, it was concluded that there was
low likelihood that 5-FU would enter the systemic circulatory
system (Giannola et al. 2010).

Fungal, Bacterial, and Viral Infection

Candida albicans is a fungal organism that is typically part of
the normal microbial flora in the oral cavity. However,
C. albicans is polymorphic and can grow as hyphae, and in
its hyphal form, it can invade the oral mucosa and cause tissue
damage observed in oral candidiasis (also referred to as
candidosis). C. albicans produced characteristic hallmarks of
pathological tissue invasion in the SkinEthic HOE model over
a period of 48 h. Hyphae penetrated through epithelial cells
and intercellular gaps later resembling thigmotropism
(Jayatilake et al. 2008). Moyes et al. 2010 observed minimal
expression of the mitogen-activated protein kinase phospha-
tase 1 (MKP1) and the c-Fos transcription factor in untreated
HOE tissues. However, expression on the tissue surface was
evident 4 h after infection with C. albicans and expression
increased considerably 24 h post-infection (Moyes et al.
2010). Another group investigated the effect of HIV protein-
ase inhibitors and their effect on C. albicans infection of the
HOE. They found that saquinavir reduced the tissue damage

in the HOE and suggested it as a potential anti-candidal agent
(Korting et al. 1999). Boros-Majewska utilized the SkinEthic
HOE model to study the efficacy of novel derivatives of the
antifungal antibiotic Nystatin Al against C. albicans infec-
tion. One of the derivatives tested showed increased antifun-
gal activity while showing lower toxicity compared to the
uninfected HOE tissue (Boros-Majewska et al. 2014).
Yadev et al. 2011 compared C. albicans infection of the
SkinEthic HOE and MatTek EpiOral tissue models and
looked at cytotoxicity, HBD2 expression, and the release of
inflammatory cytokines such as IL-1[3, TNF-«, and CXCL8
(IL-8) 24 h post-infection. Both tissues showed a similar cy-
totoxicity response as measured by lactate dehydrogenase
(LDH) release but the expression of HBD2 increased only in
the EpiOral tissue, similar to native oral mucosal tissue. In
addition, the release of the inflammatory cytokines was much
more pronounced in the EpiOral versus the SkinEthic tissue
(Yadev et al. 2011). The authors concluded that EpiOral is a
more advanced model of the oral mucosa and that it will likely
aid in investigation of the molecular mechanisms involved in
the innate immune responses to C. albicans infection.

In addition to infection studies with C. albicans, the oral
tissue models have proven useful for studying other fungal
and bacterial infections in the oral cavity. Silva ef al. 2011
utilized the SkinEthic HOE to investigate infection with
Candida tropicalis and demonstrated its ability to colonize
the tissue. C. tropicalis was found to be highly invasive and
induced significant damage within 24 h post-infection (Silva
et al. 2011). Morse et al. 2018 utilized both the SkinEthic
HOE and MatTek full thickness EpiOral tissue model to study
the effects of various denture-associated biofilms including (a)
fungal (C. albicans), (b) bacterial (Streptococcus sanguinis,
S. gordini, Actinomyces viscosus, and A. odontolyticus), and
(c) mixed species (created from C. albicans and the bacterial
species listed in b). The biofilms induced cytotoxicity (LDH
release), changes in gene expression, and histological effects
in the tissues. While they found the models useful, they noted
that the incorporation of immune cells to the models would
expand their capabilities (Morse et al. 2018). The lack of an
immunological component was addressed in a study by
Brown ef al. 2019 in which the SkinEthic HGE tissue model
was cultured in the presence of immunological cells (periph-
eral blood mononuclear cells and CD34+ monocytes) and
multi-species biofilms associated with healthy gingiva, gingi-
vitis, and periodontitis. An inflammatory response in the im-
mune cells was observed which was enhanced by the
gingivitis-associated biofilm (Brown et al. 2019).

Various viral challenges to the oral cavity have been stud-
ied using the MatTek and SkinEthic oral tissue models.
Exposure to HIV-1 did not upregulate the expression of
HBD?2 in the EpiOral tissue model even though modest in-
creases were observed in monolayer cultures of gingival epi-
thelial cells. Likewise, HIV-1 did not upregulate innate



IN VITRO 3D CULTURE MODELS OF THE ORAL MUCOSA 155

immune factors such as interferon regulatory factor 1 (IRF1),
IL-1p3, chemokine ligand 5 (CCLS), and secretory leukocyte
protease inhibitor (SPLI) even though it penetrated the upper
layers of the tissue (Nittayananta et al. 2009). Human cyto-
megalovirus (HCMV), which causes oral diseases such as
gingivitis, was shown to infect the EpiGingival tissue model.
Use of EpiGingival as a HCMV infection model was demon-
strated by (a) a dramatic increases in viral titer, (b) the produc-
tion of viral proteins in infected tissues, and (c) the ability to
inhibit viral growth by treating with ganciclovir, an antiviral
drug which is used clinically to treat and prevent HCMV
infection (Hai et al. 2006). In another very recent study, the
angiotensin-converting enzyme Il (ACE2), the key receptor
for SARS-CoV-2 viral infection of cells (which leads to
COVID-19), was found to be expressed in the EpiOral tissue.
Extracts from Cannabis sativa were found to downregulate
ACE2 expression, as well as the serine protease TMPRSS2,
another critical protein required for SARS-CoV-2 entry into
host cells. It was hypothesized that modulation of ACE2
levels in “gateway” tissues such as respiratory and oral muco-
sa may prove to be a plausible strategy for decreasing infec-
tion and disease susceptibility. As such, oral mucosal models
have the potential to study potential SARS-CoV-2 infection in
the oral cavity and to develop simple, easy-to-use preventative
treatments (such as mouthwashes and throat gargle products)
that could decrease infection and the susceptibility to COVID-
19 (Wang et al. 2020).

Oral Pathology

The painful inflammation and ulceration caused by oral mu-
cositis can be a debilitating side effect of chemotherapy and
radiation therapy for cancer patients. Lambros et a/. irradiated
the full thickness EpiOral tissue model with 2 and 12 Gray
(Gy) of gamma irradiation to model oral mucositis and studied
the effects on tissue morphology (histology), apoptosis, and
gene expression, 6 h post-irradiation. The higher level of irra-
diation showed abnormal proliferation in histological cross-
sections and a significantly higher number of apoptotic cells
versus the 2Gy and the non-irradiated control tissues. In addi-
tion, the expression of several genes related to the NF-kB
pathway and inflammatory cytokines, including IL-1f3, IL-8,
NF-kB1, and FOS, was altered by irradiation (Lambros et al.
2011). In other related studies by the same group, prior to
irradiation, EpiOral tissues were pre-treated with Qingre
Liyan Decoction (QYD), a traditional Chinese medicine, and
N-acetyl cysteine (NAC). Pre-treatment of the tissues reduced
radiation damage effects, as evidenced by significant down-
regulation of apoptosis, cytokines, and chemokine genes, and
constrained damage-associated molecular patterns or DAMPs
(Lambros et al. 2015a; b).

The oral tissue models have also proven useful for investi-
gating other phenomena of the oral activity which are linked
to clinical pathologies. The importance of potassium ion trans-
port and its connection to dysbiosis and periodontal disease
was studied using the EpiGingival model. Potassium levels
were associated with increased virulence of the oral
microbiome while also altering the immune response of the
tissue, as evidence by increased levels of TNF-o« and de-
creased expression of IL-6 and the antimicrobial peptide hu-
man (-defensin-3 (Yost et al. 2017). In addition, the
EpiGingival model was used to study the effects of biofilms
as they relate to the expression of junctional proteins within
the tissue and possible implications of periodontal disease
(Belibasakis ef al. 2015). Ramineni ef al. 2015 investigated
whether mucoadhesive films impregnated with epithelial
growth factor (EGF) could be used to treat traumatic oral
mucosal wounds. The mucoadhesive films delivered bioactive
EGF in a sustained manner to punch biopsy wounds inflicted
to the full thickness EpiOral tissue. However, the EGF treat-
ment caused a hyperparakeratotic response and induced other
structural abnormalities including thickening of the spinous
layer, intra- and intercellular edema, and pyknotic nuclei. In
addition, no improvements in wound closure were observed
(Ramineni et al. 2015).

Response to Tobacco Products

In addition to the well-known effects of smoking related to
lung cancer and chronic obstructive pulmonary disease
(COPD), cigarette smoke is associated with cancer and in-
flammatory diseases of the oral cavity (Office of the
Surgeon General US 2004). Using MatTek’s full thickness
EpiOral and EpiGingival tissues, researchers at Philip Morris
International (Neuchatel, Switzerland) found that cigarette
smoke increased the secretion of inflammatory cytokines
and the activity of cytochrome P450 1A1 and 1B1, which
have been shown to metabolize constituents of cigarette
smoke (Port ef al. 2004). Using microarrays and gene-set
analysis, they showed induction of xenobiotic metabolism-
related pathways induced by cigarette smoke that were similar
in the in vitro tissues to those seen in buccal biopsies from
smokers (Schlage et al. 2014). The same group utilized
EpiOral to evaluate an alternative, modified risk tobacco prod-
uct which involves heating of tobacco, as opposed to the com-
bustion thereof. They found that cytotoxicity, morphological
changes, and the release of inflammatory mediators were all
decreased using the alternate heating system when compared
to cigarette smoke (Zanetti ef al. 2016). The EpiGingival tis-
sue was also used to investigate the effects of e-cigarettes and
their flavorings on oral tissue health. Increased oxidative/
carbonyl stress and inflammatory cytokine release along with
DNA damage were observed in the tissues. All of these effects
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were more pronounced for flavored e-cigarettes (Sundar ef al.
2016). Thus, the oral tissue models are well suited to evaluate
a variety of tobacco or alternative products in an effort to
reduce adverse effects.

Effects of Ultraviolet Radiation (UVR)

The oral mucosa can be exposed to UV radiation as part of a
diagnostic, therapeutic, dental, or cosmetic procedure as well
as from direct sunlight. UVR induced the formation of
cyclobutane pyrimidine dimers (CPD) and pyrimidine (6-4)
pyrimidone photoproducts (6-4PP) in the EpiOral and
EpiGingival tissue models. Although UV-induced damage
was similar in these two tissue models and similar to that
observed in a related skin model, the nucleotide excision re-
pair rate for the oral cavity tissues was significantly below that
of the skin tissue (Mitchell et al. 2012). In a related study, the
number of apoptotic cells was decreased in the oral and gin-
gival tissues versus the skin (Breger et al. 2013). The authors
suggest that the use of UV in the oral cavity should be studied
carefully since it could increase the risk of oral carcinoma or
melanoma. The effectiveness of lip cream to protect against
damaging effects of UVR was evaluated using the
EpiGingival model. Unprotected tissue showed increases in
tumor necrosis factor-o« (TNF-«) and prostaglandin E,
(PGE2) release following exposure to 150 mJ/cm? of UVB
or 30 J/em? of UVA. Application of a lip cream with a sun
protection factor (SPF) of ~ 12 significantly decreased TNF-o
and PGE2 levels following UV exposure, but levels were still
higher than those of non-irradiated control tissues (Gfeller
etal. 2019).

Advantages, Disadvantages, and Limitations
of 3D Culture Models

When compared to 2D monolayer cultures, the 3D oral mu-
cosal tissue models offer many advantages. Most importantly,
the 3D models more accurately reproduce the structure, func-
tion, and underlying gene and protein expression of native
mucosal tissues. These factors make the 3D models more
appropriate for studying mucosal irritancy and cytotoxicity,
transbuccal permeation, microbial infection, oral pathology,
effects of tobacco use, and the effects of UV, among other
phenomena affecting the oral cavity, as presented in this pa-
per. Despite these advantages of 3D tissue models, 2D sys-
tems are much less expensive and more amenable to high-
throughput screening and hence are useful for initial studies
related to drug screening or studying isolated reactions or
pathways.

Versus animal models, 3D tissue models (cultured utilizing
human cells) have several advantages including no species

extrapolation, enhanced reproducibility, and the avoidance
of ethical issues related to using laboratory animals. Culture
models are not subject to the restrictions placed on animal
testing of toothpastes and other oral care products, which can-
not be sold in the European Union if they have been tested on
animals (Regulation EC No 1223/2009). In addition, 3D tis-
sue models allow researchers to study isolated phenomena
without complicating factors of complex in vivo systems.
For instance, transbuccal drug delivery studies are straightfor-
ward using the 3D models while obtaining blood samples and
the possibility of enzymatic degradation of the drug in the
bloodstream of an animal model are complicating factors.
Nonetheless, the commercial 3D models lack the complexity
present in in vivo systems. Immune cells are lacking, with the
exception of a single EpiOral tissue study (Schlage et al.
2014) and a single SkinEthic HGE study (Brown et al.
2019). Likewise, the commercial 3D models lack a vascula-
ture, although an academic model has reported progress in this
area (Nishiyama et al. 2019).

3D oral mucosal organoids are another 3D system that has
been developed for investigation of oral tissue regeneration or
carcinogenesis (Hisha ef al. 2013). In one study, tumor cells
from the oral cavity (floor of mouth, tongue, and gingiva)
were removed from patients and cultured to form 3D spherical
organoids (diameter range: 100-300 um) which recapitulated
the genetic, molecular, and functional characteristics of the
tumors (Driehuis et al. 2019). These organoids could find
utility as a platform for drug screening but would not readily
be amenable to transbuccal permeability measurements or
other applications in which the polarity of the 3D tissue
models is important.

A comprehensive comparison of the commercial 3D oral
mucosal tissue models has not been reported. Regarding the
gingival tissues, the SkinEthic HGE and MatTek EpiGingival
tissue models are similar. Both models are cultured using nor-
mal human gingival cells and they adopt a stratified, cornified
morphology. They have proliferative basal cells, similar to
native gingival tissue, and express similar markers of differ-
entiation (https://www.episkin.com/HGE-Gingival-
Epithelium; Kimball et al. 2006; Yadev ef al. 2011).
Regarding the buccal tissues, the main difference between
the SkinEthic HOE and MatTek EpiOral tissue models
relates to the cells used. The HOE model is cultured using
the TR146 buccal carcinoma—derived cell line, while the
EpiOral tissue is cultured using oral keratinocytes harvested
from normal, non-cancerous tissue. The two models have
been used to study similar phenomena affecting the oral cavity
such as the biocompatibility of dental materials, the
transbuccal permeation, and the effects of microbial infection
of the tissues. In one study, the models were directly com-
pared for their utility in developing a model of oral candidia-
sis. The EpiOral tissues were shown to more closely mimic the
proliferation index of native tissue and they expressed innate
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immune molecules which mimicked the pattern observed for
normal oral mucosa. Cytokine release patterns were also dif-
ferent following infection for the two models. The authors of
this study concluded that EpiOral model represents a more
advanced model for the oral mucosa which should prove use-
ful in determining the innate immune response against C.
albicans (Yadev et al. 2011). It is not clear whether the dif-
ferences between the models would have implications for oth-
er applications as well. However, it is generally accepted that
results using models based on cell lines should be interpreted
carefully, since cell lines may not accurately reproduce prop-
erties or responses of normal epithelial cells (Dongari-
Bagtzoglou and Kashleva 2006).

Conclusions

As presented in this review, commercially available tissue
models of the human buccal and gingival mucosa have been
used to study a broad variety of phenomena in the oral cavity.
These models offer a reproducible, non-animal means of iso-
lating the effects of oral care products, smoking, ultraviolet
radiation, radiation treatment, or dental materials on the oral
cavity tissues. In addition, microbial infection models have
been developed to study pathological conditions within the
oral cavity. In most instances, the oral tissue models offer an
effective means of studying the phenomenon of interest with-
out species extrapolation or the ethical issues related to human
or animal experimentation.
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