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A B S T R A C T

The aim of this study was to (i) design, develop and validate a practical and physiologically relevant recon-
stituted in vitro oral mucosa tissue model and (ii) to assess its applicability in in vitro host-pathogen interactions
with C. albicans and S. aureus. Co-culture organotypic constructions were created by incorporating specific
numbers of keratinocytes (NOK-si) onto cellularised, collagen gel scaffolds containing human gingival fibroblasts
incubated in KGM media and cultured for 14 days. The detection of the appropriate oral mucosa/epithelial
structure was evaluated by histology (hematoxylin and eosin (HE), periodic acid–Schiff (P.A.S.) and Picrosirius
red), and immunocytochemistry (cytokeratin 13, cytokeratin 14, Ki-67 and collagen IV) compared to a normal
human gingiva. The morphology of the reconstituted tissue was analyzed by Transmission Electron Microscopy.
To further quantitate tissue damage, lactate dehydrogenase (LDH) was measured in the tissue supernatant. NOK-
si grown upon a gingival scaffold provided an organotypic model in an in vitro setting and exhibited structural
characteristics typically associated with normal oral mucosa. Immunocytochemistry revealed the detection of
epithelial cytokeratins 13 and 14, Col IV and Ki-67 in the reconstituted oral mucosa model. Infection was de-
tected after 8 h and 16 h. This study presents an in vitro cellularised, organotypic model of reconstituted oral
mucosa, which enables close control and characterization of its structure and differentiation over a mid-length
period of time in culture.

1. Introduction

Reconstituted oral mucosa tissue (ROMT) represents a model pro-
viding suitable matrix support structure in conjunction with viable cells
coupled with an optimal growth environment that allow the develop-
ment of functional tissue in vitro. The basic premise of ROMT is that
controlled manipulation of the extracellular microenvironment can
influence the ability of cells to organize, grow, differentiate, form a
functional extracellular matrix (ECM) and, ultimately, generate new
functional tissue (Scheller et al., 2009). ROMT has a broad applicability
and it has been used as an alternative to human and animal testing of
drugs, and for pharmacological and clinical applications (Brohem et al.,
2011). Moreover, three-dimensional culture exhibits cells growing in an
environment that closely mimics the in vivo environment (Edmondson
et al., 2014).

Although the components of ROMT are basically the same, different
methodologies to reconstitute epithelium and connective tissue have
been reported. There is no consensus in relation to the kind of kerati-
nocyte and fibroblast cells used to reconstitute epithelial- and con-
nective-like layers, respectively, and a variety of scaffolds have been
employed (Boelsma et al., 1999). The model proposed in this paper is
composed of an epithelial- and connective-like layers formed by im-
mortalized normal human oral keratinocytes (NOK-si), and a collagen
matrix formed by human gingival fibroblasts (FGH) in a rat tail collagen
type I as scaffold. The use of established cell lines allows homogeneous
and unlimited access by passaging and cryopreservation and may also
improve the reproducibility and consistency of 3D models, thereby al-
lowing specific pathways or variables to be identified and assessed
(Boelsma et al., 1999).

A similar oral mucosa model developed by Dongari-Bagtzoglou and
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Kashleva (Dongari-Bagtzoglou & Kashleva, 2006) used a line of normal
keratinocytes immortalized in a collagen and fibroblast matrix, as in the
present study. However, the authors used 3T3 fibroblasts from mice in
the dermal layer, which do not present the same dermal layer con-
traction pattern as achieved by our research group with human gingival
fibroblasts, meaning our model is closer to human oral mucosa. In
addition, the advantages of using stablished cell lines are that donor
samples is not needed and interindividual differences do not influence
experiments (Kehe et al., 1999). Furthermore, other studies that de-
velop ROMT use the corneal dermis or even synthetic polymers as
scaffolds, which also fail to adequately reproduce the desired in situ
conditions. Commercial models do not always have a dermal layer and
most of them are developed with tumor cell lines which do not provide
the same realistic healthy oral mucosa as proposed in this study.

As a tool for host-pathogens interactions, ROMT has been used to
evaluate the potential of microorganisms to grow on, penetrate and
damage oral mucosa and to elucidate the mechanism of local infection.
It has been suggested that Candida albicans improves its ability to pe-
netrate across the oral mucosa and to promote tissue destruction
leading to focal infection when it is associated with Staphylococcus
aureus (Shirtliff et al., 2009). C. albicans can colonize the cavity alone or
in combination with other microorganisms (Coronado-Castellote &
Jiménez-Soriano, 2013), and it is the most frequently isolated micro-
organism (64.4%) in denture bases (Ribeiro et al., 2012). C. albicans has
numerous virulence factors which allow it to invade and infect host
cells; for example, polymorphism (Jacobsen et al., 2012; Mayer et al.,
2013), presence of adhesins (Mayer et al., 2013; Garcia et al., 2011),
ability to form biofilm (Mayer et al., 2013; Finkel & Mitchell, 2011),
and phospholipase and protease enzymes (Lyon & Resende, 2006; Pinto
et al., 2008; Zago et al., 2015).

The combined effect of C. albicans with other microorganisms may
result in synergism and increase the pathogenicity of both micro-
organisms (Zago et al., 2015; Morales & Hogan, 2010; Peters et al.,
2012). It has been estimated that 27% of nosocomial C. albicans
bloodstream infections are polymicrobial, with S. aureus as the third
most common isolated organism (Harriott & Noverr, 2009). S. aureus is
a Gram-positive bacterium and can be found on the skin and mucosa
surfaces of human beings (VandenBergh et al., 1999). Studies have
described the high prevalence of S. aureus on the oral mucosa in denture
prosthesis wearers, suggesting that S. aureus is a normal colonizer of the
oral cavity (Baena-Monroy et al., 2005; Cuesta et al., 2011). In addition,
the association between S. aureus and C. albicans in the colonization of
oral mucosa and dental prosthesis wearers with denture stomatitis has
been reported (Ribeiro et al., 2012; Baena-Monroy et al., 2005). Not
only the microorganisms themselves, but the secreted factors from their
metabolisms can promote cell death and inflammatory response in
monolayer cell culture (de Carvalho Dias et al., 2017). The secreted
factors from the biofilm of mixed-species C. albicans and S. aureus
cultures were more damaging to the monolayer epithelial cells than the
secreted factors from the biofilms of single C. albicans and S. aureus
cultures (de Carvalho Dias et al., 2017).

The objectives of this study were to develop and validate a practical
and physiologically relevant reconstituted oral mucosa model using
immortalized cell lines and to evaluate the developed ROMT as a tool
for host-pathogen interaction, both in infected and non-woven tissue
exposed to only the secreted factors of single and mixed C. albicans and
S. aureus pathogens.

2. Materials and methods

2.1. ROMT construction

Fibroblasts were obtained from Rio de Janeiro Cell Bank (FGH, cod.
0089), which were derived from human primary cell line established
from biopsies of healthy patients’ gingiva. Fibroblasts were cultivated
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life

Technologies, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Life Technologies, USA), antibiotic, antimycotic solution (Sigma,
St. Louis, MO, USA). Collagen gel was produced by mixing rat tail
collagen type I (First Link (UK) Ltd.) with DMEM, and FBS at 4°C. The
solution was neutralized with 1 M NaOH, and a fibroblasts suspension
(3.0 x 10 (Dongari-Bagtzoglou & Kashleva, 2006) cells/ml) was added
to the mixture. The dermal layer of fibroblast-containing collagen so-
lution was placed in 24 well plates. After 24 h of contraction, the
dermal layer was gently removed with the aid of a small spoon im-
mersed in culture medium and washed twice with Hank's Balanced Salt
Solution containg calcium and magnesium without phenol red (Gibco,
Grand Island, NY). NOK-si keratinocytes were seeded upon the dermal
layer (2.0 x 106 cells/ml). NOK-si (Castilho et al., 2010) were pre-
viously cultivated in DMEM supplemented with 10% FBS and antibiotic
antimycotic solution. After NOK-si seeding, tissues were grown until the
epithelial cells reached confluence. Then, the neotissues were raised to
an air-liquid interface for 14 days in KGM-Gold medium (Lonza,
Walkersville, MD USA) supplemented with 0.5 ml hydrocortisone, 0.5
ml transferrin, 0.25 ml epinephrine, 0.5 ml gentamicin sulfate am-
photericin-B, 2.0 ml bovine pituitary extract, 0.5 ml epidermal growth
factor human and 0.5 ml insulin. The medium was changed every other
day. The tissues were prepared in duplicate for each experimental
condition and three independent experiments were performed.

2.2. Histological evaluation

The tissues were fixed in 4% formaldehyde buffered at pH 7.2 with
0.1 M sodium phosphate for 24 h at 4°C. Subsequently, the tissues were
dehydrated and embedded in paraffin. Four-micron sections were
stained with hematoxylin and eosin (HE) and submitted to the periodic
acid-Schiff (P.A.S.) histochemical method. Some sections were also
stained with Picrosirius-red method and analyzed under light micro-
scope BX-51 (Olympus, Japan) equipped with filters to provide polar-
ized illumination. As control, normal human gingiva was used. Slices of
human oral tissue samples were kindly provided by Prof. Dr. Éricka
Silveira (Department of Dentistry, Federal University of Rio Grande do
Norte-UFRN, Brazil) from the histopathological collection of the in-
stitution.

2.3. Immunohistochemical reactions

In the present study, we used the following primary antibodies:
rabbit anti-Ki-67 polyclonal antibody (Abcam; ab833, 1/200), rabbit
anti-collagen IV polyclonal antibody (Abcam; ab6586, 1/500), rabbit
anti-cytokeratin 13 polyclonal antibody (Abcam; ab154346, 1/1000)
and mouse anti-cytokeratin 14 monoclonal antibody (Abcam; ab7800,
1/400) (mouse monoclonal). Immunohistochemical reactions were
performed using rabbit specific HRP/DAB detection IHC kit (Abcam,
ab64261) for Ki-67, collagen IV and cytokeratin 13. The sections were
incubated with biotinylated secondary antibody (Dako-K0690; Dako
Universal LSAB Kit) for cytokeratin 14.

Tissue sections (4 μm) were deparaffinized, rehydrated and sub-
mitted to heat-induced epitope retrieval by microwave treatment for 2 x
5 min in 0.001 M sodium citrate buffer (pH 6.0) (Ki-67, collagen IV and
cytokeratin 14), or trypsin/0.1% calcium chloride (cytokeratin 13).
After washing with Phosphate-buffered saline - PBS (pH 7.3), sections
were treated with 5% hydrogen peroxide (H2O2) to block endogenous
peroxidase for 10 min at room temperature. After washing, the sections
were incubated for 20 min with 2% bovine serum albumin (BSA) and
sodium azide/triton at room temperature. Then sections were in-
cubated with primary antibody overnight in the humidified chamber at
4º C. Subsequently, the sections were incubated in biotinylated sec-
ondary antibody (Abcam) for 20 min at room temperature and strep-
tavidin for 30 min. The reaction was revealed by using 3,3'-diamino-
benzidine (DAB) (Dako, Carpinteria, CA, USA) for 3 min and the
sections were counterstained with hematoxylin and mounted. For each
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sample, a negative control section was performed. In the negative
controls, the primary antibody incubation step was replaced by in-
cubation in non-immune serum.

2.4. Ultrastructural characterization

The specimens were examined in a transmission electron micro-
scope (TEM, JEOL JEM-1400) as described previously (Cerri et al.,
2009).

2.5. Microbial strains, growth conditions, and tissue infection

C. albicans SC5314 and S. aureus ATCC25923 microorganisms were
used to produce single and dual species cultures, in accordance with the
methodology described by Peters et al. (Peters et al., 2012) and Zago
et al. (Zago et al., 2015).

Prior to use, C. albicans was maintained in Yeast Peptone Glucose
medium (YEPD: 1% yeast extract, 2% Bacto peptone and 2% D-glucose,
2% agar) at -80°C. To prepare stock culture, C. albicans was subcultured
onto Sabouraud Dextrose Agar plates (SDA-Acumedia Manufactures
Inc., Baltimore, MD, USA) supplemented with chloramphenicol (0.05 g/
L) and incubated at 37°C for 48 h. A loop full of the agar stock culture
was transferred to Yeast Nitrogen Base broth (YNB—Difco, Becton
Dickinson Sparks, MD, USA) supplemented with 100 mM glucose and
incubated at 37°C overnight (16 h). A 1:10 dilution of the overnight
culture was made into fresh YNB supplemented with 100 mM glucose

and allowed to propagate at 37°C until mid-log phase was reached
(approximately 8 h).

S. aureus was maintained in Tryptic Soy Broth medium (TSB-
Acumedia Manufactures Inc., Baltimore,MD, USA) and frozen at -80°C
until use. To prepare stock culture, S. aureus was subcultured onto
Tryptic Soy Broth medium, and approximately 10 colonies were in-
oculated into TSB liquid medium overnight (18 h) at 37°C. A 1:20 di-
lution of the overnight culture was made into fresh TSB and allowed to
propagate at 37°C until mid-log phase was reached (approximately 4 h).

Following growth, both microorganisms were washed twice in
phosphate-buffered saline (PBS) by centrifugation at 5,000x g for 5 min
(rotor model A462), and re-suspended in RPMI 1640 (Sigma-Aldrich,
St. Louis, MO, USA) (Dias et al., 2016). C. albicans and S. aureus sus-
pensions were spectrophotometrically standardized at an OD540 nm of
1.0 and OD600 nm of 0.1, respectively, which corresponds to a final
concentration of 1x107 cells/mL.

Microorganisms suspensions were placed on top of the reconstituted
in vitro oral mucosa tissue in antibiotic-free KGM-Gold medium con-
taining growth factors and were incubated in a CO2 chamber at 37°C.
KGM-Gold medium is suitable for microorganism grows (Mohiti-Asli
et al., 2014; Mailänder-Sánchez et al., 2017). After 8 and 16 h of in-
cubation, biopsy specimens were collected from infected and uninfected
tissues, and stained with hematoxylin and eosin (HE). This infection
protocol was compared with the microbe secreted factors protocol (de
Carvalho Dias et al., 2017), which after 8 and 16 h of microorganisms
cultures in RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA) (Dias et al.,

Fig. 1. Light micrographs showing portions of the sections of ROMT (A-C) and human gingival mucosa (D-F). In A and B, the epithelium (EP) exhibits 6–8 layers of
cells in close juxtaposition. Note the thick stratified epithelial tissue of human gingiva (D and E). Subepithelial connective tissue (CT) of the ROMT shows few
fibroblasts (Fb) and thin collagen fibers whereas several cells are observed in the subepithelial connective tissue (CT) from gingiva (D and E). C and F – sections were
stained with Picrosirius-red and analyzed under polarized light. C - Birefringent collagen is present in the subepithelial connective tissue (CT) in the ROMT. F - in the
human gingiva several bundles of birefringent collagen fibers are observed distributed throughout the subepithelial connective tissue (CT). Scale Bar: 30 μm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2016), the medium was filtered in low protein binding filter (0.2 μm)
(SFCA, Corning, Germany) and placed in contact with the tissue for 24
h, under the same conditions.

2.6. Lactate dehydrogenase assay

The release of lactate dehydrogenase (LDH) from tissues into the
surrounding medium was monitored as a measure of epithelial cell
damage. LDH release into the maintenance media of the cultures con-
taining uninfected and infected epithelial cells (infection and secreted
factors protocols) was measured after 8 and 16 h of incubation. LDH
activity was analyzed by measuring by fluorescence rate of NADH
disappearance at 540 nm excitation and 590 nm emission wavelengths,
during the LDH-catalyzed conversion of pyruvate to lactate by using the
CytoTox-ONE kit (Promega, G7890) according to the manufacturer’s
instructions, and FluoroskanAscent FL (Thermo labsystems).

2.7. Statistical analyses

The results of each analysis were tabulated and submitted to nor-
mality tests (Shapiro-Wilk) and homogeneity of variance (Levene) to
check the distribution of data. Based on the results observed through
these tests, we used ANOVA with a significance level of 5%. The values
were expressed as the mean and standard deviation of three in-
dependent replications, in triplicate for each experimental condition (n
= 9).

3. Result

3.1. ROMT construction and characterization

ROMT models using NOK-si cell line and FGH associated with col-
lagen matrix allowed the establishment of a stratified epithelium tissue
composed by 6-8 layers of juxtaposed cells (Figs. 1A and B). Although
the thickness of the epithelium of ROMT has not reached that observed
in the gingival mucosa, the NOK-si cells formed stratified epithelium
with similar characteristics to the human gingiva (Figs. 1D and E). Fi-
broblasts and birefringent collagen fibres showed a structural ar-
rangement forming an intricate network supporting the epithelium
(Figs. 1A-F).

Sections of ROMT and gingival mucosa subjected to im-
munohistochemistry for cytokeratin-13 and -14 detection (epithelial
cells markers) exhibited positive immunolabelling in the cytoplasm of
epithelial cells (Figs. 2A-D). An enhanced cytokeratin 14 im-
munolabelling observed in the epithelial cells of different layers in the
ROMT (Fig. 2C). In the gingival mucosa, the positive immunoreaction
for cytokeratin 14 was particularly observed in the basal and supra
basal layers of epithelium (Fig. 2D). In order to investigate the epi-
thelial proliferation, we analyzed Ki-67 immunoexpression in the
ROMT and gingival mucosa. Ki-67-positive cells were often found in the
stratum basale of the epithelium of ROMT and gingival mucosa
(Figs. 2E and F), confirming the occurrence of epithelial cell pro-
liferation in the ROMT.

Based on these findings, the presence of type IV collagen commonly
found in the basal lamina was investigated. In ROMT sections, a gran-
ular immunopositive material was observed in this region (Fig. 2G). In
the gingival mucosa, an evident immunolabelling was detected in the
basal lamina (Fig. 2H).

The ultrastructural analysis revealed epithelium composed of sev-
eral layers of cells in close juxtaposition; numerous desmosomes were
observed by attaching a cell to another. These cells exhibited thick
tonofilament bundles distributed throughout the cytoplasm (Figs. 3A
and B). In the subepithelial connective tissue, some collagen fibrils were
also observed (Fig. 3C).

3.2. Tissue damage by C. albicans and S. aureus pathogens and its secreted
factors

The ROMT were used to evaluate the potential of single and dual
pathogens species to infect and damage the epithelial tissue surface
after 8 and 16 h of incubation (Figs. 4 and 5). The results showed that C.
albicans was able to infect and destroy the ROMT, but S. aureus was not.
By the methods we performed, single species pathogens of S. aureus did
not exhibit levels of infection, unlike single species pathogens of C.
albicans. Invasion of hyphae into epithelium was characterized by tissue
destruction. C albicans promoted damage in the epithelium surface
while the dual species invaded deeply the ROMT cultures reaching the
subepithelial collagen matrix. The extent and depth of infection were
greater for dual species pathogens (C. albicans associated with S. aureus)
(Fig. 4). After the contact with the pathogens secreted factors, the su-
perficial layer of the ROMT was irregular and altered under all ex-
perimental conditions (Fig. 5).

To quantify cell injury, we compared the levels of LDH released
after C. albicans, S. aureus and dual species pathogens (infection and
secreted factors protocols) when co-cultured with ROMT. We observed
that the amount of LDH released differ greatly between 8 and 16 h of
infection. After 8 h of infection, LDH release was low, and single species
pathogens of S. aureus exhibited the lowest damage. However, after 16
h of infection, a significant increase in the LDH release was found,
mainly by dual species pathogens (Fig. 6A). Conversely, after the con-
tact with 8 h pathogens secreted factors caused a significant change in
LDH level, without statistical difference between 8 h and 16 h, with the
exception of dual pathogens secreted factors that were able to cause
more LDH released on 16 h samples (Fig. 6B).

4. Discussion

Our ROMT developed with NOK-si demonstrated to be a practical
and stable model during histological examination and provided sa-
tisfactory results in ultrastructural analysis. Fibroblasts of lamina pro-
pria (connective tissue underlying the epithelium) and epithelial cells
(NOK-si) interact to each other and reproduce an oral mucosa with a
thick epithelium, which favour the epithelium differentiation.
However, the ROMT models did not present flattened keratinized cells
in the upper layers, as occurs in vivo in some stratified epithelia.
Nevertheless, depending on the anatomical region of the oral mucosa,
the epithelium may be no-keratinized as floor of the mouth, jugal and
labial mucosa and soft palate (Squier & Kremer, 2001). Thus, the ROMT
could be used to mimic these structures. In addition, the ROMT de-
veloped in this study permitted the assessment of the potential of single
and dual species pathogens to infect and cause pathological change of
the oral mucosa tissue. Moreover, it could be used as a tool for studies
of metabolites, toxins and other molecules derived from pathogens; this
was demonstrated in our results.

Various studies have attempted to develop a reconstituted oral
tissue as similar as human oral mucosa (Dongari-Bagtzoglou &
Kashleva, 2006; Kinikoglu et al., 2009; Yoshizawa et al., 2004). How-
ever, most studies have used primary fibroblasts and epithelial cells
isolated from human palatal biopsy specimens. In the present study, the
ROMT model was constructed by seeding NOK-si keratinocytes on
gingival fibroblasts embedded in a collagen matrix and showed a well-
organized and stratified tissue with a structural organization similar to
human oral mucosa, which was used as a control. NOK-si cells were
used because they maintain epithelial morphology, proliferative capa-
city, and the expression of typical markers such as cytokeratins and
Ecadherin (Castilho et al., 2010).

Our findings showed a similar pattern of immunolabelling in the
ROMT with NOK-si cells and gingival mucosa. We observed Ki-67-im-
munolabeled cells in the ROMT, which indicate maintenance of active
cell proliferation in the basal and suprabasal layers, consistent with
turnover found in the stratified epithelia Dongari-Bagtzoglou,
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Fig. 2. Light micrographs showing portions of sec-
tions of ROMT (A, C, E and G) and human gingival
mucosa (B, D, F and H). A and B images show the
immunoexpression for cytokeratin 13 (brown-yellow
colour) in the epithelial tissues (EP). The ROMT ex-
hibits immunolabeled cells in the different layers of
the epithelium while in the human gingiva the im-
munoexpression is present in the middle and in the
superficial layers of epithelium (EP). C and D images
show strong cytokeratin 14 immunolabeling in epi-
thelial cells is observed in the ROMT. Note that in the
human gingiva immunostaining is evident in the
basal stratum. E and F – Ki-67-immunopositive nu-
cleus are observed in the basal stratum of the epi-
thelia of ROMT and human gingiva. The inset of the
outlined area in E shows strong Ki-67-im-
munopositive cells in the basal stratum of ROMT. G
and H – a delicate collagen IV immunolabeling (ar-
rows – G) is observed between epithelial (EP) and
connective tissues (CT) in the ROMT. The inset
shows granular immunopositive material in the epi-
thelium-connective interface. Epithelial cells exhibit
immunopositive cytoplasm (arrowheads). H - A
conspicuous immunostaining (arrows) is observed in
the basal lamina of the human gingiva. Scale Bar:
45 μm; inset (E and G): 20 μm. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Electron micrographs of ROMT. A) Epithelium tissue shows several layers of cells (EP) in close juxtaposition. B) desmosomes junctions (arrows) are observed
between adjacent epithelial cells. Bundles of tonofilaments (TF) are distributed throughout the cytoplasm of epithelial cells. C) a portion of the connective tissue
showing some collagen fibrils (CF) surrounded by amorphous material.
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A.5,Kinikoglu, B., 2009, Yoshizawa, M., 200430,31. However, while in
these studies human fibroblasts and primary oral keratinocytes were
used to create a culture system to produce oral mucosa equivalents,
immortalized cell lines were used in the experiments in the present
investigation.

Cytokeratin 13 showed strong suprabasal immunoexpression in the
control oral mucosa, with basal layers of the epithelium being negative.
Similarly, the ROMT also showed expression of cytokeratin 13. These
results are in agreement with those previously shown by other authors
(Garzón et al., 2009; de Carvalho Dias et al., 2017).

Cytokeratin 14 immunoexpression is usually present in the basal
and supra-basal strata of stratified epithelia (Dabija-Wolter et al., 2013;
Rao et al., 2014). The strong immunolabeling for cytokeratin 14 was
observed in all the layers of the stratified epithelium from ROMT may
be due to an activated state of migrating epithelial cells. On the other
hand, cytokeratin 14 was mainly expressed in basal epithelial cells of
the control tissue, which may represent cells in a low proliferative state.
These findings are in accordance with others studies that also reported
the immunolabeling for cytokeratin 14 throughout the stratified

epithelium in human oral mucosa models (Oksanen & Hormia, 2002;
Rouabhia & Allaire, 2010).

The type IV collagen is a typical protein present of the basal lamina
synthetized by epithelial cells (Becker et al., 1986). In the ROMT, the
immunolabeling for collagen IV was observed between epithelium and
collagen matrix, i.e., in the region correspondent to basal lamina. Al-
though the immunolabeled material was sparsely distributed in this
region, epithelial cells exhibiting immunolabeled cytoplasm were also
observed reinforced the idea that the epithelial cells of ROMT can
produce the collagen IV. A weak immunoexpression for collagen IV was
also found in multilayered three-dimensional organotypic culture
models (Dabija-Wolter et al., 2013).

Ultrastructural analysis revealed the presence of bundles of tonofi-
laments in the cytoplasm of cells of the reconstituted epithelium, as
described in the epithelial cells (Cerri et al., 2009). Moreover, nu-
merous desmosomes promoting intercellular connections, similar to the
observed in oral epithelium was found in the epithelium of ROMT.
Subjacent to the stratified epithelium, few fibroblasts and some col-
lagen fibrils intermingle to amorphous material formed the scaffold

Fig. 4. Light micrographs showing sections of ROMT infected with single-species pathogens (C. albicans alone or S. aureus alone) and dual-species pathogens (C.
albicans associated with S. aureus) after 8 (Fig. 4A-D) and 16 h (Fig. 4E-H). EP: epithelium; CT: subepithelial connective tissue; arrows: hyphae. HE. Bars: 20 μm.
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which allowed the epithelial cell proliferation and well-organized re-
constituted epithelium tissue.

Single species and dual species pathogens were able to induce
structural modifications on ROMT developed, with greater alterations
caused by C. albicans. However, the extent and depth of infection were
greater for dual species pathogens (C. albicans associated with S.
aureus). Our results are consistent with literature (Zago et al., 2015;
Peters et al., 2012; Schlecht et al., 2015). Peters et al. (Zago et al., 2015)
assessed the potential implications of interaction between either species
alone (C. albicans and S. aureus) or co-infected with host and a lack of
inflammatory infiltrates was confirmed with a non-invasive presence of
S. aureus on the tissue; the association of staphylococcal cells with C.
albicans hyphae, as they penetrate host tissue, may allow S. aureus to
gain entry into deeper tissues and initiate infection, with dire con-
sequences for the host, particularly in critically ill patients. Evidence
indicates that S. aureus and C. albicans are able to form a dense poly-
microbial biofilm on the epithelial surface with or without the

expression of protein agglutinin-like sequence 3 (Als3p). However, S.
aureus is unable to enter the bloodstream and disseminate in the ab-
sence of Als3p, ostensibly due to the lack of binding to penetrating
hyphae (Schlecht et al., 2015).

The morphological analysis revealed that S. aureus caused the least
damage and had the lowest LDH levels, although significantly greater
than the uninfected control. On the other hand, the dual species pa-
thogens had the highest level of the LDH and tissue damage. These
findings suggest that C. albicans can facilitate the damaging of S. aureus
(Schlecht et al., 2015), since S. aureus typically requires a breach in host
surface barriers to invade (Acton et al., 2009), which may be caused by
C. albicans. Zago et al. (Zago et al., 2015) found high production of
proteinase in single S. aureus biofilm, while single C. albicans biofilm
presented high phospholipase levels. However, when both micro-
organisms were co-cultured, both enzymes were produced. Further-
more, proteomic analysis showed that a total of 27 proteins were sig-
nificantly differentially produced by S. aureus and C. albicans during co-

Fig. 5. Light micrographs showing portions of sections of ROMT exposed to single-species pathogens secreted factors (C. albicans alone or S. aureus alone) and dual-
species pathogens secreted factors (C. albicans associated with S. aureus) after 8 (Figs. 5A-D) and 16 h (Fig. 5E-H) exposure. EP: epithelium; CT: subepithelial
connective tissue. HE. Bars: 20 μm.
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culture biofilm growth (Peters et al., 2010). Both single and dual 8h and
16h pathogens secreted factors resulted in LDH released and changes in
the morphology of ROMT. However, the 16h dual pathogens secreted
factors resulted in more tissue damage. The results show that the re-
sponse in the developed ROMT, as well as occurs in vivo, may differ
according to the experimental/clinical conditions. The findings of this,
indicate a level of differentiation within the optimized ROMT and show
that it is possible to use this tissue as a tool for host-pathogen inter-
actions.

5. Conclusion

The results provide clear indications towards a reproducible and
relevant in vitro model for investigations of oral mucosa infections and
may be a useful adjunct to pre-clinical studies of oral disease progres-
sion and for studying virulence factors.
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