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Abstract

Background In the oral cavity, host-microbe interactions (HMI) continuously occur and greatly impact oral health.
In contrast to the well-studied disease-associated HMI during, for example, periodontitis, HMI that are essential

in maintaining oral health have been rarely investigated, especially in a human-relevant context. The aim of this
study was to extensively characterize homeostatic HMI between saliva-derived biofilms and a reconstructed human
gingiva (RHG). RHG was reconstructed following the structure of native gingiva, composed of a multilayered epithe-
lium formed by keratinocytes and a fibroblast-populated compartment. To mimic the oral environment, RHG were
inoculated with pooled human saliva resuspended in different saliva substitute media and incubated for 2 or 4 days.
The co-cultured biofilms were retrieved and characterized by viable bacterial counting and compositional profiling
(16S rRNA gene sequencing). RHG was investigated for metabolic activity (MTT assay), tissue histology (hematoxylin
and eosin staining), epithelial proliferation (Ki67 staining), antimicrobial peptide expression, and cytokine secretion.

Results Viable biofilms were detected up to day 4 of co-culturing. Bacterial counts indicated biofilm growth

from the inoculation to day 2 and maintained thereafter at a similar level until day 4. All biofilms shared similar com-
position throughout 4 days, independent of co-culture time and different saliva substitute media used during inocu-
lation. Biofilms were diverse with Streptococcus, Haemophilus, and Neisseria being the dominating genera. While sup-
porting biofilm development, RHG displayed no significant changes in metabolic activity, tissue histology, or epithelial
proliferation. However, in the presence of biofilms, the antimicrobial peptides elafin and human 3-defensin-2 were
upregulated, and the secretion of cytokines IL-6, CXCL1, CXCL8, CCL5, and CCL20 increased.

Conclusion This model mimicked homeostatic HMI where a healthy gingiva supported a viable, diverse, and stable
microbial community, incorporating bacterial genera found on native gingiva. The gingiva model maintained its tis-
sue integrity and exerted protective responses in the presence of biofilms over time. This study adds to the evidence
that shows the important role of the host in maintaining homeostatic HMI that are essential for oral health.
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Introduction

In the oral cavity, the gingiva hosts millions of microbes
in the form of biofilms which are complex and dynamic
microbial communities in terms of spatial structures and
compositions. These communities continuously interact
with the gingiva and influence oral health and disease:
homeostatic host-microbe interactions (HMI) contribute
to the maintenance of a healthy gingiva, while dysregu-
lated HMI drive disease progression [1]. Several in vitro
and animal models have been established to reveal how
dysregulated HMI lead to the onset of inflammatory
oral diseases, such as gingivitis and periodontitis, via
the interplay between pathogenic biofilms and excessive
inflammatory responses in the periodontium including
gingiva [2-5]. In contrast, there is limited knowledge on
how the gingival health is maintained by homeostatic
HMI, largely due to the fact that such complex HMI
between a multispecies oral biofilm and a healthy gingiva
have been rarely modelled and characterized in a human-
relevant context in vitro.

Indirect evidence from animal and in vitro models has
indicated that HMI contribute to the maintenance of
human oral health in various ways. For the host, constant
microbial exposure is essential in maintaining a healthy
gingiva [6]. Without the presence of resident oral micro-
biota, less neutrophil infiltration in the periodontium was
found in germ-free mice than in specific-pathogen-free
mice, due to defective chemoattractant signaling [7]. In
addition, the oral microbiota induces and maintains the
expression of various molecules in the host that benefit
the gingival homeostasis, including antimicrobial pep-
tides (AMP) and pro-inflammatory cytokines [8, 9]. For
example, exposure to a commensal biofilm was associated
with a high level of expression of growth arrest-specific
6 (GAS6) in the gingival epithelium in healthy wild-
type mice, ensuring local homeostasis via the activation
of TYRO3-AXL-MERTK (TAM) signaling. In contrast,
GAS6-deficient mice presented a disturbed gingiva in
terms of increased secretion of inflammatory cytokines,
elevated frequencies of neutrophils, upregulated activity
of enzymes, and imbalanced Th17/T ., ratio [10]. Moreo-
ver, a stable microbial community, which is an essential
part of homeostatic HMI, can also benefit oral health by
allowing resident oral microbes to compete with poten-
tial pathogens, preventing them from overgrowing [3,
11]. Some microbial species have been individually iden-
tified for beneficial effects using co-culture models with
monolayer host cells. The exposure to Streptococcus gor-
donii upregulated the expression of tight junction com-
ponents in gingival epithelial cells, resulting in increased
barrier function, as verified by decreased permeability
to dextran [12, 13]. Candida albicans maintained a suf-
ficient level of infiltrated IL-17-producing Th17 cells in
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gingiva in a murine model [14]. One important func-
tion of these Th17 cells, shown in a periodontitis mouse
model, is to respond according to the pathogenicity of
the biofilms, thereby contributing to mucosal homeosta-
sis [15].

Nevertheless, the abovementioned evidence linking
HMI to oral health is derived from animal or in vitro
studies, which do not fully represent the human context
in terms of the host physiology and the microbiome. Ani-
mal models are intrinsically different from humans in
terms of tissue immunity and microbiome [16]. Conven-
tional two-dimensional (2D) co-culture models, although
consisting of relevant human cells and microbial species,
lack the tissue mimicking the multicellular environment
and spatial structure of the native gingiva. These mod-
els are also often limited by the use of single microbial
species which cannot offer the functional diversity of the
oral microbial community [17]. In addition, 2D models
are not optimal for studying HMI with living microbes
for longer than 24 h due to the significant difference in
growth rate between eukaryotic and prokaryotic cells.
On the other hand, clinical studies are the most real-
istic but are not practical for characterizing HMI. Such
studies often require invasive methodologies, which are
not applicable to healthy subjects due to the strict ethi-
cal regulations [17-19]. Therefore, to understand how
HMI contribute to the maintenance of a healthy oral cav-
ity, a relevant model, portraying the human situation, is
needed for extensive characterization of both the host
and the microbial community.

With the development of tissue engineering technolo-
gies, organotypic reconstructed human gingiva (RHG)
models have been increasingly used and valued as a
promising platform for studying (patho)physiology of the
human gingiva and have application in safety assessment
without the need for animal testing [19-21]. RHG con-
sists of a stratified epithelium over a fibroblast-populated
collagen hydrogel which serves as the lamina propria,
mimicking the native gingiva in terms of the multicel-
lular environment as well as the three-dimensional (3D)
structure. Recent advances to increase their physiologi-
cal relevance have further added elements to such mod-
els, e.g., saliva flow [22-24], teeth equivalents [25, 26],
dental implants [27, 28], and immune cells [29, 30]. Also,
living oral microbes and microbial components have
been incorporated to mimic HMI (reviewed in [31, 32]).
Nevertheless, most of the current oral HMI models have
focused on understanding HMI that are associated with
oral disease. They were inoculated with specific single
species or selected multiple species (maximum 11) with
known pathogenic characteristics (e.g., high invasive-
ness) to show how these specific pathogenic challenges
lead to inflammatory responses and tissue disruption [17,
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32]. Although in some studies selected oral commensal
species to represent healthy HMI, e.g., S. gordonii [33]
and Streptococcus oralis [34], have been used, there are
currently very few studies that have modelled and further
characterized the homeostatic HMI and their relation-
ship with oral health.

Previously, in order to resemble the human oral HMI,
we have developed a RHG model and exposed it to vari-
ous microbial stimuli, from bacteria in single-species
planktonic cultures [35, 36] to human saliva [37] or mul-
tispecies biofilms derived from human saliva with known
compositions and phenotypes that represented commen-
sal or pathogenic oral biofilms in vivo [38—41]. By using
an optimized agar method, we even extended the co-
culture period of RHG with living single-species bacteria
to 5 days [36, 37]. In line with native gingiva, the RHG
responded according to different types of microbial expo-
sure by activating defense mechanisms while maintaining
tissue integrity. However, it is yet to be extensively char-
acterized, within the same model, how a dynamic balance
is established and maintained by interactions between a
multispecies microbial community and a RHG represent-
ing the healthy gingiva.

The aim of this study was to elucidate HMI between
the RHG and multispecies biofilms for an extended co-
culture period of up to 4 days, characterizing the co-
development of biofilms and a healthy RHG in order to
maintain homeostasis. Biofilms were evaluated for viabil-
ity, species composition, and diversity to determine to
what extent they represent a healthy gingival microbi-
ome. To evaluate the host response to biofilm develop-
ment, RHGs were assessed by tissue histology, metabolic
activity, AMP expression, and cytokine secretion. Fur-
thermore, three different saliva substitutes mimicking the
moisturized salivary environment were incorporated in
the model and compared in terms of their influence on
the abovementioned HMI outcome.

Methods

Cell culture and RHG model

Two telomerase reverse transcriptase (TERT) immortal-
ized human gingival cell lines were used to reconstruct
RHG: keratinocytes (TERT-KC, OKG4/bmil/TERT,
Rheinwald Laboratory, Boston, MA, USA) and fibro-
blasts (TERT-Fib, T0026, ABM, Richmond, BC, Canada).
TERT-KC were cultured at 37 °C and 7.5% CO, in KC
medium consisting of DMEM/Ham’s F-12 (3:1) (Gibco,
Grand Island, NY, USA), supplemented with 5% Fetal-
Clone III (GE, Logan, UT, USA), 1% penicillin—strepto-
mycin (Gibco), 1-uM hydrocortisone (Sigma-Aldrich,
St. Louis, MO, USA), 0.1-uM insulin (Sigma-Aldrich, St.
Louis, MO, USA), 1-uM isoproterenol (Sigma-Aldrich,
St. Louis, MO, USA), and 2 ng/mL epidermal growth
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factor (EGF) (Sigma-Aldrich, St. Louis, MO, USA).
TERT-Fib were cultured at 37 °C, 5% CO, in Fib medium
consisting of DMEM with 5% FetalClone III and 1%
penicillin—streptomycin.

RHG was constructed using TERT-KC and TERT-Fib
following the previously established procedure [38]. In
short, on day 1, TERT-Fib were mixed with a collagen
hydrogel and transferred to transwell inserts (0.4-pum
pores, Corning, NY, USA) in a 6-well plate. On day 2,
TERT-KC were seeded on top of each fibroblast-popu-
lated hydrogel. On day 5, RHG was lifted to the air-liq-
uid interface and cultured in differentiation medium
for another 10 days to induce epithelial differentiation.
Differentiation medium contained DMEM/Ham’s F-12
(3:1), supplemented with 1% FetalClone III, 1% penicil-
lin—streptomycin, 0.1-uM insulin, 2-uM hydrocortisone,
1-uM isoproterenol, 10-uM carnitine (Sigma-Aldrich,
St. Louis, MO, USA), 10-mM L-serine (Sigma-Aldrich,
St. Louis, MO, USA), 0.4-mM L-ascorbic acid (Sigma-
Aldrich, St. Louis, MO, USA), and 2 ng/mL EGF
(Sigma-Aldrich, St. Louis, MO, USA). Three days before
inoculation, RHG was refreshed with the same differ-
entiation medium but without penicillin—streptomycin
and hydrocortisone. This medium (RHG_M) was used
for subsequent medium refreshing in the HMI model,
the agar model, and the Amsterdam Active Attachment
model, as described below.

Saliva inoculum

Unstimulated saliva was collected from 10 donors who
were self-reported systemically healthy, had no periodon-
tal disease or active caries, and had not taken any antibi-
otics for at least 3 months [41]. The study was approved
by the Medical Ethical Committee of the University
Medical Center, Amsterdam UMC (document num-
ber 2011/236), with signed and informed consent from
each donor. For saliva collection, the donor was asked to
refrain from oral hygiene for 24 h and not to drink or eat
for at least 2 h prior to donation. The collected saliva was
pooled and mixed with 60% glycerol (ratio of 1:1), and
aliquots were stored at—80 °C. Before storage, a sample
was taken to determine the total anaerobic viable bacte-
rial cell counts. The total CFU count was used later for
calculating the dilution of the inoculum to the designated
CFU. This batch of pooled saliva was used as inoculum
throughout this study.

Saliva substitutes

To mimic the moisturized environment where oral host-
microbe interactions occur in vivo, three saliva substitute
media were used as vehicle for inoculation: (1) buff-
ered semi-defined McBain medium (MB) [42], contain-
ing 2.5 g/L mucin (Sigma-Aldrich, St. Louis, MO, USA),
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1 g/L yeast extract (BD Diagnostic Systems, Sparks, MD,
USA), 0.35 g/L NaCl, 0.2 g/L KCl, 0.2 g/L CaCl,, 2 g/L
Bacto Peptone (Difco, Detroit, MI, USA), 2 g/L tryp-
ticase peptone (BBL, Cockeysville, MD, USA), 0.1 g/L
cysteine hydrochloride, 1 mg/L hemin (Sigma-Aldrich,
St. Louis, MO, USA), 0.2 mg/L vitamin K1, 2 g/L sucrose,
and 50-mM PIPES at pH=7.0; (2) a self-defined artifi-
cial saliva medium (AS) mimicking saliva composition,
containing 2.5 g/L mucin, 1 g/L yeast extract, 0.35 g/L
NaCl, 0.2 g/L KCl, 0.1 g/L CaCl,, 0.01 g/L MgCl,,
0.33 g/L KH,PO,, 0.34 g/L Na,HPO,, 2.65 g/L NaH,CO,,
1 mg/L hemin, 0.2 mg/L vitamin K1, and 1 g/L glucose
at pH=7.0; and (3) filtered saliva with mucin (FSM):
pooled human saliva filter-sterilized with a 0.2-pm filter
(Sarstedt, Numbrecht, Germany), supplemented with
2.5 g/L mucin (Sigma-Aldrich, St. Louis, MO, USA).

HMI model

RHG was exposed to one of the following conditions: (1)
unexposed; (2) MB, AS, or FSM in agar without inocu-
lum; or (3) MB, AS, or FSM in agar with an inoculum of
10* colony-forming units (CFU)/culture: in detail, stored
inocula were thawed on ice and centrifuged and diluted
to the designated CFU using a freshly sterilized agar solu-
tion (BD Biosciences, CA, USA) supplemented with one
of the three saliva substitutes (MB, AS,or FSM) at a 1:1
ratio to reach a final agar concentration of 0.3%. Then
50 uL of each agar solution was applied onto the center
of RHG where it solidified immediately. Two samples
of the used inocula were saved: one for sequencing and
the other one was plated out on a tryptic soy-blood agar
plate (TSBA, containing 5% sheep blood, 5 pg/mL hemin,
and 1 pg/mL menadione) to confirm the initial CFU. The
HMI models were further cultured at 37 °C, 7.5% CO,,
and 95% humidity with daily medium refreshments with
RHG_M (differentiation medium without penicillin—
streptomycin and hydrocortisone).

On day 2 and day 4, HMI models were harvested for
the following: microbial viability (CFU), microbial com-
munity composition (16S rRNA gene sequencing), RHG
metabolic activity (MTT assay), RHG tissue histology
and in situ protein expression (immunohistochemical
staining and fluorescence in situ hybridization (FISH)),
and cytokine secretion (enzyme-linked immunosorbent
assay (ELISA)). In addition, during harvesting, RHG cul-
turing medium of each sample was plated out (100 pL)
on a TSBA plate and incubated anaerobically for 5 days at
37 °C to check that it was free of contamination.

Agar model

Immediately after the inoculation procedure of the
HMI model, 50-pL solution was taken from each inocu-
lum (prepared in MB, AS, or FSM) and cultured in a
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sterile 24-well plate to determine the biofilm growth in
the absence of RHG. In addition, the RHG-M medium
was used to make the fourth condition where agar solu-
tion was prepared in the same way as other inocula. For
each plate, half of the wells (12 wells) were used for the
agar model, while the remaining 12 wells were filled with
2-mL phosphate-buffered saline (PBS) each to maintain a
high environmental humidity in order to prevent the agar
from drying out. The plate was then incubated for 2 or
4 days at 37 °C, 7.5% CO,, and 95% humidity, similarly
to the HMI model. For harvesting, agar biofilms were
resuspended in 1 mL of PBS and collected. The samples
were further dispersed using a sonicator with a maxi-
mum of 130 W and 20 kHz for 1 min with 40% ampli-
tude and a pulse of 1 s (Vibra-Cell VCX130, Sonics &
Materials, Newtown, CT, USA). Biofilm samples were
serially diluted, plated on TSBA plates, and anaerobi-
cally cultured for 5 days at 37 °C, and biofilm formation
was quantified by determining total viable bacterial cell
counts.

Amsterdam Active Attachment (AAA) model

The AAA model was assembled with glass coverslips of
diameter 12 mm (Menzel, Braunschweig, Germany) as
previously described [42, 43]. A total of 1.5 mL/well of
saliva inoculum from the same batch as used in the HMI
and Agar models was diluted 1:50 in MB, AS, FSM, or
RHG_M and inoculated in the AAA model. After inoc-
ulation, the AAA models were cultured for 6 h to allow
active attachment of microbes to the coverslip and then
refreshed with sterile media. The AAA models were cul-
tured for either 2 or 4 days at 37 °C, 7.5% CO,, and 95%
humidity. For the 4-day condition, medium was refreshed
again on day 2. Biofilms on the coverslips were harvested,
sonicated, diluted, plated on TSBA plates, cultured
anaerobically for 5 days, and assessed for viable bacterial
cell counts.

Biofilm quantification of the HMI model

For the HMI model, half of each culture was mechanically
homogenized in a glass tissue grinder and suspended and
collected using 2-mL cysteine peptone water (CPW)
containing 5 g/L yeast extract, 1 g/L peptone, 8.5 g/L
NaCl, and 0.5 g/L L-cysteine hydrochloride (pH=7.2).
The 2-mL tissue homogenate was filtered through a 100-
um Falcon™ cell strainer (Corning, NY, USA) and seri-
ally diluted in CPW. The dilutions were plated on TSBA
plates. The plates were incubated anaerobically for 5 days
at 37 °C, and the colonies were counted to determine
CFU. The remaining homogenates were centrifuged;
supernatants were discarded, and pellets were stored
at—80 °C for DNA isolation.
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16S rRNA gene sequencing and data analysis

Bacterial genomic DNA was extracted using phe-
nol bead-beating and the Mag MiniKit as previously
described (LGC Genomics, Berlin, Germany) [44, 45].
Bacterial pellets were mechanically disrupted in a lysis
buffer with Tris-saturated phenol and zirconium beads.
The DNA-containing phase was mixed with binding
buffer and magnetic beads and then eluted. The DNA
concentration was determined by qPCR and normalized
to 2 ng per PCR reaction. The V4 region of the 16S rRNA
gene was amplified with primers containing the respec-
tive Illumina adapters and a unique 8-nt index sequence
key following the protocol established previously [46],
except that 33 cycles were performed. The amplicon
yields were determined with PicoGreen assay (Quant-
iT™ PicoGreen ', Thermo Fisher Sci.) and equimolarly
pooled into the amplicon pool. The pool was run on an
agarose gel and purified. Paired-end sequencing of the
purified amplicons was conducted for 2x251 nt on the
MiSeq platform using MiSeq reagent kit v3 (Illumina, San
Diego, CA, USA) at the Department of Clinical Genetics
of Amsterdam University Medical Centre. The flow cell
was loaded with 8-pmol DNA containing 30% PhiX.

The paired-end reads were merged, quality-filtered,
and clustered into operational taxonomic units (OTUs)
at 97% similarity. The most abundant sequence of each
OTU was assigned to a taxonomy and classified using
the Ribosomal Database Project (RDP) classifier and the
Human Oral Microbiome Database version 14.51 [47],
trimmed to the V4 region only [45]. The OTU table was
subsampled at 19,000 reads per sample.

Taxonomic and principal compositional analysis (PCA)
plots were created using the R (version 4.0.3) pack-
ages phyloseq (version 1.34.0) [48], microbiome (ver-
sion 1.12.0), vegan (version 2.5-7), and ggplot2 (version
3.3.3). For the PCA plots, the OTU table was first log2-
transformed to normalize the data distribution. Shannon
index and observed OTU were generated using PAST
(PAlaeontological STatistics version 4.03).

MTT assay

To determine the RHG metabolic activity, MTT assay
was performed as previously described [38]. Briefly, a
biopsy of 3-mm diameter was taken, incubated in a 2 mg/
mL MTT solution (Sigma-Aldrich) for 2 h and then
transferred to 200 uL of acidified isopropanol. After 24 h,
absorbance was determined at 570 nm.

(Immuno)histochemistry and FISH

A strip from the central region of the HMI co-culture
was fixed in 4% paraformaldehyde and embedded in par-
affin. Tissue sections (5 pm) were cut and stained with
hematoxylin and eosin (H&E) for histological analysis or
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used for immunohistochemistry with antibodies against
Ki-67 (Dako, Agilent, USA), elafin (Hycult Biotech, The
Netherlands), and human B-defensin 2 (hBD2) (OriGene
Technologies, Rockville, USA), as previously described
[41, 49]. Images were acquired using Nikon Eclipse 80i
microscope (Nikon, Instruments Inc., Melville, USA)
with 20 % /0.50 and 40 %X /0.75 objectives.

FISH was performed on paraffin sections (All bacteria
probe 10MEHO000, Ribo Technologies, Groningen, The
Netherlands). The sections were further counterstained
and sealed using Fluoroshield mounting medium with
DAPI (ab104139, Abcam, UK). Images were acquired
using a TCS SP8 STED 3 X confocal microscope (Leica
Microsystems B.V., Wetzlar, Germany) with a63 X oil-
immersion lens.

ELISA

Co-culture medium supernatant was collected daily, and
cytokine release was assessed by ELISA as previously
described [50]. IL-6, CXCL1, CCL5, and CCL20 anti-
bodies and recombinant proteins were purchased from
R&D Systems (Minneapolis, MN, USA). CXCL8/IL-8
was quantified using a human IL-8 ELISA kit (Diaclone,
Besancon cedex, France).

Statistical analysis

For comparing the RHG metabolic activity after dif-
ferent co-culture conditions, two-way ANOVA was
conducted for each time point using GraphPad Prism
(version 9). To compare biofilms in terms of the micro-
bial composition, permutational multivariate analysis of
variance (PERMANOVA) was performed in PAST using
the log2-transformed OTU table. Pairwise compari-
sons were conducted based on the Bray—Curtis similar-
ity index and 9999 permutations. To determine bacterial
taxa that differed among biofilms, Linear discriminant
analysis Effect Size (LEfSe) [51] was performed using the
log2-transformed table (one against all; alpha values of
0.05; https://huttenhower.sph.harvard.edu/galaxy/). LDA
threshold was set to 2.5 when the inocula were excluded
and to 3.5 when included. To compare the number of
observed OTUs, Shannon index and the numbers of spe-
cific OTUs detected by LEfSe and one-way ANOVA were
performed in GraphPad Prism. P<0.05 was considered as
significant. The P-values are denoted in figures as follows:
*P<0.05, *P<0.01, ***P<0.001, and ****P<0.0001.

Results

HMI model supports biofilm development

while maintaining tissue integrity

To determine whether the RHG was capable of support-
ing biofilm development in vitro, it was first compared
with two other standard biofilm-culturing models in
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which RHG was not present: the agar model (agar) and
the AAA model (Fig. 1a, for details, see the “Methods”).
The three models were inoculated with the saliva inocu-
lum prepared in one of the saliva substitute media (MB,
AS, or FSM) and then cultured for 2 or 4 days in the same
environmental conditions. Since the HMI model was cul-
tured in transwell inserts and had contact with the RHG
differentiation medium from underneath, this medium
(RHG_M) was also included in the agar and AAA model.
Viable bacterial cell counts on day 2 and day 4 indicate
that all three models supported growth of saliva-derived
biofilms (Fig. 1b). Notably, the HMI model supported
bacterial growth with the least variance, independent of
the co-culture times or saliva substitute media. In the
agar model, bacterial growth varied greatly depending on
the type of saliva substitute media. In the AAA model, all
three saliva substitute media supported bacterial growth
however with more variance than those in the HMI
model. The use of RHG_M medium in the AAA model
consistently resulted in lower CFU counts on day 2 (4-log
reduction) and day 4 (5-6 log reduction) when compared
to all saliva substitute media. Notably, when compar-
ing the four types of media, the use of MB resulted in a
slightly higher bacterial growth compared to AS, FSM,
and RHG_M in all three models.

Next, it was determined whether the biofilms influ-
enced RHG tissue integrity by assessing metabolic activ-
ity, histology, and proliferation (Fig. 2). In general, RHG
were not affected by the different experimental condi-
tions: the presence or absence of biofilms (biofilm (-)
or (+)), the co-culture time (days 2 or 4), or the use of
different saliva substitute media (unexposed versus MB,
AS, or FSM). Throughout the 4-day co-culture period,
RHG co-cultured with or without biofilm showed a stable
metabolic activity (Fig. 2a). All RHG, in the presence or
absence of biofilms, showed similar tissue histology and
proliferation with a stratified and differentiated epithe-
lium on top of fibroblast-populated hydrogel represent-
ing the lamina propria, in line with the native human
gingiva (as shown by H&E staining in Fig. 2b). In addi-
tion, all RHG had a similar number of proliferating Ki67-
positive cells distributed throughout the basal layer of the
epithelium (Fig. 2b).

Characterization of biofilms grown in the HMI model

Since the HMI model provides a unique opportunity to
investigate biofilm development on RHG representing
the healthy human gingiva, we next characterized these
biofilms in further detail. HMI models were harvested
and processed for (i) biofilm visualization using FISH
(Fig. 3a), (ii) quantification of viable bacteria in the bio-
film (Fig. 3b), and (iii) compositional analysis by means
of 16S rRNA gene sequencing (Fig. 3c). Figure 3a shows
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clear visualization of biofilms on the surface of RHG via
FISH. Viable bacterial counts were analyzed after 2 and
4 days of co-culturing and compared to the inoculum
(approximately 10* CFU/culture, Fig. 3b, group Ino).
Bacterial viability was not significantly affected by the
use of different saliva substitute media. All CFU counts
increased by 3-log on day 2 and remained at this level
until day 4. Little variation was observed within the rep-
licates of the groups. No detectable bacterial counts were
detected in unexposed RHG and RHG co-cultured with
saliva substitutes without biofilms on day 2 and day 4.
This indicates that no contamination occurred during the
4 days of co-culturing in the absence of the traditionally
used antibiotics, as well as during the sampling and pro-
cessing for biofilm quantification.

Since viable biofilms were detected for up to 4 days of
co-culture on RHG, we next extensively characterized
their composition by sequencing the saliva inocula and
day 2 and day 4 HMI biofilms. Sequencing data were
first cross-checked between the experimental conditions
and the acquired reads. From the 75 samples of biofilm-
negative conditions (unexposed RHG and RHG exposed
to saliva substitutes only), only two samples were found
predominated by a single genus (one sample being Strep-
tococcus and the other sample Pseudomonas) and were
therefore considered contaminated and excluded from all
analysis. The taxonomic plot illustrates the most abun-
dant genera of all the sequenced samples (saliva inocula
and HMI biofilms): 11 genera or higher taxa were identi-
fied with more than 1% relative abundance (Fig. 3c). The
two types of biofilms, i.e., the saliva inocula (Ino) and
the HMI biofilms, showed different diversity. While the
inocula were predominated by the genera Streptococcus,
Prevotella, Veillonella, Haemophilus, and Neisseria, the
HMI biofilms were predominated by the genera Strepto-
coccus, Haemophilus, and Neisseria despite the different
co-culture periods (days 2 or 4) or different saliva substi-
tute media conditions (MB, AS, or FSM).

When saliva inocula were excluded from the analyses
and only HMI biofilm samples were analyzed for relative
abundance, 9 of the 11 genera or higher taxa were identi-
fied with more than or equal to 1% relative abundance:
Neisseria, Haemophilus, Streptococcus, Rothia, Abiotro-
Pphia, Actinomyces, Capnocytophaga, Granulicatella, and
an unclassified order from family Neisseriaceae, while
Veillonella and Prevotella were detected at less than 1%
(data not shown).

The composition of biofilms on RHG is not affected by time
or saliva substitute media

To determine what influenced and defined the compo-
sition of the HMI biofilms, bioinformatic and statisti-
cal analyses were performed. In line with the biofilm
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composition illustrated in Fig. 3c, the observed OTU
number and Shannon index indicated a significant dif-
ference between the inoculum and HMI biofilms, while
no differences could be observed between HMI biofilms
of different co-culture times or saliva substitute media
(Fig. 4a). Similarly, the PCA plot showed two distant clus-
ters representing the Ino and the HMI biofilms (Fig. 4b).
Two sub-clusters of the HMI biofilms were seen on the
right side of PC1 due to intra-experimental difference.
These PCA-derived observations were supported by

permutational multivariate analysis of variance (two-
way PERMANOVA, F=0.2925, P=0.6889). The pairwise
comparison confirmed that the HMI biofilms were sig-
nificantly different from the saliva inocula. In contrast,
HMI biofilms did not differ significantly from each other
(Table 1).

To further understand which genera were differ-
ent depending on the conditions, LEfSe analysis was
performed, and the top 8 OTUs that differed the most
based on LDA score are shown in Fig. 4c. The relative
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abundance of OTU10 (Prevotella), OTU12 (Rothia),
OTU22 (Gemella), and OTUL7 (Porphyromonas) was
significantly lower in all HMI biofilms than in the inoc-
ulum. The three predominating genera in HMI biofilms
(Neisseria, Haemophilus, and Streptococcus) were all
detected by LEfSe among the most differing OTUs. Only
Neisseria (OTU2) showed statistically significant increase
on day 4.

RHG-protective responses contribute to the maintenance
of HMI

Next, we investigated the ability of RHG in conducting
protective responses which are known to be essential for
the healthy gingiva to maintain homeostasis with resident
microbes as well as to prevent invasion of potential path-
ogens (e.g., expressing AMP and producing cytokines).
The representative pictures of immunohistochemical



Shang et al. Microbiome (2025) 13:58 Page 10 of 16

a 180~ dedede e 4- *kk%k
I
> 160+ o]
= + 3 .
o 1404 = 2 31 e
T
o 1204 c
g 60q g 2 A A, A g
@ c —AA AA o
? A 5 N =
2 40 A A o £ 14 A A # nu H
O 20 g A" 2o of @ .
0 0
Ino MB AS FSM MB AS FSM Ino MB AS FSM MB AS FSM
Day 2 Day 4 Day 2 Day 4

o
>

A A
| " 02- -
L Time_day A A\
02- A I A
A @ Do A A I
0.1~ YN A .
00 A Time_da)
o =l A o2 = o« . _day
g o i ® 02
T X 00- A ®
3] 3 ° A o
% 00 4 § ‘ )
4 - Medium & ele
= .
® As o o® Medium
01- ° A o ® as
: ® Fsm o
) L ® rsm
4 ® w8
) n ° ® vmB
-02 % 0a ey
0.4 -03 02 0.1 00 01 0.2 0.1 00 i o't 02
PC1 (51.86%) PC1 (46.39%)
C OTU 10 Prevotella OTU12 Rothia OTU 22 Gemella OTU 17 Porphyromonas
2 2 2 2
[ ') w [} ek
R — g 5 g
- - B - -
s L= s .
o 204 * o o o
e £ 15 5 e
-] ] b ]
© ® . © ©
o o *:", o 1
> > > >
s 0 = = =
E Ino MB AS FSM MB AS FSM ﬁ Ino MB AS FSM MB AS FSM 5 Ino MB AS FSM MB AS FSM é Ino MB AS FSM MB AS FSM
Day 2 Day 4 Day 2 Day 4 Day 2 Day 4 Day 2 Day 4
OTU7 Granulicatella OTU1  Haemophilus OTU2 Neisseria OTU 241  Streptococcus
& ® x &
§ .3 % dek ke dkk i:
8 g 80 < 80 8
e £ o
.- - A - .
o o
3 S 60 NS § 60 L g
€ E AA o o £ A A s @© £
2 g 4 -~ 8 T AA - g o 2
3 3 — A A s A A 3
2 2 20 N — & &n 2 20 L 2 2
g g e 8 AemEg $ | ® N g
é Ino MB AS FSM MB AS FSM é Ino MB AS FSM MB AS FSM ﬁ Ino MB AS FSM MB AS FSM é N0 MB AS FSM MB AS FSM

Day 2 Day 4 Day 2 Day 4 Day 2 Day 4 Day 2 Day 4
Fig. 4 The influence of different conditions on the HMI biofilm profiles. a Number of observed OTUs and Shannon index in all conditions. b
Principal component analysis plots of microbial samples including saliva inocula (left) or excluding saliva inocula (right, only HMI biofilms). ¢ OTUs
that differentiated the most among all microbial samples ranked by LEfSe. Data are collected from four independent experiments, each performed
in duplicate per condition. *Represents statistically significant difference between Ino and HMI biofilms. **P < 0.01, ***P < 0.001, ****P < 0.0001. Ino,
saliva inocula; MB, McBain medium; AS, artificial saliva medium; FSM, filtered saliva plus mucin medium



Shang et al. Microbiome

(2025) 13:58

Table 1 Pairwise comparison of biofilms by one-way PERMANOVA analysis with Bonferroni correction

Biofilm Ino | D2_MB | D2_AS | D2_FSM | D4_MB | D4_AS | D4_FSM
Ino 0.0186* | 0.0090* | 0.0192* | 0.0036* | 0.0018* | 0.0024*
D2_MB | 35.2600 1.0000 | 1.0000 | 0.3954 | 1.0000 | 1.0000
D2_AS | 37.0800 | 0.7815 1.0000 | 1.0000 | 0.8759 | 1.0000
D2_FSM | 29.6500 | 0.9832 | 0.7917 1.0000 | 1.0000 | 0.3336
D4_MB | 24.3800 | 0.9613 | 0.5191 | 1.0310 1.0000 | 1.0000
D4_AS |34.3100 | 0.9546 | 0.4145 | 0.6372 | 0.9941 1.0000
D4_FSM | 22.7600 | 0.9924 | 0.7016 | 1.0890 | 0.9680 | 0.9924
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P-values and F-values (gray background) are calculated using the Bray-Curtis distance and 9999 permutations

Ino saliva inocula, MB McBain medium, AS artificial saliva medium, FSM filtered saliva plus mucin medium

" Marks statistically significant difference (P<0.05)

staining indicated increased expressions of two AMP
(Elafin and hBD2) in the epithelium of RHG exposed to
the biofilms, in comparison with the no biofilm-exposed
RHG (biofilm (—) vs. biofilm (+), Fig. 5). This increase
in AMP expression was observed in all biofilm-exposed
RHG regardless of the type of saliva substitute media
used or co-culture time.

Inflammatory cytokine secretion also showed an
increase over time after biofilm exposure (Fig. 6). IL-6
secretion was significantly upregulated, while CXCL1,
CXCL8, CCL5, and CCL20 secretion showed moderate
increasing trends in the biofilm-exposed RHG compared
with RHG cultured without biofilms. As seen before, the
use of different saliva substitute media for the inocula-
tion did not influence cytokine secretion throughout the
4 days of co-culturing.

Discussion

In this study, we established an in vitro oral HMI model
that allowed a 4-day host-microbe co-culturing and an
extensive profiling of both the biofilms and the host after-
wards. This physiologically relevant model demonstrated
a homeostatic and stable HMI between viable biofilms
and a responsive gingiva for up to 4 days.

Our study focused on characterizing the biofilms which
were co-cultured in vitro with the host RHG, in order to
identify potential correlation of in vitro-generated data to
the healthy in vivo situation. One important parameter
is the maintenance of microbial viability. While micro-
bial viability can be determined in 2D HMI models by
collecting supernatants that contain living microbes,
retrieving microbes from 3D HMI models can be more

challenging due to the 3D construction as well as the
limited amount of co-culture tissues. In some studies,
samples for the determination of microbial viability were
successfully recovered with the help of using tissue dis-
sociators [39], homogenizers [52, 53], and osmotic lysing
and scraping [53] or by implementing a removable insert
for applying as well as harvesting microbes [54]. Alter-
natively, the morphology of biofilms in situ was assessed
by visualization instead of determining the viability
(reviewed in [32]). Pinnock et al. showed that by expos-
ing a 3D oral mucosa directly to Porphyromonas gingi-
valis, the viability of internalized P. gingivalis decreased
in a time-dependent manner to 0.001% after 48 h, com-
pared to the initial inoculum [53]. De Ryck et al. success-
fully maintained the level of viable microbial cells for 72 h
by creating an indirect host-microbe contact [54]. In our
previous studies, we first applied saliva-derived biofilms
in suspension on the surface of a 3D gingiva model and
detected a 6-log decrease in microbial viability after 24 h.
This substantial decrease was probably due to the pres-
ence of antibiotics in culture media underneath the gin-
giva model to avoid contamination [39]. Using a further
developed agar method to inoculate the RHG with saliva
inoculum, we managed to maintain the bacterial viabil-
ity for 5 days without the presence of antibiotics [36, 37].
This method was therefore used in this study to ensure
sufficient biofilm viability over time and to avoid poten-
tial contamination.

These viable biofilms were further characterized to
understand the HMI in this model. Compositional anal-
ysis of the biofilms showed diverse communities which
were predominated by Streptococcus, Haemophilus, and
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Neisseria. Of the nine top abundant genera preserved
in the HMI model, six are identified as major coloniz-
ing genera on healthy gingiva in vivo [55, 56]. In com-
parison with the saliva inocula used in this study, the
HMI biofilm was significantly less diverse. Of note, gen-
era Prevotella, Gemella, and Porphyromonas decreased
after they were introduced to the HMI model, which

requires additional testing in order to have more clarity
on the reason behind. However, the major genera of the
saliva inocula were still remarkably preserved in our
model, confirmed by the fact that 9 out of 11 dominat-
ing genera of the saliva inocula were retained and pre-
dominant in the HMI biofilms after even 4 days. These
findings are in line with our previous study showing
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<« Fig. 6 Cytokine secretion of RHG in the HMI model. After exposing
RHG to different biofilm conditions, cultures were refreshed with new
medium every 24 h, and culture supernatants were collected
and used to assess secretion of IL-6, CXCL1, CXCL8, CCL5, and CCL20
by means of ELISA. The unexposed condition is shown as the first
white bar (-) in all graphs. The rest of the white bars in each graph,
labelled as biofilm (-), were conditions only exposed to agar
supplemented with corresponding media. Data represent the mean+
SEM from four independent experiments, each performed
in duplicate. Differences were considered significant when P <
0.05. *Represents statistically significant difference between one
biofilm-positive condition and its corresponding biofilm-negative
condition with the same saliva substitute. *P< 0.05; **P < 0.01; ***P
< 0.001. Biofilm (=), biofilm-negative conditions; biofilm (+), biofilm
positive conditions; (-), unexposed; MB, McBain medium; AS, artificial
saliva medium; FSM, filtered saliva plus mucin medium

that RHG supported the diversity of saliva-derived bio-
films better than two other inorganic substrates in vitro
[37]. In that study, we were able to preserve five of
the nine most abundant genera of the saliva inoculum
from a single donor in the in vitro biofilms co-cultured
with RHG for 1, 3, or 5 days [37]. The decreased diver-
sity is foreseeable as the growth environment changed
greatly from in vivo (saliva of healthy subjects) to
in vitro (biofilms co-cultured with RHG at 37 °C, 95%
humidity, and 7.5% CO,). This change of environment
was also reflected by the finding that the most differ-
ing genera between the inocula and the HMI biofilms
were strict anaerobes (e.g., Prevotella, Gemella, and
Porphyromonas), the abundance of which decreased
significantly upon their co-culturing with the RHG in
the aerobic co-culture environment. In comparison,
aerobes and facultative anaerobes that can survive
and thrive in this co-culture environment took domi-
nance and have contributed the most to the increased
viable bacterial counts. In a comparable 3D HMI study
where cheek swab samples were used as inocula, com-
positional analysis showed that the inocula contained
only one dominant family Streptococcaceae (relative
abundance about 95%) which continued to expand over
the co-culturing with the submerged mucosa model
to more than 99% abundance within 1 day and then
decreased slightly to 94% after 2 days [54]. This indi-
cated again that preserving the richness and diversity
of clinical samples in vitro is very challenging. Even
with advanced biofilm-culturing models, e.g., the AAA
model, where hard discs are used to mimic the attach-
ment and development of biofilms on teeth, only 16
genera showed a relative abundance of >1% after 14 or
28 days of in vitro culturing [43, 44]. The AAA model
supports growth of fastidious anaerobic bacteria (37 °C,
80% N,, 10% CO,, and 10% H,) such as Veillonella,
Fusobacterium, Rothia, and Peptostreptococcus [37, 41,
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44]. The observation that Rothia was abundant in the
AAA model while Neisseria and Haemophilus were
abundant in this HMI model is consistent with the
in vivo situation where niche- and substrate-specific
associations have been identified, e.g., the presence of
Rothia spp.in dental plaque and tongue dorsum and
Haemophilus and Neisseria spp. on gingiva [55, 57, 58].
Taken together, our HMI model was shown to support
a diverse biofilm growth and preserved microbial spe-
cies and community profiles representing the in vivo
microbiome on a healthy gingiva.

Another feature of the presented HMI model is that
it indicated homeostatic HMI. Biofilms not only rep-
resent the healthy gingival microbiome, as mentioned
earlier, but also trigger the host RHG to initiate protec-
tive mechanisms during an extended co-culture period
of 4 days. More interestingly, we found that all biofilms
developed on RHG had similar profiles which were
independent of the use of different inoculation media,
i.e., saliva substitutes and culture time (day 2 versus day
4). This implies the host’s important role in maintaining
oral homeostasis, which, to date, has been rarely dem-
onstrated directly in vitro with extensive characteriza-
tion on both the microbial community and the host at
the same time. Considering different model setups may
contribute greatly to the differentiating HMI outcomes
[59], we have therefore focused on comparing the cur-
rent study with other 3D models using single microbe
species or synthetic biofilms and reconstructed gin-
giva models in vitro. A recent in vitro study suggested
that the integrity of gingival epithelial barrier is one of
the host’s important protection mechanisms against
P. gingivalis invasion and its LPS [60]. In comparison,
many 3D oral HMI models have focused on elucidat-
ing how pathogenic biofilms damage the host and its
defense by showing pathogen-caused tissue disruption,
as indicated by increased lactate dehydrogenase (LDH)
production and decreased metabolic activity [27, 61,
62]. In some of these models, nonpathogenic HMI con-
ditions were included as controls and showed less tis-
sue damage than the pathogenic HMI conditions. The
microbial exposures used for these nonpathogenic
conditions were as follows: (i) a saliva-derived com-
mensal biofilm for 24 h [41] and 7 days [39], (ii) a buc-
cal microbiome-derived biofilm for 24—72 h [54], (iii) a
denture-associated 4-species biofilm for 12 h [62], (iv) a
7-species subgingival biofilm for 24 h [62], (v) a S. gor-
donii exposure for 72 h [36], and (vi) a saliva-derived
biofilm for 5 days [37]. This is in line with our finding
that the 4-day co-culturing with biofilms did not result
in destructive changes in RHG morphology. In addi-
tion, the RHG maintained metabolic activity and clearly
exerted protection in response to the living biofilms.
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The increased AMP expression and cytokine release
are in agreement with the defensive strategies observed
in native gingiva, which are continuously occurring in
order to maintain the local homeostasis [6, 63, 64].

The present study still has limitations. The HMI model
lacks important features that may have significant influ-
ence on HMI, such as the presence of immune cells. In
the future, incorporation of neutrophils, macrophages, or
antigen-presenting cells (APC) should be considered, as
they are known to greatly contribute to gingival homeo-
stasis [6, 17, 63]. While sub-types of immune cell have yet
to be included in a 3D oral HMI model, their integration
should be theoretically feasible based on relevant studies
which have shown the possibility to include Langerhans
cells, a type of APC, in an multi-organ model containing
RHG and a reconstructed human skin [65, 66]. Further-
more, based on the niche-specificity theory [55], HMI
may vary significantly per niche in the oral cavity, and
therefore, it might be of interest to pair specific micro-
bial exposure with matching host models, e.g., gingival
microbiome-derived biofilms and RHG.

Conclusions

In this study, we presented an in vitro HMI model
mimicking a homeostatic HMI where a healthy gin-
giva is competent in hosting viable, diverse, and repre-
sentative oral biofilms for an extended period. We have
shown in vitro the important role of the host in main-
taining gingival homeostasis with a multispecies bio-
film derived from human saliva.
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