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Biofilm-stimulated epithelium 
modulates the inflammatory 
responses in co-cultured immune 
cells
Jason L. Brown   1,2, William Johnston   2, Chris Delaney1, Ranjith Rajendran2, 
John Butcher1,3, Shaz Khan4, David Bradshaw4, Gordon Ramage2* & Shauna Culshaw2*

The gingival epithelium is a physical and immunological barrier to the microbiota of the oral cavity, 
which interact through soluble mediators with the immune cells that patrol the tissue at the gingival 
epithelium. We sought to develop a three-dimensional gingivae-biofilm interface model using a 
commercially available gingival epithelium to study the tissue inflammatory response to oral biofilms 
associated with “health”, “gingivitis” and “periodontitis”. These biofilms were developed by sequential 
addition of microorganisms to mimic the formation of supra- and sub-gingival plaque in vivo. Secondly, 
to mimic the interactions between gingival epithelium and immune cells in vivo, we integrated 
peripheral blood mononuclear cells and CD14+ monocytes into our three-dimensional model and 
were able to assess the inflammatory response in the immune cells cultured with and without gingival 
epithelium. We describe a differential inflammatory response in immune cells cultured with epithelial 
tissue, and more so following incubation with epithelium stimulated by “gingivitis-associated” biofilm. 
These results suggest that gingival epithelium-derived soluble mediators may control the inflammatory 
status of immune cells in vitro, and therefore targeting of the epithelial response may offer novel 
therapies. This multi-cellular interface model, both of microbial and host origin, offers a robust in vitro 
platform to investigate host-pathogens at the epithelial surface.

The gingival epithelium is a stratified, squamous, keratinised epithelium. This epithelium provides a physical 
and immunological barrier to the external environment, and through the production of soluble mediators such 
as cytokines, chemokines and anti-microbial peptides orchestrates the immune response to microbial chal-
lenge1. The gingival epithelium is confronted with the bacterial consortia on the tooth or root surface. These 
bacteria reside as complex multi-species biofilms, i.e., three dimensionally arranged bacterial cells attached to 
one another and interconnected through complex carbohydrate containing polymers2. DNA sequencing of the 
oral microbiome has led to the concept of microbial “signatures” of bacteria associated with health and dis-
ease; “health-associated” bacteria consortia include a dominance of Streptococcus species. “Gingivitis-associated” 
consortia include Fusobacterium and Prevotella species, and “periodontitis-associated” bacteria include 
Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia3,4. The epithelial cell response to oral 
bacteria varies depending on biofilm composition, with commensal bacteria eliciting minimal inflammatory 
response and pathogenic bacteria mediating an elevated pro-inflammatory response5–8.

Communication between the epithelium and innate and adaptive immune cells is pivotal for rapid recogni-
tion and effective elimination of pathogens at the epithelial surface9. There is a complex immunological network 
underlying the gingival epithelium, including populations of monocytes, neutrophils and T cells10, and the inflam-
matory response of immune cells cultured with periodontal pathogens has been well characterised in previous 
studies. In a similar manner to biofilm-epithelial cell interactions, oral bacteria elicit differential inflammatory 
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responses in immune cells depending on the microorganisms’ pathogenicity. Studies have described the capacity 
for oral pathogens such as Fusobacterium nucleatum and P. gingivalis to induce a M1 (pro-inflammatory) type 
response in THP-1 monocyte/macrophage cell lines, whilst oral commensals elicit a M2 (anti-inflammatory/
immunomodulatory) type response11. Dendritic cells (DCs), monocytes and neutrophils cultured with and with-
out gingival epithelial cells or epithelial cell spent supernatants also show unique activation signatures and/or 
cytokine gene‐ and protein‐expression profiles12–15. Moreover, oral epithelial cell spent supernatants can induce 
phenotypic changes in human monocyte cell lines in vitro, suggesting that such interactions arise through 
epithelium-produced soluble mediators12,15. To our knowledge, there are studies elsewhere that describe 3D 
organotypic tissue co-culture models representative of different oral diseases16,17, but limited evidence of models 
integrating immune cells with multi-layered gingival epithelium cultures and oral biofilms. In the current study 
we sought to develop an immune cell/gingival tissue/biofilm model aiming to recapture the cell interactions at the 
gingival margin, encapsulating the response of the local inflammatory infiltrate.

Material and Methods
Bacterial growth and standardisation.  Bacterial strains used in the study were as follows; Streptococcus 
mitis NCTC 12261, Streptococcus intermedius DSM 20753, Streptococcus oralis NTCC 11427, Fusobacterium 
nucleatum ATCC 10596, Fusobacterium nucleatum spp. vincentii DSM 19507, Actinomyces naeslundii DSM 
17233 Veillonella dispar NCTC 11831, Porphyromonas gingivalis W83, Prevotella intermedia DSM 20706 and 
Aggregatibacter actinomycetemcomitans ATCC 43718. S. oralis, S. intermedius, S. mitis, A. actinomycetemcomitans 
were grown on Columbia blood agar (CBA) for 1–2 days, then in Tryptic soy broth (TSB) (Sigma, Poole, UK) for 
1–2 days, at 5% CO2, 37 °C. The remaining bacteria were all grown on Fastidious anaerobic agar (FAA) for 2–3 
days, then A. naeslundii and V. dispar were sub-cultured into Brain Heart Infusion (BHI) broth and F. nucleatum, 
F. nucleatum spp. vicentii, P. gingivalis and P. intermedia into Schaedler anaerobic broth (Oxoid, Cambridge, UK) 
for a further 1–2 days, all at 37 °C in an anaerobic chamber (85% N2, 10% CO2 and 5% H2; Don Whitley Scientific 
Limited, Shipley, UK).

Growth of multi-species oral biofilms.  Three multi-species oral biofilms representative of a 
“health-associated” (3- species), “gingivitis-associated” (7- species) and “periodontitis-associated” (10- species) 
consortium of bacteria were grown for a total of 5–7 days in artificial saliva (AS), as previously described18,19. 
Biofilms were prepared in line with a standardised protocol as previously described20,21, and as summarised in 
Fig. 1. Briefly, all bacteria were grown as above, washed three times in phosphate buffered saline (PBS), then 
standardised to 1 × 107 CFU/ml in AS prior to sequential addition to the biofilm. All biofilms were grown stati-
cally on 8 mm diameter round glass coverslips (Thomas Scientific, New Jersey, USA) or 13 mm diameter round 
Nunc Thermanox plastic coverslips (Thermo Fisher, Loughborough, UK), as indicated within the text. Once 
formed, biofilms were frozen at −80 °C until required. It is noteworthy that biofilm composition and viabil-
ity was assessed pre- and post- freezing, and the number of total and viable microorganisms remained similar 
(Supplementary Fig. 1).

Quantitative analysis of multi- species biofilm composition.  Biofilms were detached from coverslips 
by sonication at 35 kHz for 10 minutes in a sonic bath in 1 ml of PBS as previously described22 and the sonicate 
transferred to a RNase-free microcentrifuge tube. The sonicate was centrifuged (13,000 × g, 10 mins) and pel-
let retained for DNA extraction. Bacterial DNA was then extracted using the QIAamp DNA Mini Kit (Qiagen, 
Crawley, UK), according to manufacturer’s instructions. To produce bacterial standard curves, single species 
bacterial cultures were standardised to 1 × 108 CFU/ml in sterile PBS, then DNA extracted in the same way as 
above. DNA from the 1 × 108 CFU/ml culture was then serially diluted to 1 × 103 CFU/ml in nuclease-free water, 
and the resulting standard curve was used to calculate the colony forming equivalent (CFE) of each bacterial 
species within the multi-species biofilm (Supplementary Fig. 2). Melting curve analysis was performed for all 
primer sets to ensure a single peak, which was indicative of primer specificity. A list of bacterial primer sequences 
and reference sources are listed in Table 1. Given the high degree of genetic similarity and heterogeneity between 
the Streptococcus and Fusobacterium spp. used in these models, one “universal” genus-specific primer set was 
used to detect total numbers of Streptococcus (S. mitis, S. oralis, S. intermedius) and Fusobacterium (F. nucleatum 
and F. nucleatum subsp. vincentii) species. To account for variation in the standard curves, the reported CFE/mL 
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Figure 1.  Timeline for growth of 3-, 7- and 10- species biofilms. Bacteria (1 × 107 CFU/ml in artificial saliva 
(AS)) were sequentially added to 8 mm glass coverslips or 13 mm Thermanox coverslips for biofilm culture. 
Biofilms were cultured under appropriate conditions for a total of 5–7 days depending on biofilm composition, 
with AS changes every 24 hours for a total of 4 consecutive days (red lines). Once mature, final day supernatants 
and biofilms were stored at −80 °C. Biofilms were revived in AS, 24 hours prior to experimental use. Image 
partially created using Biorender.
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for Streptococcus and Fusobacterium is reflective of an average for all three Streptococcus or two Fusobacterium 
species, respectively.

Ultrastructural changes of multispecies biofilms.  The morphology and architecture of the 
multi-species biofilms were assessed using scanning electron microscopy (SEM), transmission electron micros-
copy (TEM) and confocal laser scanning microscope (CLSM) imaging. For all microscopic techniques, biofilms 
were grown on Nunc Thermanox plastic coverslips to fully mature, washed with PBS, then processed. For SEM, 
biofilms were fixed in 2% (v/v) para-formaldehyde, 2% (v/v) glutaraldehyde and 0.15 M sodium cacodylate, and 
0.15% w/v Alcian Blue, pH 7.4 as described previously23. Following processing, the biofilms were sputter-coated 
with gold and viewed under a JEOL JSM-6400 scanning electron microscope at magnifications x500 and x5000. 
Images were assembled using Photoshop software (Adobe, San Jose, USA). For TEM, biofilms were fixed in 1.5% 
(v/v) glutaraldehyde and 0.1 M sodium cacodylate for 1 hour at 4 °C. Samples were then washed three times in 
0.1 M sodium cacodylate buffer containing 2% sucrose (w/v) and post-fixed with 1% osmium tetroxide and 0.1 M 
sodium cacodylate buffer. Biofilms were then processed as previously described24 and visualised on JEOL1200EX 
TEM running at 80 kV.

For CLSM, mature biofilms were stained using the LIVE/DEAD BacLight bacterial viability kit (Thermo 
Fisher, Loughborough, UK) containing the fluorescent dyes, SYTO 9 and Propidium iodide (PI). These dyes were 
combined at a ratio of 1:1, and 1 ml was added to each biofilm and stained for 15 min in the dark at 37 °C. Biofilms 
were then washed with 1 ml of PBS and fixed with 2% para-formaldehyde (PFA) for 1 hour. Biofilms were again 
washed and mounted to glass slides for viewing under a Zeiss LSM 780 CLSM, at excitation and emission wave-
lengths of 488/533 nm for SYTO9 and 561/631 nm for PI, respectively. Image were taken at x 40 magnification and 
image stacks compiled using COMSTAT2 program (MATLAB; MA, USA).

Human gingival epithelium co-cultured with multi-species biofilms.  Human gingival epithelium 
(HGE) used throughout this study was purchased from Episkin (Skinethic, Lyon, France; http://www.episkin.
com). HGE was composed of normal human gingival cells cultivated on an inert polycarbonate filter (0.4 µm 
porous membrane) at the air liquid interface for 12 days. Prior to experimental set-up, HGE was incubated 
with maintenance media in 12 well plates for 24 hours, 5% CO2 at 37 °C. Maintenance media was replaced then 
co-culture three-dimensional models were set up as follows.

HGE incubation with biofilm supernatants.  Final day biofilm spent growth supernatants (day 6 for 3-species 
biofilms, day 7 for 7-species biofilms and day 8 for 10-species biofilms; Fig. 1) were filtered through 0.2 μm mem-
brane filters (Millipore, Livingston, UK) and 100 μl was added directly to the HGE tissue. For experiments with 
un-filtered supernatants, 100 μl of final day biofilm supernatants were added directly to HGE tissue. Negative 
controls contained 100 μl of filtered or un-filtered sterile AS for appropriate experiments (Fig. 2A).

HGE incubation with biofilms.  Fully mature biofilms were revived in AS overnight and coverslips were inverted 
and attached to the underside of 0.33 cm2 inserts (Millipore, Livingston, UK) with sterile Vaseline, then placed 
carefully into 0.5 cm2 inserts containing the HGE tissue plus 100–150 μl of sterile AS. Negative controls contained 
100–150 μl of sterile AS only (Fig. 2B). For integration of immune cells into the HGE-biofilm co-culture, immune 
cells were isolated and cultured in maintenance media beneath HGE for the duration of experiments.

Isolation of peripheral blood mononuclear cells and CD14+ monocytes.  Peripheral blood was col-
lected from healthy volunteers (in accordance with College of Medical, Veterinary and Life Sciences, University of 
Glasgow ethics; project number 200160159) by venepuncture into preservative-free anticoagulant treated tubes, 

Multi-species biofilm composition analysis

ReferenceBacterial spp. Forward primer 5′−3′ Reverse primer 5′−3′

Streptococcus spp. GATACATAGCCGACCTGAG TCCATTGCCGAAGATTCC 65

A. naeslundii GGCTGCGATACCGTGAGG TCTGCGATTACTAGCGACTCC 65

V. dispar CCGTGATGGGATGGAAACTGC CCTTCGCCACTGGTGTTCTTC 66

Fusobacterium spp. GGATTTATTGGGCGTAAAGC GGCATTCCTACAAATATCTACGAA 67

P. gingivalis GCGCTCAACGTTCAGCC CACGAATTCCGCCTGC 68

P. intermedia CGGTCTGTTAAGCGTGTTGTG CACCATGAATTCCGCATACG 20

A. actinomycetemcomitans GAACCTTACCTACTCTTGACATCCGAA TGCAGCACCTGTCTCAAAGC 69

Quantitative PCR gene expression analysis of epithelial and immune cells

Cytokine Forward primer 5′−3′ Reverse primer 5′−3′

IL1β TCCCCAGCCCTTTTGTTGA TTAGAACCAAATGTGGCCGTG 70

TNF CCCCAGGGACCTCTCTCTAATC GGTTTGCTACAACATGGGCTACA 71

IL6 CAATCTGGATTCAATGAGGAGAC CTCTGGCTTGTTCCTCACTACTC 72

IL8 CAGAGACAGCAGAGCACACAA TTAGCACTCCTTGGCAAAAC 73

IL10 GCTGGAGGACTTTAAGGGTTACCT CTTGATGTCTGGGTCTTGGTTCT 71

GAPDH CAAGGCTGAGAACGGGAAG GGTGGTGAAGACGCCAGT 73

Table 1.  Primer sequences used for qPCR in this study.
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then layered onto an equal volume of pre-warmed Histopaque 1077 in 15 ml conical centrifuge tubes and the 
solution was centrifuged at 400 × g for 30 min at room temperature. Following centrifugation, the opaque layer 
was carefully aspirated using a Pasteur pipette and washed twice in pre-warmed Dulbecco’s-PBS (Thermo Fisher, 
Loughborough, UK) at 250 × g for 10 min. PBMCs were washed one final time in pre-warmed HGE maintenance 
media and viable cells were counted using trypan blue exclusion assay25. Monocytes were isolated from PBMC 
suspensions by positive selection using CD14 microbeads (Miltenyi Biotec, Crawley, UK). When used in accord-
ance with manufacturer’s instructions, CD14 microbeads yields > 85% purity of CD14+ monocytes.

TR146 oral keratinocytes co-cultured with multi-species biofilms.  TR146 cells are an immortalised 
human oral keratinocyte cell line which form a non-keratinised stratified epithelium, which is a characteristic of 
buccal mucosa26. Frozen stocks of TR146 cells (1 × 106 cells/ml) were seeded at 1 × 105 cells/ml in 75 cm3 flasks 
(Corning, New York, USA) in Keratinocyte serum-free medium (KSFM) supplemented with 100 U/mL penicillin, 
100 μg/ml streptomycin, 25 μg/ml bovine pituitary extract, 0.2 ng/mL epidermal growth factor and 0.4 mM CaCl2, 
then incubated at 37 °C, 5% CO2. Cells were maintained until they were 70–80% confluent at which point cells 
were passaged using 0.05% trypsin EDTA.

Following passaging, cells were counted before being seeded in 24-well plates at 1 × 105 cells/well and incu-
bated for 1–2 days at 37 °C, 5% CO2 until 70–80% confluent. Following incubation, media was removed, and 
cells were gently washed three times in pre-warmed PBS before experimental set up. For incubation with serially 
diluted suspensions of bacterial cultures, all microorganisms were standardised to their respective final CFE/
ml representative of the composition of fully mature 3-, 7- and 10- species biofilms. These were serially diluted 
from 107 to 104 prior to co-culture with TR146 cells in KSFM. For experiments with final day biofilm superna-
tants, 250 μl of filtered or un-filtered 3-, 7- and 10- species biofilm supernatants plus 250 μl of KSFM were added 
directly to TR146 cells. Negative controls contained 250 μl of filtered or un-filtered sterile AS with 250 μl of KSFM. 
For whole intact biofilms, a similar biofilm co-culture set up was utilised as with the HGE tissue (Fig. 2B). 3-, 
7- and 10- species biofilms grown on 13 mm Thermanox coverslips were inverted and attached to the underside 
of 0.33 cm2 inserts with sterile Vaseline, then placed carefully into each well containing TR146 cells and 250 μl 
of sterile AS and 250 μl of KSFM. Negative controls contained 250 μl of un-filtered sterile AS in 250 μl of KSFM 
minus biofilm.

Validation of human gingival epithelium model; histological analysis, cell viability, gene 
expression and protein release.  Histology of human gingival epithelium.  HGE tissue was carefully cut 
from the 0.5 cm2 insert using a sharp probe and fixed in 10% neutral-buffered formalin prior to embedding in 
paraffin. A Finnesse ME + microtome (Thermo Fisher, Loughborough, UK) was used to cut 2 μm sections and 
tissue sections stained with haematoxylin and eosin.

Epithelial cell viability.  To measure cell viability in HGE tissue and TR146 cells, spent cell supernatants were 
assayed for a lactate dehydrogenase (LDH) using the Pierce LDH cytotoxicity colorimetric assay kit, according to 
manufacturer’s instructions (Thermo Fisher, Loughborough, UK).

Gene expression in epithelial cells and immune cells.  RNA from TR146 cells, HGE tissue and immune cells was 
extracted using the RNeasy Mini Kit (Qiagen Ltd, Crawley, UK). Following co-culture with biofilms, HGE tis-
sue was cut from the 0.5 cm2 inserts and homogenised for 30 secs in RLT lysis buffer containing 0.01% (v/v) 
β-2-mercaptoethanol (β2ME) and 100 μl equivalent of 0.5 mm glass beads. RNA was extracted from the cell 
lysates according to the manufacturer’s instructions. For RNA extraction from TR146 cells or immune cells, 
RLT lysis buffer containing β2ME was added directly to the cell monolayer or immune cell pellets then vor-
texed for 30 secs, before proceeding with RNA extraction as above. RNA was quantified using a NanoDrop 1000 
spectrophotometer (Thermo Fisher, Loughborough, UK). 100–250 nanograms of RNA was reverse transcribed, 
using either the RT2 First Strand cDNA synthesis kit (Qiagen, Crawley, UK) or ‘high capacity RNA‐to‐cDNA’ kit 
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Figure 2.  Schematic diagram depicting the three-dimensional human gingival epithelium (HGE) co-culture 
set-up. For biofilm supernatant co-culture experiments, HGE tissue was exposed to final day 3-, 7- and 10- 
species biofilm spent growth supernatants (100 µl) (A). For biofilm co-culture experiments, HGE tissue was 
co-cultured with 3-, 7- and 10- species biofilms inverted and secured to the underside of 0.33 cm2 inserts with 
sterile Vaseline (B). For other experiments, 0.5–1 × 106 cells/ml of peripheral blood mononuclear cells or 
CD14+ monocytes were added to the maintenance media underneath the HGE tissue. All experiments were 
conducted for 24 hours at 37 °C, 5% CO2.
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(Applied Biosystems, Foster City, CA, USA). Gene expression analysis was carried out using a custom designed 
RT2 Profiler PCR Array (Qiagen, Crawley, UK) or using SYBR GreenER based qPCR. RT2 Profiler PCR array 
contained primers specific for 12 genes of interest (IL1α, IL1β, IL6, TNF, CSF2, CSF3, IL8, CXCL1, CXCL3, 
CXCL5, CCL1 and GAPDH), compiled based on an experimental gingivitis model27. Gene expression in immune 
cells using SYBR GreenER based qPCR was verified using the following genes of interest; IL1β, IL6, TNF, IL8, 
IL10 and house-keeping gene, GAPDH. Primer sequences and reference sources are listed in Table 1.

Protein release by epithelial cells.  Spent cell supernatants were harvested from HGE tissue, TR146 cells and 
immune cell co-cultures and assayed for interleukin-8 (IL-8) using Ready-Set-Go ELISA kits (Thermo Fisher, 
Loughborough, UK), according to manufacturer’s instructions.

Statistical analysis.  Graphs were compiled, and data analysed using GraphPad Prism (version 7; GraphPad 
Software Inc., La Jolla, USA). Normally distributed data that approximated to Gaussian distribution was analysed 
by two-tailed Student’s t-test to compare the means of two samples or one-way analysis of variance (ANOVA) 
to compare the means of more than two samples, and Tukey’s post-test was applied to the p value to account for 
multiple comparisons of the data. Values are presented as mean ± SEM. Statistical significance was achieved if 
*p < 0.05.

Results
Compositional analysis and ultrastructural differences in multi-species biofilms.  The composi-
tion of the multi-species biofilms was initially assessed using qPCR. All bacteria colonised and were represented 
in the final composition of the fully mature biofilms (Fig. 3A–C). Firstly, the 3 Streptococcus species made up 
7.74 × 106 CFE/ml (100%) of the 3- species biofilm. The 7- species and 10- species biofilms had similar propor-
tions of Streptococcus spp. (3.26 × 107 CFE/ml; 8.59% for 7- species and 1.95 × 107 CFE/ml; 3.88% for 10- species) 
and Fusobacterium spp. (3.90 × 107 CFE/ml; 10.46% for 7- species and 5.60 × 107 CFE/ml; 11.81% for 10- species). 
In both 7- and 10- species biofilms, V. dispar and A. naeslundii were the most prominent microorganisms colonis-
ing the biofilm (V. dispar, 1.01 × 108 CFE/ml; 26.58% for 7- species and 1.69 × 108 CFE/ml; 34.87% for 10- species; 
A. naeslundii 2.15 × 108 CFE/ml; 54.37% for 7- species and 1.90 × 108 CFE/ml; 38.26% for 10- species). The 10- 
species biofilms also contained P. gingivalis (2.27 × 107 CFE/ml; 4.52%), P. intermedia (2.54 × 107 CFE/ml; 4.89%) 
and A. actinomycetemcomitans (8.19 × 106 CFE/ml; 1.77%).

The architecture of the different multi-species biofilms also varied as assessed using SEM, TEM and confocal 
microscopic analysis. The 3- species biofilms were visibly different from the 7- species and 10- species biofilms. 
In SEM images, oral Streptococcus formed “clusters” of cocci chains across the surface of the coverslip as visi-
ble at x500 magnification. At higher magnification (x5000), extracellular matrix can be seen encapsulating the 
cocci chains (Fig. 3D). After TEM analysis, cocci-shaped cells are evident at x15000 and x25000 magnification 
(Fig. 3G). The 7- and 10- species biofilms formed a dense, complex multi-layered structure in scanning electron 
micrographs. At lower magnification, the broad covering of the surface with Streptococcus species remains visible 
in both biofilms, as with the 3- species biofilm, although larger micro-colonies containing rod-shaped bacteria 
predominate the biofilm (Fusobacterium spp., A. naeslundii and A. actinomycetemcomitans in the 10-species bio-
film). At x5000 magnification, cell-cell adhesion between bacterial cells with different morphologies are visible, 
with a dense, rich extracellular matrix encapsulating the micro-colonies (Fig. 3E,F). In the TEM images for the 
7- and 10- species biofilms, rod-shaped bacteria are visually interspersed between the cocci (Fig. 3H,I). Finally, 
the multi-species biofilms were stained with fluorescent dyes for CLSM analysis. All biofilms were predominantly 
stained green (~90%) suggesting that the biofilms contained predominantly viable cells. There were some regions 
of the 7- and 10- species that were stained red, which were indicative of dead cells, but these were sparse and 
largely found deeper within the biofilm structure (Fig. 3J–L).

Histology of HGE tissue.  HGE used in this study formed a multi-layered keratinised epithelial tissue char-
acteristic of gingival epithelium in vivo (Fig. 4). There were 6–8 distinguishable cell layers, starting at the basal 
cell layer or stratum basale formed on the 0.4 μm porous membrane (Fig. 4A). The basal cell layer was com-
posed of cuboidal/columnar shaped cells with large nuclei forming a cell layer with visible desmosomes and/
or hemi-desmosomes. The prickle cell layers or stratum spinosum (approx. 3–4 cell layers) were comprised of 
polyhedral-shaped keratinocytes (Fig. 4B) and the stratum granulosum (approx. 1–2 cell layers) demonstrated 
keratohyalin granule-producing cells (identified by white arrows in Fig. 4C). The outer-most 2–3 cell layers 
showed keratinisation and “pyknosis” (nuclei and organelle condensation; identified by black arrows in Fig. 4D).

Viability of epithelial cell cultures with multi-species biofilms.  In order to test the robustness of the 
three-dimensional epithelial cell model for bacterial co-culture, we assessed the histology and viability of the HGE 
tissue following exposure to biofilm supernatants and whole biofilms (Fig. 5). Notably, there was no visible change 
in the histological appearance of the HGE tissue following overnight culture with biofilm supernatants or biofilms 
(Supplementary Fig. 3). For comparative purposes in viability assessment, a monolayer-forming TR146 keratino-
cyte cell line was exposed to biofilm supernatants and whole biofilms in a similar manner as HGE tissue. TR146 
cells and HGE tissue remained viable following exposure to biofilm supernatants filtered through 0.2 μm mem-
branes, consisting of bacterial products released by the mature biofilm, minus whole bacterial cells (Figs. 5A and D).  
Following co-culture with un-filtered biofilm supernatants, containing a mixture of bacterial proteins and bac-
teria shed from the biofilm, TR146 cells and HGE tissue also remained largely viable (Figs. 5B and E). Finally, 
TR146 cells and HGE tissue were incubated with whole biofilms. Thus, the epithelial cells are subject to bacteria 
shed from the biofilm, as well as continuous exposure to bacterial products produced by cells in the biofilm. The 
“gingivitis-associated” 7- species biofilm, was significantly more cytotoxic to the TR146 cell monolayer when 
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compared to the “health-associated” 3- species biofilm (6.50 ± 1.96-fold change in cytotoxicity for 7-species bio-
films vs. 1.29 ± 0.48-fold change for 3- species biofilms, *p < 0.05; Fig. 5C). In contrast, the HGE tissue main-
tained high viability following exposure to all multi-species biofilms, regardless of biofilm composition (Fig. 5F).

Inflammatory response in epithelial cell cultures with multi-species biofilms.  The inflammatory 
response in the HGE tissue was investigated following exposure to biofilm-spent supernatants and multi-species 
biofilms. Firstly, IL8 gene expression and IL-8 protein release were assessed in HGE tissue after co-culture with 
biofilm supernatants. IL-8 is a potent chemoattractant produced by epithelial cells, including gingival tissue, dur-
ing microbial challenge7,28,29. Following exposure to filtered supernatants from the multi-species biofilms, IL8 gene 
expression and IL-8 protein release in HGE tissue was comparable to AS only (negative control) (Figs. 6A and 6D).  

Figure 3.  Compositional analysis and ultrastructural differences in multi-species oral biofilms. Bacterial DNA 
was extracted from multi- species biofilms using DNeasy Qiagen kit for quantification of each species using 
SYBR GreenER based quantitative PCR (A–C). Unique biofilm morphology and architecture was visualised 
using scanning electron microscopy ((D–F); lower magnification ×500, and higher magnification ×5000 inset) 
and transmission electron microscopy ((G–I); lower magnification ×15000, and higher magnification ×25000 
inset). Confocal stacked images representative of biofilms stained with SYTO9 and PI to show live and dead 
cells as viewed using the Zeiss LSM 780 confocal laser scanning microscope. Confocal images were taken at ×40 
magnification and image stacks compiled using COMSTAT2 program. Data for qPCR compositional analysis 
of biofilms representative of mean +/− SEM for n = 3 from two individual experiments. Abbreviations; A. 
a* = Aggregatibacter actinomycetemcomitans.
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Upon stimulation with un-filtered biofilm spent growth supernatants, there were no significant changes in IL8 
gene expression in HGE tissue, although a trend towards an increase in tissue stimulated with 7- and 10- species 
biofilm supernatants was observed (Fig. 6B). At a protein level, HGE produced more IL-8 following co-culture 
with 7- species biofilm spent growth supernatants than 3- species biofilm supernatants and AS only (Fig. 6E; 

Figure 4.  Histology of human gingival epithelium model. Haematoxylin and eosin (H&E) stained histological 
section of human gingival epithelium (HGE) showing the characteristic 6–8 epithelial layers of gingival tissue. 
The H&E stained epithelium could be further divided into characteristic cellular layers as depicted by (A–D) 
(basal cell layer, (A); prickle cell layer, (B); granular layer, (C); keratinised layer, (D)). Keratinocytes within the 
granular layer are identified by the presence of keratohyalin granules, shown as by the white arrows. Terminally 
differentiated keratinocytes (corneocytes), are identified by black arrows. Histological image representative of 
an unstimulated HGE tissue.
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Figure 5.  Cytotoxicity of multi-species biofilms on TR146 oral keratinocyte cell line and human gingival 
epithelium. Oral keratinocytes (grown to 70–80% confluent) (A–C) and human gingival epithelium (HGE)  
(D–F) were exposed to filtered and un-filtered biofilm spent growth supernatants, or whole biofilms for 
24 hours at 5% CO2, 37 °C. Following incubation, keratinocyte or HGE spent media were assessed for the 
presence of Lactate Dehydrogenase (LDH) as a measure of cell death using the Pierce LDH cytotoxicity assay 
kit. Data presented as fold change in cytotoxicity relative to cells only minus bacteria, representative of n = 3–4 
from one experiment for filtered and un-filtered supernatants, and n = 3–4 from two experiments for whole 
biofilm co-cultures. Statistical analysis performed using one-way ANOVA with Tukey’s multiple comparison 
post-test (*p < 0.05).
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25.07 ± 3.56 pg/ml for 7- species biofilm supernatants vs. 6.61 ± 0.95 pg/ml for 3- species biofilm supernatants 
and 2.34 ± 1.47 pg/ml for AS only, **p < 0.01 and ***p < 0.001, respectively).

Following integration of biofilms into the three-dimensional HGE co-culture model, we observed a differential 
inflammatory response in the HGE tissue following exposure to the “health-associated”, “gingivitis-associated” 
and “periodontitis-associated” biofilms. Firstly, to assess whether these differential responses were due to dif-
ferences in bacterial load or composition in the three biofilm co-culture models (as seen in Fig. 3A–C), TR146 
epithelial cells were exposed to serially diluted 3-, 7- and 10- species cultures. It may be postulated that an increase 
in bacterial load in the 7- and 10- species biofilms compared to 3- species biofilms, irrespective of composition, 
may drive inflammation in epithelial cells in vitro. Here, the 7-species suspension induced significantly greater 
IL8 expression in TR146 cells compared to 3- species culture at 107, 106 and 105 dilution (Supplementary Fig. 4; 
*p < 0.05). This suggests that disease-associated organisms such as Fusobacterium species (F. nucleatum and F. 
nucleatum spp. vincentii) present in the 7- species suspensions may be driving an elevated IL8 inflammatory 
response in TR146 cells. Conversely, there were no significant changes between 3- and 10- species co-cultures 
at any serial dilution. In the HGE co-cultures, there was an up-regulation in IL8 gene expression in 7- species 
biofilm-stimulated HGE tissue compared to AS only (*p < 0.05), whilst a trend in up-regulation was observed 
in tissue cultured with 10- species biofilms, compared to 3- species biofilms or AS only, although this difference 
was not statistically significant (Fig. 6C). At a protein level, IL-8 released by HGE tissue varied in response to 
the different multi-species biofilms. IL-8 release was significantly higher from HGE tissue co-cultured with 7- 
species biofilms compared with 3- species biofilms and AS only (63.87 ± 20.99 pg/ml for 7- species biofilm vs. 
6.12 ± 1.13 pg/ml for 3- species biofilm and 10.49 ± 2.97 pg/ml for AS only, both *p < 0.05; Fig. 6F). Interestingly, 
IL8 gene expression and IL-8 protein release was comparable between 3- species biofilms and AS only, suggesting 
that oral Streptococcus, often termed as commensal bacterial species inhabiting the oral cavity30, had little inflam-
matory effect on the HGE tissue. There were no significant changes in IL-8 release from HGE tissue following 
exposure to 10- species biofilms compared to other biofilm co-cultures or AS only (p > 0.05), which may possibly 
be due to P. gingivalis-derived gingipains degrading the protein31.

Broader investigation of the HGE transcriptional response demonstrated an up-regulation of multiple inflam-
matory cytokine/chemokine mediators in HGE tissue exposed to 7- and 10- species biofilms (Fig. 6G). IL8 was 
the only significantly up-regulated gene in HGE tissue following co-culture with 7- species and 10- species bio-
films, compared to AS only (both *p < 0.05). However, there was also an increased expression TNF and CXCL3 
in HGE tissue co-cultured with 7- species and 10- species biofilms, although these changes were not significant. 

Figure 6.  Gene expression profile and IL-8 protein release in human gingival epithelium (HGE) following 
exposure to oral biofilms. HGE was exposed to filtered and un-filtered biofilm spent growth supernatants, 
or whole biofilms for 24 hours at 5% CO2, 37 °C. Negative control HGE tissue was co-cultured with sterile 
artificial saliva only. Interleukin-8 gene expression was assessed by quantitative PCR and gene expression 
calculated relative to the housekeeping gene GAPDH (A–C). Spent HGE tissue supernatant was assessed for 
IL-8 protein by ELISA (D–F). Panel G shows a heat map depicting the log2 fold change in gene expression of 
pro-inflammatory genes in HGE following exposure to oral biofilms assessed by multiplex qPCR. Data in panels 
(A–F) shown as mean +/− SEM representative of n = 3–4 from one experiment for HGE-biofilm supernatant 
experiments, and n = 3–4 from two separate experiments for HGE incubation with whole biofilms. Statistical 
analysis was performed using a one-way ANOVA with Tukey’s multiple comparison post-test (*p < 0.05, 
**p < 0.01).
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TNF encodes for TNF-α a pro-inflammatory cytokine involved in acute phase of infection and produced by 
gingival epithelial cells in response to bacterial stimulation32,33. CXCL3 produces a chemokine thought to have a 
role in CXCR2 receptor signalling involved in neutrophil and monocyte attraction. Other notable up-regulated 
genes were IL1α, a gene encoding IL-1α, a member of IL1 family of pro-inflammatory cytokines, and CCL1, 
a potent chemoattractant of T cells and monocytes34 in HGE tissue co-cultured with 7- species biofilm. The 
10-species biofilm induced an up-regulation of CFS3, or granulocyte-colony stimulating factor and CXCL5, 
another ligand for CXCR2 receptor involved in monocyte attraction and activation. Generally, the 3- species 
biofilm had negligible effect on the HGE tissue, with only a subtle up-regulation in gene expression of IL8, CSF2 
(granulocyte-macrophage colony-stimulating factor), CXCL5 and CCL1 relative to HGE tissue cultured with AS 
only. Taken together, data presented here suggests that 7- and 10- species biofilms induce a pro-inflammatory 
response in the HGE tissue, with IL8 the most up-regulated gene following co-culture with these biofilms.

Differential inflammatory response in immune cells cultured with HGE tissue.  We next sought 
to integrate immune cells into the HGE three-dimensional co-culture to mimic the in vitro interactions between 
HGE tissue and immune cells. We sought to evaluate both the effect of immune cells on epithelial cells, and 
vice-versa, as well as the overall culture. To do this, PBMCs and CD14+ monocytes were isolated and cultured in 
maintenance media +/− HGE tissue. IL8 gene expression in HGE tissue and PBMCs/monocytes was assessed and 
IL-8 protein detected in media from mono- and co-cultures.

There was no significant difference in IL8 gene expression in HGE tissue cultured +/− PBMCs (Fig. 7A), 
nor in PBMCs cultured with or without HGE tissue (Fig. 7B). The concentration of IL-8 in PBMC only cul-
tures and PBMC/HGE co-cultures was significantly higher than HGE-generated IL-8 (4094 ± 942 pg/ml in 
PBMC co-culture with HGE and 3197 ± 688 pg/ml in PBMC mono-culture vs. 6.124 ± 1.125 pg/ml for HGE only, 
***p < 0.001 and **p < 0.01 respectively; Fig. 7C). However, there were no significant differences in the IL-8 
concentration in PBMCs only cultures vs. PBMC/HGE co-cultures.

CD14+ monocytes were also cultured with and without HGE tissue. IL8 gene expression in HGE tissue was 
down-regulated when co-cultured with monocytes (0.1332 ± 0.0194% relative gene expression in HGE tissue 
minus monocytes vs. 0.0313 ± 0.0029% in HGE plus monocytes, **p < 0.01; Fig. 7D). On the contrary, IL8 gene 
expression in monocytes was significantly increased following co-culture with HGE tissue, compared to mono-
cytes cultured in media only (303.4 ± 20.96% relative gene expression in monocytes plus HGE vs. 186.8 ± 19.29% 
in monocytes minus HGE, **p < 0.01; Fig. 7E). As with PBMCs, IL-8 protein release was elevated in mono-
cyte only cultures, when compared to HGE tissue only (1177 ± 93.05 pg/ml in monocytes in media only vs. 
6.124 ± 1.125 pg/ml in HGE mono-culture only, ****p < 0.0001; Fig. 7F). However, unlike the PBMC/HGE 
co-cultures, the concentration of IL-8 was significantly higher in monocyte/HGE co-cultures, when compared 
to monocytes only (2267 ± 71.45 pg/ml IL-8 release in monocyte and HGE tissue co-cultures compared with 
1177 ± 93.05 pg/ml in monocytes in media only, ****p < 0.0001; Fig. 7F). Therefore, taken together, these data 
show that HGE tissue induces an up-regulation of IL8 in monocytes, resulting in increased IL-8 in monocyte/
HGE co-cultures.
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Figure 7.  Inflammatory response in immune cells co-cultured with human gingival epithelium. Peripheral 
blood mononuclear cells (PBMCs) or isolated CD14+ monocytes were cultured at a concentration of 1.0 × 106 
PBMCs/ml or 0.5 × 106 monocytes/ml with and without human gingival epithelium (HGE) for 24 hours at 
5% CO2, 37 °C. Interleukin-8 gene expression relative to GAPDH was calculated in HGE tissue (A and D) and 
immune cells (B and E) using quantitative PCR. Spent supernatant from mono- and co-cultures were assessed 
for IL-8 protein by ELISA (C and F). Data representative of mean +/− SEM representative of n = 3–4 from two 
separate experiments. Statistical analysis was performed using either an unpaired t test or one-way ANOVA 
with Tukey’s multiple comparison post-test (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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To further mimic the interactions between HGE tissue and immune cells in oral inflammation, 7- species bio-
films were introduced into the HGE tissue/immune cell co-cultures. The 7- species biofilm was selected as stim-
ulant as it appeared to elicit the greatest pro-inflammatory response in the HGE tissue (as seen in Fig. 6). Firstly, 
it is noteworthy that no culturable bacteria were detected in the media underneath the tissue during the duration 
of the experiments, confirming that viable bacteria had not disseminated through the tissue and directly stimu-
lated immune cells. Figure 8A shows the fold change in PBMC gene expression of IL8, TNF, IL6, IL1β and IL10 
following co-culture with HGE tissue + /− 7- species biofilm, relative to PBMCs only. After incubation with HGE, 
there was an up-regulation in gene expression of IL6 in PBMC/HGE co-cultures, irrespective of biofilm stimula-
tion (both **p < 0.01) and IL1β, in PBMCs incubated with HGE stimulated with 7- species biofilm (**p < 0.01). 
There was no change in gene expression of IL8, TNF or IL10 in PBMCs following culture with HGE +/− biofilm, 
compared to PBMCs only. There were also no changes in expression of any gene in PBMCs cultured with HGE vs. 
biofilm-stimulated HGE (Supplementary Fig. 5).

There were more significant changes in gene expression in monocytes cultured with HGE + /− 7- species 
biofilm (Fig. 8B; % expression shown in Supplementary Fig. 6). In addition to IL8 (Fig. 7E and Supplementary 
Fig. 6A), IL10 was also significantly up-regulated in monocytes cultured with HGE tissue compared to monocytes 
cultured alone (Supplementary Fig. 6E; *p < 0.05). Conversely, pro-inflammatory genes IL8, TNF, IL6 and IL1β 
were all significantly up-regulated in monocytes cultured with HGE tissue stimulated by 7- species biofilm, com-
pared to monocytes cultured alone (IL8, TNF both **p < 0.01; IL6, IL1β both *p < 0.05, respectively). Two genes 
were differentially expressed in monocytes cultured with biofilm-stimulated HGE vs. HGE only minus biofilm 
stimulation; TNF (Supplementary Fig. 6B; **p < 0.01) and IL6 (Supplementary Fig. 6C; *p < 0.05) were both 
significantly up-regulated in monocytes cultured with biofilm-stimulated HGE. Taken together results from the 
preceding section show that HGE tissue can orchestrate the gene expression profile of immune cells in the media 
underneath possibly via the production of soluble mediators such as IL-8, an effect that is more pronounced fol-
lowing stimulation of HGE with 7- species biofilm.

Discussion
Oral biofilm-host cell co-culture models are important tools in understanding the pathogenesis of oral 
inflammatory diseases. Work from the present study has shown that the multi-species biofilms containing 
“health-associated”, “gingivitis-associated” and “periodontitis-associated” microorganisms exhibit unique mor-
phological features as assessed by different microscopic techniques. The HGE tissue used throughout this study 
formed a 6–8 cell-layered epithelium characteristic of gingivae in vivo and maintained a high level of viability 
following exposure to multi-species biofilms, unlike our epithelial cell line monolayer. HGE exhibited a unique 
cytokine gene and protein expression profile after co-culture with the multi-species biofilms, suggesting the com-
position and complexity of these biofilms can influence the inflammatory response in HGE tissue. In addition, 
we observed a differential inflammatory response in immune cells co-cultured with and without HGE tissue, 
and in biofilm-stimulated HGE co-cultures. In this model, HGE controls the inflammatory state of immune cells 
potentially through the production of tissue-derived soluble mediators, in a manner that partially mimics the 
interactions between epithelial cells and tissue-resident immune cells in vivo.

The majority of previous studies seeking to assess the inflammatory response in oral epithelial cells have used 
primary or immortalised cell lines that form monolayers following culture. Monolayer cell models are cheaper, easy 
to manipulate and highly reproducible for the study of host-bacteria interactions. However, in vivo, the oral mucosa 
surrounding the tooth consists of largely multi-layered keratinised gingival epithelium and non-keratinised sulcular 

Figure 8.  Inflammatory response in immune cells co-cultured with biofilm-stimulated human gingival 
epithelium. Peripheral blood mononuclear cells (PBMCs) or isolated CD14+ monocytes were cultured alone, 
with human gingival epithelium (HGE) or 7- species biofilm-stimulated HGE for 24 hours at 5% CO2, 37 °C. 
Heat map data shows the log2 fold change in gene expression of pro-inflammatory genes (IL8, TNF, IL6, IL1β) 
and IL10 in PBMCs or CD14+ monocytes following incubation with HGE + /− 7 species biofilm, relative 
to immune cells only. Heat map data displayed as mean value representative of n = 3 from one experiment. 
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison post-test 
(*p < 0.05, **p < 0.01).
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and junctional epithelium. Here, we show that “gingivitis-associated” 7- species biofilms induced cell death in a 
TR146 keratinocyte monolayer, whilst HGE tissue maintained high viability following exposure to all multi-species 
biofilms. These observations support previous findings describing cell death in epithelial cell monolayers following 
co-culture with multi-species oral biofilms8,35. For example, the work of Guggenheim et al. (2009) used a similar 
co-culture system as the one described in this study, demonstrating that a 9- species subgingival in vitro biofilm 
induces apoptosis in human gingival epithelial cells35. Conversely, proteomic studies of similar 3D co-culture sys-
tems have observed networks associated with the organization of cytoskeletal intermediate and actin filaments, cell 
junctions and other proteins involved in cell integrity were altered in response to diseased biofilms17,36. However, 
others showed that a multi-layered oral epithelium remains largely viable after incubation with an oral biofilm con-
taining the “Red complex” consortium of periodontal pathogens7. Similar differences in cytotoxicity were observed 
using other in vitro two-dimensional and three-dimensional cell models. Studies of the effects of dental resins 
on two-dimensional and three-dimensional gingival cell cultures demonstrate significant increases in cell death 
in monolayers following treatment compared with a multi-layered cell model37. Furthermore, two-dimensional 
skin cell monolayers are more susceptible to cytotoxic agents than three-dimensional grown counterparts38. It is 
apparent that the most important defensive feature of gingival epithelium is its thick, multi-layered phenotype, 
providing the first line of cellular protection to the external environment. It would be of interest to study whether 
non-keratinised oral epithelium is equally protected from biofilm-mediated cytotoxicity, or if the keratinised layer 
is functionally important in this protection. Furthermore, one limitation of this study was that biofilms were not in 
direct contact with HGE. Previous studies have reported that P. gingivalis, present in our “periodontitis-associated” 
biofilm model, is able to be internalised by and survive within gingival epithelial cells39–41. Likewise, ensuing 
research has found that this organism is capable of bypassing the epithelial barrier in a 3D gingival epithelial and 
fibroblast spheroid model to induce an inflammatory response42. Thus, future work would benefit from assessing 
whether these contact-dependent mechanisms can be mimicked in this model.

Oral epithelial cells display differential inflammatory responses following culture with mono- and multi-species 
biofilms of varying compositions in a species-specific manner5–8. The works of Peyyala et al. (2012 and 2013) 
demonstrated a clear hierarchy in the bacterial induction of inflammatory response in oral epithelial cells; mature 
biofilms containing pathogenic bacteria were more pro-inflammatory than biofilms comprising of commensal 
microorganisms, whilst mono-species biofilms and planktonic bacteria were less pro-inflammatory5,6. Interestingly 
we observed a similar phenomenon in this study using TR146-bacterial suspension and HGE-biofilm co-cultures. 
In the TR146 co-cultures, the 7- species suspension induced the greatest increase in IL8 gene expression in epithe-
lial cells whilst the 3- species culture induced the lowest response of all three co-cultures at each dilution. This was 
indicative that the composition of the 7-species biofilm, as opposed to bacterial load, was dictating the inflamma-
tory response within co-cultured epithelial cells. In the HGE tissue co-cultures, the “health-associated” 3- species 
biofilm had a negligible effect on the inflammatory response in the HGE in regard to both gene and protein expres-
sion. In contrast, the 7- and 10- species biofilms, comprised of microorganisms associated with gingival inflamma-
tion such as F. nucleatum, A. actinomycecomitans and P. gingivalis, induced a pro-inflammatory gene response in 
the HGE tissue following co-culture. IL8 gene expression was the most upregulated gene in HGE tissue stimulated 
by 7- species and 10- species biofilms. At the protein level, we observed an increase in IL-8 cytokine release in 
the spent tissue supernatant of HGE co-cultured with 7- species biofilms. Similar findings have been described 
elsewhere, with IL-8 production by epithelium a primary response to biofilms containing A. naeslundii and F. 
nucleatum5,6. Interestingly, although at the gene level IL8 was upregulated, IL-8 protein release from HGE was not 
significantly different than the control following 10- species biofilm challenge. These observations are in line to 
those described by Belibasakis and colleagues (2013), whereby “Red complex” microorganisms may degrade host 
proteins7. Indeed, it is well established that P. gingivalis can degrade IL-8 to modulate the immune response31,43. We 
therefore propose that similar mechanisms are in place in the tissue and 10- species biofilm co-culture.

In addition to the well-documented pathogenicity of the microorganisms, this elevated pro-inflammatory 
response may also be due to the complex nature of the mature “diseased” biofilms; our findings correspond 
with previous studies that mature biofilms are more pro-inflammatory than less‐complex biofilms44. Such 
bacteria-host interactions are driven by pattern recognition receptors (PRRs) associated with cellular signalling 
pathways including mitogen-activated protein kinase (MAPK), protease-activated receptors (PAR) and Toll-like 
receptors (TLR)45,46. Secreted bacterial products such as lipopolysaccharides (LPS) and proteases (e.g., gingipains 
in P. gingivalis) also known as pathogen-associated molecular patterns (PAMPs), can orchestrate the immune 
response in oral epithelial cells via these cell signalling pathways47–51. Interestingly, there is now a plethora of 
research evidence that commensal and pathogenic bacteria possess unique LPS structures that differentially mod-
ulate signalling cascades in epithelial and immune cells46,52–54. It is feasible that similar mechanisms are present 
in our 3D model whereby biofilms associated with disease induce pro-inflammatory responses via PRRs in HGE 
whilst “health-associated” biofilms are more immunomodulatory and are therefore unable to activate similar 
pathways. Future studies assessing the expression of PRRs in HGE tissue pre- and post-stimulation with biofilms 
associated with health and disease may begin to clarify these mechanisms.

The oral epithelial cell response to a microbial challenge is an essential “preliminary warning signal” in con-
trolling the innate and adaptive immune responses. Thus, to study the effects of HGE responses on immune cells, 
we incorporated PBMCs and purified monocytes into our three-dimensional co-culture model to mimic cell-cell 
communication between epithelial cells and immune cells. PBMCs were initially chosen for co-culture as these 
contain populations of lymphocytes such as T cells (70–85%), B cells (5–10%), NK cells (5–20%) and innate 
lymphoid cells (<0.1%), as well as mononuclear phagocytes such as monocytes (10–20%) and dendritic cells 
(1–2%)55, each of which have been identified within gingival tissue10. For comparison, we isolated PBMC-derived 
CD14+ monocytes for HGE co-culture. Monocytes were chosen as the role of recruited monocytes and tissue res-
ident macrophages in oral health and disease remains to be fully elucidated, although there are some studies that 
have identified monocytes/macrophages in gingival tissue biopsies. The number of CD14+, CD16+ monocytes/
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macrophages were increased in gingival biopsies of patients with chronic periodontitis56, whilst there is also evi-
dence for an increase in M1 (pro-inflammatory state) macrophages in inflamed gingivae57. However, the mecha-
nisms by which these cells infiltrate the tissue during inflammation are not fully understood. In vitro studies like 
the one described here may begin to allude to potential mechanisms.

We describe unique cytokine gene and protein expression profiles in PBMCs and monocytes cultured with 
and without HGE tissue in our three-dimensional model. There was a significant up-regulation of IL8 gene 
expression in monocytes incubated with HGE tissue than without, meaning that HGE tissue controls gene 
expression in isolated monocyte cultures via production of soluble mediators, likely IL-8. As IL-8 is an autocrine 
chemokine58, we propose that HGE- and monocyte-derived IL-8 is stimulating further production of IL-8 by 
the monocytes via the CXCR1 and CXCR2 receptors, an effect that is lost following incubation of PBMCs with 
HGE. This may be explained by the different cell populations within the PBMC co-culture compared to the 
purified monocyte co-culture; other cell types within the PBMC population such as T regulatory cells have been 
shown to be drive M2 differentiation in monocyte populations, suppressing pro-inflammatory responses such as 
IL1-β, TNF-α, IL-6 and IL-8 production59,60. Future work may merit consideration of whether co-culture of HGE 
tissue induces polarization of monocytes (or monocytes in PBMC populations) into M1 or M2 macrophages. 
Nonetheless, for both PBMCs and monocytes we observe greater changes in gene expression following culture 
with biofilm-stimulated HGE tissue, which suggests that the “inflammatory state” of the tissue can impact the 
responses in co-cultured immune cells in vitro. We hypothesise that the mechanisms we have observed in vitro 
are likely present in vivo. In a “resting state”, cell-cell communication between the epithelium and immune cells is 
critical in regulating the inflammatory response and maintaining tissue homeostasis. Conversely, following per-
turbation of the epithelium, rapid cell-cell signalling is key for removal of any pathogenic threat61. Unfortunately, 
we were unable to assess the ability of the otherwise chemoattractant IL-8 in inducing migration of cells through 
the tissue due to the 0.4 µm pore size of the insert membranes. Other work using similar two-dimensional and 
three-dimensional epithelial models, describe the use of inverted culture inserts or trans-well systems to measure 
migration of neutrophils through epithelial cells62–64. Future work could benefit from the integration of neutro-
phils or monocytes into an inverted version of our model. Using similar oral tissue grown on larger porous mem-
branes, within this inverted model, would allow us to assess the cell chemotaxis through the epithelium following 
stimulation with biofilms.

In summary, we have described the development of a three-dimensional gingivae biofilm co-culture model to 
study the inflammatory responses in epithelium following exposure to multi-species oral biofilms. In addition, 
to our knowledge, this is the first publication to describe a three-dimensional gingivae-biofilm co-culture model 
with integration of immune cells for investigating biofilm-epithelium-immune cell interactions. Using in vitro 
models as described in this study may help dissect the cell-cell communication pathways that exist between oral 
biofilms, epithelial cells and immune cells in vivo, and how such interactions may drive the onset of oral inflam-
matory diseases such as gingivitis and periodontitis.

Received: 14 May 2019; Accepted: 14 October 2019;
Published: xx xx xxxx

References
	 1.	 Cekici, A., Kantarci, A., Hasturk, H. & Van Dyke, T. E. Inflammatory and immune pathways in the pathogenesis of periodontal 

disease. Periodontol 2000 64, 57–80, https://doi.org/10.1111/prd.12002 (2014).
	 2.	 Bowen, W. H., Burne, R. A., Wu, H. & Koo, H. Oral Biofilms: Pathogens, Matrix, and Polymicrobial Interactions in 

Microenvironments. Trends Microbiol 26, 229–242, https://doi.org/10.1016/j.tim.2017.09.008 (2018).
	 3.	 Socransky, S. S., Haffajee, A. D., Cugini, M. A., Smith, C. & Kent, R. L. Jr. Microbial complexes in subgingival plaque. J Clin 

Periodontol 25, 134–144 (1998).
	 4.	 Mira, A., Simon-Soro, A. & Curtis, M. A. Role of microbial communities in the pathogenesis of periodontal diseases and caries. J 

Clin Periodontol 44(Suppl 18), S23–S38, https://doi.org/10.1111/jcpe.12671 (2017).
	 5.	 Peyyala, R., Kirakodu, S. S., Novak, K. F. & Ebersole, J. L. Oral microbial biofilm stimulation of epithelial cell responses. Cytokine 58, 

65–72, https://doi.org/10.1016/j.cyto.2011.12.016 (2012).
	 6.	 Peyyala, R., Kirakodu, S. S., Novak, K. F. & Ebersole, J. L. Oral epithelial cell responses to multispecies microbial biofilms. J Dent Res 

92, 235–240, https://doi.org/10.1177/0022034512472508 (2013).
	 7.	 Belibasakis, G. N., Thurnheer, T. & Bostanci, N. Interleukin-8 responses of multi-layer gingival epithelia to subgingival biofilms: role 

of the “red complex” species. PLoS One 8, e81581, https://doi.org/10.1371/journal.pone.0081581 (2013).
	 8.	 Ramage, G. et al. The epithelial cell response to health and disease associated oral biofilm models. J Periodontal Res 52, 325–333, 

https://doi.org/10.1111/jre.12395 (2017).
	 9.	 Rivera, A., Siracusa, M. C., Yap, G. S. & Gause, W. C. Innate cell communication kick-starts pathogen-specific immunity. Nat 

Immunol 17, 356–363, https://doi.org/10.1038/ni.3375 (2016).
	10.	 Dutzan, N., Konkel, J. E., Greenwell-Wild, T. & Moutsopoulos, N. M. Characterization of the human immune cell network at the 

gingival barrier. Mucosal Immunol 9, 1163–1172, https://doi.org/10.1038/mi.2015.136 (2016).
	11.	 Huang, C. B., Alimova, Y. & Ebersole, J. L. Macrophage polarization in response to oral commensals and pathogens. Pathog Dis 74, 

https://doi.org/10.1093/femspd/ftw011 (2016).
	12.	 Winning, T. et al. Expression of CD1a monocytes cultured with supernatants from periodontally diseased gingival epithelial cells. 

Oral Dis 2, 247–252 (1996).
	13.	 Galicia, J. C., Benakanakere, M. R., Stathopoulou, P. G. & Kinane, D. F. Neutrophils rescue gingival epithelial cells from bacterial-

induced apoptosis. J Leukoc Biol 86, 181–186, https://doi.org/10.1189/jlb.0109003 (2009).
	14.	 Yin, L. et al. Differential and coordinated expression of defensins and cytokines by gingival epithelial cells and dendritic cells in 

response to oral bacteria. BMC Immunol 11, 37, https://doi.org/10.1186/1471-2172-11-37 (2010).
	15.	 Gonzalez, O. A., Ebersole, J. L. & Huang, C. B. Supernatants from oral epithelial cells and gingival fibroblasts modulate human 

immunodeficiency virus type 1 promoter activation induced by periodontopathogens in monocytes/macrophages. Mol Oral 
Microbiol 25, 136–149, https://doi.org/10.1111/j.2041-1014.2009.00552.x (2010).

	16.	 Buskermolen, J. K., Janus, M. M., Roffel, S., Krom, B. P. & Gibbs, S. Saliva-Derived Commensal and Pathogenic Biofilms in a Human 
Gingiva Model. J Dent Res 97, 201–208, https://doi.org/10.1177/0022034517729998 (2018).

https://doi.org/10.1038/s41598-019-52115-7
https://doi.org/10.1111/prd.12002
https://doi.org/10.1016/j.tim.2017.09.008
https://doi.org/10.1111/jcpe.12671
https://doi.org/10.1016/j.cyto.2011.12.016
https://doi.org/10.1177/0022034512472508
https://doi.org/10.1371/journal.pone.0081581
https://doi.org/10.1111/jre.12395
https://doi.org/10.1038/ni.3375
https://doi.org/10.1038/mi.2015.136
https://doi.org/10.1093/femspd/ftw011
https://doi.org/10.1189/jlb.0109003
https://doi.org/10.1186/1471-2172-11-37
https://doi.org/10.1111/j.2041-1014.2009.00552.x
https://doi.org/10.1177/0022034517729998


13Scientific Reports |         (2019) 9:15779  | https://doi.org/10.1038/s41598-019-52115-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	17.	 Bao, K., Papadimitropoulos, A., Akgul, B., Belibasakis, G. N. & Bostanci, N. Establishment of an oral infection model resembling the 
periodontal pocket in a perfusion bioreactor system. Virulence 6, 265–273, https://doi.org/10.4161/21505594.2014.978721 (2015).

	18.	 Malcolm, J. et al. Mast Cells Contribute to Porphyromonas gingivalis-induced Bone Loss. J Dent Res 95, 704–710, https://doi.
org/10.1177/0022034516634630 (2016).

	19.	 Stephen, A. S. et al. In Vitro Effect of Porphyromonas gingivalis Methionine Gamma Lyase on Biofilm Composition and Oral 
Inflammatory Response. PLoS One 11, e0169157, https://doi.org/10.1371/journal.pone.0169157 (2016).

	20.	 Sherry, L. et al. Viable Compositional Analysis of an Eleven Species Oral Polymicrobial Biofilm. Front Microbiol 7, 912, https://doi.
org/10.3389/fmicb.2016.00912 (2016).

	21.	 Millhouse, E. et al. Development of an in vitro periodontal biofilm model for assessing antimicrobial and host modulatory effects of 
bioactive molecules. BMC Oral Health 14, 80, https://doi.org/10.1186/1472-6831-14-80 (2014).

	22.	 Tunney, M. M. et al. Improved detection of infection in hip replacements. A currently underestimated problem. J Bone Joint Surg Br 
80, 568–572 (1998).

	23.	 Erlandsen, S. L., Kristich, C. J., Dunny, G. M. & Wells, C. L. High-resolution visualization of the microbial glycocalyx with low-
voltage scanning electron microscopy: dependence on cationic dyes. J Histochem Cytochem 52, 1427–1435, https://doi.org/10.1369/
jhc.4A6428.2004 (2004).

	24.	 McCully, M. et al. Nanoparticle-antagomiR based targeting of miR-31 to induce osterix and osteocalcin expression in mesenchymal 
stem cells. PLoS One 13, e0192562, https://doi.org/10.1371/journal.pone.0192562 (2018).

	25.	 Strober, W. Trypan blue exclusion test of cell viability. Curr Protoc Immunol Appendix 3, Appendix 3B, https://doi.
org/10.1002/0471142735.ima03bs21 (2001).

	26.	 Jacobsen, J. et al. Filter-grown TR146 cells as an in vitro model of human buccal epithelial permeability. Eur J Oral Sci 107, 138–146 
(1999).

	27.	 Offenbacher, S. et al. Gingival transcriptome patterns during induction and resolution of experimental gingivitis in humans. J 
Periodontol 80, 1963–1982, https://doi.org/10.1902/jop.2009.080645 (2009).

	28.	 Eckmann, L., Kagnoff, M. F. & Fierer, J. Epithelial cells secrete the chemokine interleukin-8 in response to bacterial entry. Infect 
Immun 61, 4569–4574 (1993).

	29.	 Huang, G. T., Haake, S. K. & Park, N. H. Gingival epithelial cells increase interleukin-8 secretion in response to Actinobacillus 
actinomycetemcomitans challenge. J Periodontol 69, 1105–1110, https://doi.org/10.1902/jop.1998.69.10.1105 (1998).

	30.	 Kreth, J., Merritt, J. & Qi, F. Bacterial and host interactions of oral streptococci. DNA Cell Biol 28, 397–403, https://doi.org/10.1089/
dna.2009.0868 (2009).

	31.	 Mikolajczyk-Pawlinska, J., Travis, J. & Potempa, J. Modulation of interleukin-8 activity by gingipains from Porphyromonas 
gingivalis: implications for pathogenicity of periodontal disease. FEBS Lett 440, 282–286 (1998).

	32.	 Eskan, M. A. et al. Interleukin-1beta modulates proinflammatory cytokine production in human epithelial cells. Infect Immun 76, 
2080–2089, https://doi.org/10.1128/IAI.01428-07 (2008).

	33.	 Beklen, A., Sorsa, T. & Konttinen, Y. T. Toll-like receptors 2 and 5 in human gingival epithelial cells co-operate with T-cell cytokine 
interleukin-17. Oral Microbiol Immunol 24, 38–42, https://doi.org/10.1111/j.1399-302X.2008.00473.x (2009).

	34.	 Gombert, M. et al. CCL1-CCR8 interactions: an axis mediating the recruitment of T cells and Langerhans-type dendritic cells to 
sites of atopic skin inflammation. J Immunol 174, 5082–5091 (2005).

	35.	 Guggenheim, B. et al. In vitro modeling of host-parasite interactions: the ‘subgingival’ biofilm challenge of primary human epithelial 
cells. BMC Microbiol 9, 280, https://doi.org/10.1186/1471-2180-9-280 (2009).

	36.	 Bostanci, N. et al. Secretome of gingival epithelium in response to subgingival biofilms. Mol Oral Microbiol 30, 323–335, https://doi.
org/10.1111/omi.12096 (2015).

	37.	 Tomakidi, P. et al. Organotypic cultures of gingival cells: an epithelial model to assess putative local effects of orthodontic plate and 
occlusal splint materials under more tissue-like conditions. Biomaterials 21, 1549–1559 (2000).

	38.	 Sun, T., Jackson, S., Haycock, J. W. & MacNeil, S. Culture of skin cells in 3D rather than 2D improves their ability to survive exposure 
to cytotoxic agents. J Biotechnol 122, 372–381, https://doi.org/10.1016/j.jbiotec.2005.12.021 (2006).

	39.	 Lamont, R. J. et al. Porphyromonas gingivalis invasion of gingival epithelial cells. Infect Immun 63, 3878–3885 (1995).
	40.	 Sandros, J., Papapanou, P. N., Nannmark, U. & Dahlen, G. Porphyromonas gingivalis invades human pocket epithelium in vitro. J 

Periodontal Res 29, 62–69 (1994).
	41.	 Andrian, E., Grenier, D. & Rouabhia, M. Porphyromonas gingivalis-epithelial cell interactions in periodontitis. J Dent Res 85, 

392–403, https://doi.org/10.1177/154405910608500502 (2006).
	42.	 Bugueno, I. M. et al. Porphyromonas gingivalis bypasses epithelial barrier and modulates fibroblastic inflammatory response in an 

in vitro 3D spheroid model. Sci Rep 8, 14914, https://doi.org/10.1038/s41598-018-33267-4 (2018).
	43.	 Darveau, R. P., Belton, C. M., Reife, R. A. & Lamont, R. J. Local chemokine paralysis, a novel pathogenic mechanism for 

Porphyromonas gingivalis. Infect Immun 66, 1660–1665 (1998).
	44.	 Eberhard, J. et al. The stage of native biofilm formation determines the gene expression of human beta-defensin-2, psoriasin, 

ribonuclease 7 and inflammatory mediators: a novel approach for stimulation of keratinocytes with in situ formed biofilms. Oral 
Microbiol Immunol 23, 21–28, https://doi.org/10.1111/j.1399-302X.2007.00385.x (2008).

	45.	 Curtis, M. A., Zenobia, C. & Darveau, R. P. The relationship of the oral microbiotia to periodontal health and disease. Cell Host 
Microbe 10, 302–306, https://doi.org/10.1016/j.chom.2011.09.008 (2011).

	46.	 Groeger, S. & Meyle, J. Oral Mucosal Epithelial Cells. Front Immunol 10, 208, https://doi.org/10.3389/fimmu.2019.00208 (2019).
	47.	 Yin, L. & Dale, B. A. Activation of protective responses in oral epithelial cells by Fusobacterium nucleatum and human beta-

defensin-2. J Med Microbiol 56, 976–987, https://doi.org/10.1099/jmm.0.47198-0 (2007).
	48.	 Uehara, A. et al. Dual regulation of interleukin-8 production in human oral epithelial cells upon stimulation with gingipains from 

Porphyromonas gingivalis. J Med Microbiol 57, 500–507, https://doi.org/10.1099/jmm.0.47679-0 (2008).
	49.	 Stathopoulou, P. G., Benakanakere, M. R., Galicia, J. C. & Kinane, D. F. The host cytokine response to Porphyromonas gingivalis is 

modified by gingipains. Oral Microbiol Immunol 24, 11–17, https://doi.org/10.1111/j.1399-302X.2008.00467.x (2009).
	50.	 Tada, H. et al. Porphyromonas gingivalis Gingipain-Dependently Enhances IL-33 Production in Human Gingival Epithelial Cells. 

PLoS One 11, e0152794, https://doi.org/10.1371/journal.pone.0152794 (2016).
	51.	 Eskan, M. A., Hajishengallis, G. & Kinane, D. F. Differential activation of human gingival epithelial cells and monocytes by 

Porphyromonas gingivalis fimbriae. Infect Immun 75, 892–898, https://doi.org/10.1128/IAI.01604-06 (2007).
	52.	 Steimle, A., Autenrieth, I. B. & Frick, J. S. Structure and function: Lipid A modifications in commensals and pathogens. Int J Med 

Microbiol 306, 290–301, https://doi.org/10.1016/j.ijmm.2016.03.001 (2016).
	53.	 Tan, Y., Zanoni, I., Cullen, T. W., Goodman, A. L. & Kagan, J. C. Mechanisms of Toll-like Receptor 4 Endocytosis Reveal a Common 

Immune-Evasion Strategy Used by Pathogenic and Commensal Bacteria. Immunity 43, 909–922, https://doi.org/10.1016/j.
immuni.2015.10.008 (2015).

	54.	 Chung, W. O. et al. Interplay of protease-activated receptors and NOD pattern recognition receptors in epithelial innate immune 
responses to bacteria. Immunol Lett 131, 113–119, https://doi.org/10.1016/j.imlet.2010.02.006 (2010).

	55.	 Kleiveland, C. R. In The Impact of Food Bioactives on Health: in vitro and ex vivo models (eds Verhoeckx, K. et al.) 161–167 (2015).
	56.	 Jagannathan, R., Lavu, V. & Rao, S. R. Comparison of the proportion of non-classic (CD14+CD16+) monocytes/macrophages in 

peripheral blood and gingiva of healthy individuals and patients with chronic periodontitis. J Periodontol 85, 852–858, https://doi.
org/10.1902/jop.2013.120658 (2014).

https://doi.org/10.1038/s41598-019-52115-7
https://doi.org/10.4161/21505594.2014.978721
https://doi.org/10.1177/0022034516634630
https://doi.org/10.1177/0022034516634630
https://doi.org/10.1371/journal.pone.0169157
https://doi.org/10.3389/fmicb.2016.00912
https://doi.org/10.3389/fmicb.2016.00912
https://doi.org/10.1186/1472-6831-14-80
https://doi.org/10.1369/jhc.4A6428.2004
https://doi.org/10.1369/jhc.4A6428.2004
https://doi.org/10.1371/journal.pone.0192562
https://doi.org/10.1002/0471142735.ima03bs21
https://doi.org/10.1002/0471142735.ima03bs21
https://doi.org/10.1902/jop.2009.080645
https://doi.org/10.1902/jop.1998.69.10.1105
https://doi.org/10.1089/dna.2009.0868
https://doi.org/10.1089/dna.2009.0868
https://doi.org/10.1128/IAI.01428-07
https://doi.org/10.1111/j.1399-302X.2008.00473.x
https://doi.org/10.1186/1471-2180-9-280
https://doi.org/10.1111/omi.12096
https://doi.org/10.1111/omi.12096
https://doi.org/10.1016/j.jbiotec.2005.12.021
https://doi.org/10.1177/154405910608500502
https://doi.org/10.1038/s41598-018-33267-4
https://doi.org/10.1111/j.1399-302X.2007.00385.x
https://doi.org/10.1016/j.chom.2011.09.008
https://doi.org/10.3389/fimmu.2019.00208
https://doi.org/10.1099/jmm.0.47198-0
https://doi.org/10.1099/jmm.0.47679-0
https://doi.org/10.1111/j.1399-302X.2008.00467.x
https://doi.org/10.1371/journal.pone.0152794
https://doi.org/10.1128/IAI.01604-06
https://doi.org/10.1016/j.ijmm.2016.03.001
https://doi.org/10.1016/j.immuni.2015.10.008
https://doi.org/10.1016/j.immuni.2015.10.008
https://doi.org/10.1016/j.imlet.2010.02.006
https://doi.org/10.1902/jop.2013.120658
https://doi.org/10.1902/jop.2013.120658


1 4Scientific Reports |         (2019) 9:15779  | https://doi.org/10.1038/s41598-019-52115-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	57.	 Zhou, L. N. et al. Macrophage polarization in human gingival tissue in response to periodontal disease. Oral Dis, https://doi.
org/10.1111/odi.12983 (2018).

	58.	 Browning, D. D., Diehl, W. C., Hsu, M. H., Schraufstatter, I. U. & Ye, R. D. Autocrine regulation of interleukin-8 production in 
human monocytes. Am J Physiol Lung Cell Mol Physiol 279, L1129–1136, https://doi.org/10.1152/ajplung.2000.279.6.L1129 (2000).

	59.	 Tiemessen, M. M. et al. CD4+CD25+Foxp3+ regulatory T cells induce alternative activation of human monocytes/macrophages. 
Proc Natl Acad Sci USA 104, 19446–19451, https://doi.org/10.1073/pnas.0706832104 (2007).

	60.	 Romano, M. et al. Expanded Regulatory T Cells Induce Alternatively Activated Monocytes With a Reduced Capacity to Expand T 
Helper-17 Cells. Front Immunol 9, 1625, https://doi.org/10.3389/fimmu.2018.01625 (2018).

	61.	 Moutsopoulos, N. M. & Konkel, J. E. Tissue-Specific Immunity at the Oral Mucosal Barrier. Trends Immunol 39, 276–287, https://
doi.org/10.1016/j.it.2017.08.005 (2018).

	62.	 Schaller, M. et al. Polymorphonuclear leukocytes (PMNs) induce protective Th1-type cytokine epithelial responses in an in vitro 
model of oral candidosis. Microbiology 150, 2807–2813, https://doi.org/10.1099/mic.0.27169-0 (2004).

	63.	 Schaller, M., Zakikhany, K., Naglik, J. R., Weindl, G. & Hube, B. Models of oral and vaginal candidiasis based on in vitro reconstituted 
human epithelia. Nat Protoc 1, 2767–2773, https://doi.org/10.1038/nprot.2006.474 (2006).

	64.	 Yonker, L. M. et al. Development of a Primary Human Co-Culture Model of Inflamed Airway Mucosa. Sci Rep 7, 8182, https://doi.
org/10.1038/s41598-017-08567-w (2017).

	65.	 Periasamy, S., Chalmers, N. I., Du-Thumm, L. & Kolenbrander, P. E. Fusobacterium nucleatum ATCC 10953 requires Actinomyces 
naeslundii ATCC 43146 for growth on saliva in a three-species community that includes Streptococcus oralis 34. Appl Environ 
Microbiol 75, 3250–3257, https://doi.org/10.1128/AEM.02901-08 (2009).

	66.	 Chalmers, N. I., Palmer, R. J. Jr., Cisar, J. O. & Kolenbrander, P. E. Characterization of a Streptococcus sp.-Veillonella sp. community 
micromanipulated from dental plaque. J Bacteriol 190, 8145–8154, https://doi.org/10.1128/JB.00983-08 (2008).

	67.	 Sanchez, M. C. et al. Quantitative real-time PCR combined with propidium monoazide for the selective quantification of viable 
periodontal pathogens in an in vitro subgingival biofilm model. J Periodontal Res 49, 20–28, https://doi.org/10.1111/jre.12073 
(2014).

	68.	 Boutaga, K., van Winkelhoff, A. J., Vandenbroucke-Grauls, C. M. & Savelkoul, P. H. Comparison of real-time PCR and culture for 
detection of Porphyromonas gingivalis in subgingival plaque samples. J Clin Microbiol 41, 4950–4954 (2003).

	69.	 van der Reijden, W. A. et al. Phylogenetic variation of Aggregatibacter actinomycetemcomitans serotype e reveals an aberrant 
distinct evolutionary stable lineage. Infect Genet Evol 10, 1124–1131, https://doi.org/10.1016/j.meegid.2010.07.011 (2010).

	70.	 Locati, M. et al. Analysis of the gene expression profile activated by the CC chemokine ligand 5/RANTES and by lipopolysaccharide 
in human monocytes. J Immunol 168, 3557–3562 (2002).

	71.	 Boeuf, P. et al. CyProQuant-PCR: a real time RT-PCR technique for profiling human cytokines, based on external RNA standards, 
readily automatable for clinical use. BMC Immunol 6, 5, https://doi.org/10.1186/1471-2172-6-5 (2005).

	72.	 Chow, A. et al. Macrophage immunomodulation by breast cancer-derived exosomes requires Toll-like receptor 2-mediated 
activation of NF-kappaB. Sci Rep 4, 5750, https://doi.org/10.1038/srep05750 (2014).

	73.	 Ramage, G. et al. Antifungal, cytotoxic, and immunomodulatory properties of tea tree oil and its derivative components: potential 
role in management of oral candidosis in cancer patients. Front Microbiol 3, 220, https://doi.org/10.3389/fmicb.2012.00220 (2012).

Acknowledgements
We would like to acknowledge funding support of the BBSRC Industrial GlaxoSmithKline CASE PhD 
studentships for CD (BB/P504567/1). The authors would like to thank GlaxoSmithKline for funding the project 
and Margaret Mullin (University of Glasgow) for her assistance in scanning and transmission electron microscopy 
techniques. The authors acknowledge Dr. Emma Millhouse for sharing the optimised biofilm methodology used 
in this study. The authors are also grateful to Dr. Nick Jakubovics (University of Newcastle) for his helpful and 
insightful critique of the manuscript.

Author contributions
J.L.B., W.J., C.D. and R.R. participated in study design, experimental procedures and data analysis, and were 
responsible for preparation of the manuscript. J.B., D.B. and S.K. participated in study design and were responsible 
for preparation of the manuscript. G.R. and S.C. conceived the study, participated in study design and analysis, 
and were responsible for producing the final manuscript. All authors have read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52115-7.
Correspondence and requests for materials should be addressed to G.R. or S.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52115-7
https://doi.org/10.1111/odi.12983
https://doi.org/10.1111/odi.12983
https://doi.org/10.1152/ajplung.2000.279.6.L1129
https://doi.org/10.1073/pnas.0706832104
https://doi.org/10.3389/fimmu.2018.01625
https://doi.org/10.1016/j.it.2017.08.005
https://doi.org/10.1016/j.it.2017.08.005
https://doi.org/10.1099/mic.0.27169-0
https://doi.org/10.1038/nprot.2006.474
https://doi.org/10.1038/s41598-017-08567-w
https://doi.org/10.1038/s41598-017-08567-w
https://doi.org/10.1128/AEM.02901-08
https://doi.org/10.1128/JB.00983-08
https://doi.org/10.1111/jre.12073
https://doi.org/10.1016/j.meegid.2010.07.011
https://doi.org/10.1186/1471-2172-6-5
https://doi.org/10.1038/srep05750
https://doi.org/10.3389/fmicb.2012.00220
https://doi.org/10.1038/s41598-019-52115-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biofilm-stimulated epithelium modulates the inflammatory responses in co-cultured immune cells

	Material and Methods

	Bacterial growth and standardisation. 
	Growth of multi-species oral biofilms. 
	Quantitative analysis of multi- species biofilm composition. 
	Ultrastructural changes of multispecies biofilms. 
	Human gingival epithelium co-cultured with multi-species biofilms. 
	HGE incubation with biofilm supernatants. 
	HGE incubation with biofilms. 

	Isolation of peripheral blood mononuclear cells and CD14+ monocytes. 
	TR146 oral keratinocytes co-cultured with multi-species biofilms. 
	Validation of human gingival epithelium model histological analysis, cell viability, gene expression and protein release. 
	Histology of human gingival epithelium. 
	Epithelial cell viability. 
	Gene expression in epithelial cells and immune cells. 
	Protein release by epithelial cells. 

	Statistical analysis. 

	Results

	Compositional analysis and ultrastructural differences in multi-species biofilms. 
	Histology of HGE tissue. 
	Viability of epithelial cell cultures with multi-species biofilms. 
	Inflammatory response in epithelial cell cultures with multi-species biofilms. 
	Differential inflammatory response in immune cells cultured with HGE tissue. 

	Discussion

	Acknowledgements

	Figure 1 Timeline for growth of 3-, 7- and 10- species biofilms.
	Figure 2 Schematic diagram depicting the three-dimensional human gingival epithelium (HGE) co-culture set-up.
	Figure 3 Compositional analysis and ultrastructural differences in multi-species oral biofilms.
	Figure 4 Histology of human gingival epithelium model.
	Figure 5 Cytotoxicity of multi-species biofilms on TR146 oral keratinocyte cell line and human gingival epithelium.
	Figure 6 Gene expression profile and IL-8 protein release in human gingival epithelium (HGE) following exposure to oral biofilms.
	Figure 7 Inflammatory response in immune cells co-cultured with human gingival epithelium.
	Figure 8 Inflammatory response in immune cells co-cultured with biofilm-stimulated human gingival epithelium.
	Table 1 Primer sequences used for qPCR in this study.




