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667487, doi:10.3791/67487 (2025). be utilized for a wide variety of experimental purposes to investigate host-pathogen

interactions in various ecological niches, such as the oral cavity, skin, and vaginal

Date Published mucosa. From simple planktonic cells to complex biofilm co-culture, epithelial models

March 28, 2025 are used to assess microbial adherence and invasion, and to evaluate the host
DO response at a transcriptional and/or protein level, with scope for more detailed profiling
using different omics approaches. Furthermore, these biological systems can be used
10.3791/67487
as more accurate test beds for evaluating conventional and novel antimicrobial activity
URL in a complex host-pathogen microenvironment in vitro. The protocols described herein

jove.comivideo/67487 document how models are handled upon arrival and prepared in the laboratory for
co-culture stimulation with biofilm communities. The methods detail how experimental
outputs are achieved from the model systems, including the processing of tissue,
the co-culture setup, and data generation. These experiments include host gene
expression through single- and multiplex gqPCR analyses and inflammatory protein

detection using ELISAs. In conclusion, epithelial models provide useful in vitro systems

for preclinical investigatory studies into simple or complex host-pathogen interactions.
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Introduction

In vitro model systems provide excellent testing beds for
investigating host-pathogen interactions. These organotypic
systems aim to recapitulate the microenvironment of
different ecological niches prone to microbial perturbations.
A number of research articles have been published
utilizing EpiSkin (formerly SkinEthic) tissue models to

assess host-pathogen interactions in the oral cavity1 2,3,4,5

6,7,8,9,10,11

skin barrier 5.12, 13,

, and the vaginal mucosa
amongst others'® 1% Unlike "two-dimensional" or "2D" cell
culture, which relies on the use of monolayers of epithelial
cell lines exposed to microorganisms, these commercially
available models consist of multiple layers of differentiated
cells grown at an air-liquid interface. Although cheaper and
often considered more reproducible, 2D culture systems are
prone to cellular damage when cultured with microorganisms,
which does not always accurately represent epithelial or

mucosal barriers in vivo'6:17

Recent evidence demonstrates that "three-dimensional" or
"3D" culturing techniques are becoming more popular in
various scientific disciplines, including cancer sciences,
stem cell research, and drug discovery16’18. Within the
context of infection biology, 3D tissue models can be
utilized for investigations into host-bacterial, fungal, or mixed-
species interactions at the epithelial or mucosal barrier
interface within a controlled microenvironment in vitro. These
models hold many advantages to 2D culture systems,
allowing for the assessment of tissue colonization and/
or invasion by pathogenic organisms or complex biofilm
communities'’, and evaluating host responses at a multi-
component level for different biomarkers where 2D models
are sometimes restricted by their transcriptional or proteomics

profiles'®:17.18 " Uitimately, the preclinical applications of

such 3D systems are vast, providing important exploratory
data that can be taken forward into in vivo models or clinical

studies.

Within the context of oral health and disease, understanding
the inflammatory pathways involved at the oral mucosal
surface is important for clinicians, as this may direct
treatment modalities. Previous studies have shown that
"health-associated" biofilms can elicit minimal inflammatory
responses3*19’20*21. This can arise from a lower microbial
bioburden associated with oral health or due to the
composition of the biofilm with Streptococcus spp. widely
considered immune-modulatory22’23. On the other hand,
biofilms comprised of disease-associated microorganisms
such as Fusobacterium nucleatum and Porphyromonas
gingivalis are pro-inflammatory in nature320.24,25,26,27
A review by Mountcastle et al. in 2020 described all
relevant co-culture models that existed at the time for
the oral microenvironment'” . Although such organotypic
models are plentiful, with several produced since?8:29  there
remains a number of challenging obstacles associated with
creating such 3D models. To name a few, these models
require significant optimization and are highly labor- and
resource-intensive to produce; reproducibility can also be
highly variable unless carefully controlled'6:17. Commercially
available models circumvent such issues, providing platforms

for investigating host-pathogen interactions within the oral

cavity and at other ecological niches in the human body.

To summarize, the current protocol aims to outline the
application of organotypic tissue models for investigating
host-pathogen interactions in vitro within the context of oral

health and disease. Specifically, the model system described
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uses a multi-layered commercially available oral epithelium
exposed to a defined biofilm community representative of the

oral inflammatory disease, gingivitis.

Protocol

The following protocol involves the preparation of a
multi-species biofilm representative of gingivitis, containing

a total of 7 species (spp.)7'3°.

Three Streptococcus
spp., Streptococcus mitis (NCTC 12261), Streptococcus
intermedius (DSM 20753), and Streptococcus oralis (NTCC
11427) are included to mimic oral health, acting as
initial colonizers of the salivary pellicle. Four anaerobic
microorganisms associated with the shift from oral health
to disease are next added: Veillonella dispar (NCTC
11831), Actinomyces naeslundii (DSM 17233), and two
Fusobacterium spp. Fusobacterium nucleatum (ATCC
10953) and Fusobacterium nucleatum subspecies (subspp.)
vincentii (DSM 19507). All steps involved are conducted
aseptically either at the flame or in a class Il safety cabinet.
All media and phosphate-buffered saline (PBS) used for
microbiological preparations are autoclaved prior to use, and
sterility is assessed at regular intervals during the protocol.

The details of the reagents and the equipment used in this

study are listed in the Table of Materials.

1. Preparation of microbial communities for co-
culture

NOTE: This protocol depicts the generation of a multi-
species biofilm representative of consortia associated with
inflammation of the gum tissue, also known as gingivitis. Such

a model has been used for assessment of the host response

in oral health and disease, as previously described?.

1. Revive all three Streptococcus species on blood agar

plates (Columbia Blood Agar base containing 5%

sterile defibrinated horse blood) from frozen stocks of

porous beads (commercially obtained) containing the

microorganisms stored at -80°C- This is achieved by

using an inoculating loop and the streak-plate technique.

1. Incubate for 24 h at 37 °C, 5% CO,, then isolate 3-4
colonies for propagation into 10 mL of Tryptone Soya
Broth medium. Culture broths for 16-18 h at 37 °C,
5% CO,.

For the intermediate pathogens, revive V. dispar, A.
naeslundii, F. nucleatum and F. nucleatum subspp.
vincentii anaerobically on Fastidious Anaerobic Agar
base containing 5% sterile defibrinated horse blood for
48 h at 37 °C, prior to culture in Schaedler's broth for an

additional 24-48 h under the same conditions.

After growth, pellet cell suspensions by centrifugation for
5 min, 20 °C at 3000 x g, then wash pellets in 10 mL of
sterile PBS (pH 7.2-7.6). Pellet cell suspensions again
via centrifugation for 5 min, 20 °C at 3000 x g, then repeat
wash steps for a second time. Resuspend washed cells

in 10 mL of sterile PBS for standardization.

Standardize all three Streptococcus spp. individually
using a spectrophotometer at 550 nm. Absorbance

values of 0.50 (range from 0.45-0.55 acceptable) are
indicative of a cell count of ~1 x 108 cells/mL, as
previously determined using the Miles and Misra cell
count technique31 . To achieve this absorbance reading,

further dilute 10 mL of washed cell suspensions in sterile

PBS.

Following standardization, dilute all Streptococcus spp.
1:10 to 1 x 107 cells/mL in a 1:1 mix of Todd Hewitt
Broth (THB) and Roswell Park Memorial Institute (RPMI)
medium. Add 500 pL of cell suspensions by pipetting to a

24-well microtiter tissue culture plate containing a 13 mm
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diameter hydroxyapatite disc. Leave biofilms to mature
for 24 h at 37 °C, 5% CO..
NOTE: Multi-species biofilms can be grown on different

oral-relevant substrates such as enamel, dentin32,

and poly(methyl methacrylate) denture surfaces33:34,

Alternative media can also be used for these models,
such as artificial or synthetic saliva, although careful
consideration should be made depending on the
consortia of microorganisms used: studies have shown

that growth medium selection has important implications

for mixed community biofilm growth35'36.

The next day, standardize the four anaerobic
microorganisms in a similar manner to the above
(steps 1.2-1.4). Pellet cell suspensions, wash twice,
then standardize V. dispar to 0.50 absorbance (range
from 0.45-0.55) and the three remaining microorganisms
to 0.20 absorbance (range from 0.18-0.22). Once

standardized, further dilute all suspensions 1:10 to 1 x

107 cells/mL in a 1:1 mix of THB and RPMI.

Carefully remove non-adhered cells and spent media
and discard them from the Streptococcus biofilms by

pipetting. Replace microtiter plate wells with 500 L of

standardized 1 x 107 cells/mL suspensions of the four
anaerobes. Culture biofilms for 24 h under anaerobic

conditions at 37 °C.

After 24 h, remove non-adhered cells and spent media
from the 7-species biofilms and replace with 500 uL of
sterile 1:1 mix of THB: RPMI media. Biofilms are left to
mature anaerobically at 37 °C for 4 days, with media
removed and replenished on a daily basis (four media

changes in total).

9. On day 7, the multi-species biofilm is fully mature and
ready for downstream experiments. Wash biofilms twice
with 500 uL of sterile PBS for use in co-culture.

NOTE: Biofilms can be profiled using a range of biological
methodologies such as qPCR (for compositional

assessment) and microscopic profiling with confocal or

electron microscopy as previously described?.

2. Organotypic tissue handling and experimental
setup

NOTE: The experimental setup described below involves
Human Oral Epithelium (HOE) tissue composed of TR146
cells cultivated on an inert polycarbonate membrane filter.
Other models exist, including epidermis models, bladder,
oesophageal, corneal, gingival, and vaginal epithelium. All
models are handled and prepared in a manner similar to
the one described below for investigating host-pathogen

interactions.

1. Upon arrival, unbox and transfer HOE tissue and media
to a class Il safety cabinet. Add a total of 1 mL of
maintenance media supplied with the tissue to 12-well

plates.

2. Remove polycarbonate inserts containing the HOE with
sterile tweezers from the 24-well plates and nutrient agar
used for shipping and transfer them to the 12-well plates
containing the media, ensuring no air bubbles remain
underneath the tissue. Ensure any excess agar attached
to the sides or bottom of the inserts is carefully removed

using an additional pair of tweezers or tissue paper.

3. Incubate tissue models for 24 h at 37 °C, 5% CO,

prior to experimental setup to acclimatize to laboratory
conditions following shipment. It is noteworthy that

additional maintenance media or growth media is
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available for longer maintenance or further maturation of

the tissue models.

Co-culture experiments can now be conducted. For the
example provided here, remove the 7-species biofilms
created as above (steps 1.1-1.9) from their substrates by
sonication. To achieve this, remove HA discs containing
biofilms from the bottom of 24-well plates using a 19 G
needle and tweezers, then transfer a bijoux containing 1
mL of sterile Dulbecco's PBS. Sonicate at 35 kHz for 10

min in a sonication water bath.

Carefully remove inserts containing the tissue models
using tweezers from the overnight acclimatization, and
add 100 pL of biofilm sonicate suspension directly to the
tissue by pipetting. Use unstimulated control tissues for
comparative purposes. For these control tissue inserts,
add 100 pL of sterile Dulbecco's PBS without the biofilm
suspension.

NOTE: Planktonic cells, spent biofilm supernatants
containing dispersed cells, or whole biofilms can
be utilized for the co-culture model in place of
biofilm sonicate. Different applications for these host-
pathogen models using different microbial stimulants
are schematized in Figure 1 as documented

elsewhere3:5.6.8.13,37,38

Following the addition, transfer inserts to another 12-
well plate containing 1 mL of fresh maintenance media,
again ensuring no air bubbles are present underneath
the inserts. Incubate plates containing tissue models for
24 h at 37 °C, 5% COy prior to tissue processing for
downstream applications.

NOTE: Tissue suppliers can provide additional media
to support the continued culture of the tissue following
exposure to sonicated aggregates or biofilms. To this

end, several previous models investigating prolonged

tissue-biofilm inoculation have been published21 128,39
To achieve similar results using the current organotypic
model, sonicate the tissue (as above, step 2.6) and
leave the microorganisms to attach for 24 h. Discard any
remaining microbial suspension and continue culture at
the air-liquid interface for the required experimental time

course.

3. Tissue processing for experimental outputs

NOTE: Following co-culture, tissue models are processed
for experimental outputs. The following steps document how
RNA is extracted from the tissue for transcriptional profiling,
and how spent tissue media is used for protein detection.
Tissue may also be fixed in formalin, paraformaldehyde, or
a similar fixative for histological assessment, as previously
described36.
1. Firstly, prepare 350 uL of RLT lysis buffer in 2.0
mL screw-cap O-Ring tubes containing 1% of B-
mercaptoethanol and ~100 L equivalent of 0.5 mm acid-

washed glass beads.

2. Remove inserts containing the tissue from the media
using tweezers, and discard any remaining microbial
suspension from the insert. Next, hold, inverted, at eye
level for ease. Using a 19 G needle, carefully slice the
tissue and the membrane from the bottom of the insert

and transfer to the RLT buffer.

1. Homogenize tissue at 30 s using a benchtop bead
beater homogenizer, then extract RNA from the
lysate following the manufacturer's instructions of
the RNA extraction kit (see Table of Materials).
NOTE: Extracted RNA is used for cDNA synthesis
to profile the expression of cytokine and chemokine

genes as markers of inflammation using quantitative
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PCR (gPCR) or RNA sequencing. qPCR is achieved
using multiplex arrays such as the RTo PCR profiler
array containing wells with ready-made primers for
specific genes, or SYBR green-based reagent with

in-house designed primer sequences and nuclease-

free ddH,0°.

3. Collect the remaining spent tissue media (~850-900
pL) for proteomic analyses using low- and high-

throughput methodologies such as ELISAs, multiplex

immunoassays, or multiplex protein biomarker analysis7 .

4. Using the spent tissue media, assess a range of markers
associated with inflammation at the protein level. Spent
media can be directly used for the above methodologies
(step 3.3) or stored at -20 °C or -80 °C. Avoid multiple
freeze-thaw cycles of the media for such analyses.
NOTE: The media may need to be diluted 1:10
depending on tissue stimulant for accurate proteomic

profiling using ELISAs.

Representative Results

In this experiment, HOE was exposed to 7-species biofilm
sonicate containing organism's representative of the shift
from oral health to inflammation of the gums (known
as gingivitis). This disease arises from inflammation of
the gingival or oral epithelial tissue due to microbial
perturbations from dental plaque build-up on the tooth
surface. Following stimulation, tissue, and spent media

are utilized for transcriptional and proteomic analyses, as

discussed above. For this experiment, the gene expression
of a panel of inflammatory biomarkers was detected in the
tissue post-stimulation with biofilm sonicate (Figure 2). This
was achieved by using a custom-made RT, PCR profiler
array containing 16 different genes, and gene expression
was shown as fold change relative to unstimulated tissue
following normalization to the housekeeping gene GAPDH.
Microbial stimulation increased the expression of all genes
with the exception of CXCL5, with statistical differences seen
for NFKB, CCL2, CXCL1, CXCL3, CSF2, CSF3, TNF, IL1A,
IL1B and TLR4 (Figure 2A). The greatest fold change was
observed for CCL2, CXCL1, and CSF3, with increases of
16.9, 10.3, and 15.1, respectively (Figure 2B).

Spent HOE media was utilized for proteomic analyses to
detect proteins produced and released by the tissue following
stimulation. This is useful for determining if gene expression
correlates with protein production. To do this, IL8 gene
expression and IL-8 protein release were assessed in control
tissue and biofilm-sonicate stimulated tissue (Figure 3). Gene
expression was assessed using SYBR-green-based gPCR
with primers for IL8 and GAPDH as previously described?. IL8
mRNA expression in HOE was increased 8.67-fold following
stimulation with biofilm sonicate (Figure 3A). At the protein
level, IL-8 levels were quantified using an IL-8 ELISA kit.
The concentration of IL-8 in spent media was increased from
~1.005 ng/mL in control tissue to ~4.245 ng/mL in biofilm-

sonicate stimulated tissue (Figure 3B).
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Figure 1: Different applications for organotypic tissue co-culture models. Standardized suspensions of microorganisms
are directly applied to the tissue to investigate species-host interactions (A). These are often used for assessing microbial
colonization over a short period of time (e.g., <24 h). Complex biofilms are sonicated to investigate the effects of dispersed
cells or biofilm aggregates on the tissues (B). This is important as previously it has been shown that such cells have unique
phenotypes compared to planktonic or biofilm counterparts; to this end, intact biofilms can be directly added to tissue using
additional smaller inserts to create adjacent exposure with the host (C). Finally, planktonic cells are added to tissue in

appropriate culture media to assess microbial colonization, biofilm formation, and growth dynamics on the tissue (D). Please

click here to view a larger version of this figure.
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Figure 2: Gene expression of HOE tissue following stimulation with 7-species biofilm sonicate. mRNA expression

fold change of a total of 15 inflammatory genes normalized to the housekeeping gene, GAPDH, in HOE tissue in control,

unstimulated samples and that exposed to 100 uL of 7-species biofilm sonicate (A). The three genes (CCL2, CXCL1, CSF3)

with the highest changes in mMRNA expression are shown in (B). Statistical analyses were conducted using a parametric

unpaired T-test, with significant changes depicted as *p < 0.05, **p < 0.01 and ***p < 0.001, respectively. Data was plotted

and analyzed using statistical and graphing software. Please click here to view a larger version of this figure.
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Figure 3: IL8 gene expression and IL-8 protein levels produced by HOE tissue. MRNA expression fold change of /L8

in HOE tissue as determined by SYBR-green-based qPCR (A) and IL-8 protein levels quantified from spent tissue media

using the ELISA methodology (B). Statistical analyses were conducted using a parametric unpaired T-test, with significant

changes depicted as *p < 0.05 and ****p < 0.0001, respectively. Data was plotted and analyzed using statistical and graphing

software. Please click here to view a larger version of this figure.

Discussion

Here, methodologies are described to produce a complex
multi-species biofilm model representative of gingivitis for
co-culturing with HOE tissue to assess the host response
following microbial stimulation. This protocol can be adapted
for use in investigating host-pathogen interactions between
planktonic cells, single-, dual- or mixed-species biofilms, or
biofilm-dispersed cells with epithelial tissue from different
ecological niches in the human body. The use of tissue
models for investigating host-pathogen interactions provides
an important advancement to previous co-culture systems
that are restricted to 2D monolayers that don't always
truly recapitulate the in vivo situation, whereby epithelial
tissue contains multiple cell Iayers16*17'18. Furthermore,
challenges associated with in vitro growth of multi-layered
tissue models are plentiful, with the use of multiple cell lines

and/or growth of cell layers at an air-liquid interface prone

to contamination. The commercially available tissues provide
a reproducible platform with consistently high-quality models
that are comparable between replicates and batches, as

shown in previous publications?’J.

For the "preparation of microbial communities for co-culture”
section, the inclusion of these microorganisms for the 7-
species gingivitis model were chosen based on commonly
identified commensals and pathogens associated with the
shift from oral health to disease. As with all complex biofilm
model systems in vitro, the inclusion of microorganisms is
directed by microbiome studies relating to the particular
healthy or diseased ecological niche. To this end, we and
others have reported the use of an oral health-associated
biofilm model containing commensal microorganisms (e.g.,
Streptococcus and Rothia spp.)3'40’41 . Moreover, additional
pathogens can be added to these models to create

biofilms associated with other diseases. For example, three
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microorganisms can be added to the 7-species described
here to create a disease model associated with periodontitis3,
whilst the fungal pathogen Candida albicans can be added
to increase polymicrobiality as well as adding a layer
of interkingdom complexity33. Indeed, promoting fungal-
bacterial interactions can have huge implications on various
experimental outputs using such biofilm models in vitro
when compared to bacterial-only biofilms*2. Ultimately, it
is highly recommended that careful consideration be taken
when creating a new multi-species biofilm model for such
studies. Whilst the included microorganisms should be easily
identifiable from extensive literature searches, for most niches
and/or diseases, these may not integrate well into a complex
model in vitro for different reasons. The following depicts

some other potential considerations that should be made:

Biofilm formation dynamics

Biofilm formation in vivo often involves early, intermediate,
and late colonization by particular microorganisms. Supra-
and sub-gingival dental plaque formation is heavily
characterized by initial attachment of the salivary pellicle
found on enamel by pioneering species (e.g., Streptococcus
species), with intermediate and later pathogens requiring
these as a scaffold for colonization*3. A similar phenomenon
has been proposed in the vaginal environment during
bacterial vaginosis, whereby Gardnerella vaginalis is
believed to be the initial colonizer, followed by subsequent
anaerobes**. However, it is important to note that this may

not be the case for other diseases in other ecological niches.

Seeding density for each microorganism

Microorganisms will have different sizes and/or growth
dynamics when cultured in vitro; therefore, it is important
to consider this during the standardization process. For

example, C. albicans is 100-150 times the size of bacterial

cells*®:48  therefore, it may warrant addition at a lower

concentration, e.g., 1 x 108 cells/mL, to such biofilm models.

Species antagonism

Some microorganisms (including the same species but
different isolates, laboratory and/or clinical strains) utilized
for these models may compete with others during biofilm
formation, leading to inhibition of the growth of some microbial
species?’. A study by Sadiq et al. highlighted how different
combinations of microorganisms can influence biofilm
biomass resulting from microbial synergy (or antagonism)48.
Although investigating such interactions within a biofilm
model may be of interest to research groups (e.g., testing
pre- or probiotic treatment), others may not account for such

antagonism, which could impact multi-species complexity

when creating the model.

Duration of biofilm maturation

It is critical to optimize biofilm maturation timeframes as this
can depend on the growth dynamics of the microorganisms
included and the model system (including substrata) used
for culture. Longer maturation times could result in better
colonization for later pathogens but more cell death within
the models, particularly of the earlier colonizers. Conversely,
shorter incubation times could be important if wanting to
investigate the effects of immature biofilm models on the host.
A study by Brown et al. described how the same 10-species
wound biofilm model had different inflammatory profiles in
human THP-1 cells when matured for 24 h, 48 h, and 72
h, suggesting the less mature the biofilm, the more pro-
inflammatory it is’. Similar results could be observed in multi-
layered tissue models. It is also important to note that regular
daily media changes are a necessity to minimize cell death

in the biofilm, although this can be amended depending on
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ongoing treatment regimens, e.g., if assessing the effects of

prolonged antimicrobial interventions.

For the "organotypic tissue handling, experimental setup,
and tissue processing" section, incubation timeframes can be
adjusted according to the researcher's needs. Host-pathogen
interactions can be investigated at earlier timepoints, e.g.,
1-12 h, to later timepoints of 48 h and 72 h, depending
on the research question. Secondly, all maintenance media
containing antibiotics is supplied; thus, requests need to
be made to the company upon ordering to remove these
depending on the experimental design. Although the media
underneath the insert does not come in direct contact with the
upper periphery of the tissue, unless a wound is inflicted in

6.8

the model®'°, removal of antibiotics may merit consideration

if investigating microbial invasion into the tissue.

The microbial material used for co-culture stimulation can
also be changed, as discussed above, with the scope to
assess planktonic, spent biofilm supernatants (filtered and
un-filtered), whole biofilms, or biofilm sonicate incubations
with the tissue. For example, previous evidence has shown
that tissue models such as those supplied by EpiSkin
provide useful models for investigating planktonic fungal-
host interactions: C. albicans, Candida auris, Malassezia
furfur, and Trichophyton rubrum cells have been shown to
attach and interact with peripheral tissue layers in HOE,
Reconstructed Human Epidermis (RHE) or Human Vaginal
Epithelium, with some of these studies showing stimulation
of a host response following fungal infection?:5-6.11.12,49
Similar publications exist for bacterial-host interactions,
e.g., biofilm formation of Cutibacterium acnes, a common
pathogen associated with the scalp microbiota in dandruff,
has been studied on the surface of RHE, when cultured alone

and with the fungal skin organism, Malassezia restricta'®.

Others have investigated the ability of Staphylococcus
spp. to attach to RHE, measuring the physicochemical
and microbiological characteristics of this bacterial-host
interaction®?. N'Diaye and the co-authors explored how
the human-derived neuropeptide, Calcitonin Gene-Related
Peptide, influenced Staphylococcus aureus virulence in
the RHE tissue model®!. Others have investigated the
protective effects of probiotic interventions on Pseudomonas
aeruginosa infection of Human Corneal Epithelium14.
Meanwhile, from a polymicrobial perspective, different groups
have studied the effects of mixed-species biofilms on different

tissue substrates?:3:7:13

Overall, these protocols and studies referenced above
document the vast array of applications for organotypic tissue
models to investigate host-pathogen interactions. Although
studies have shown that EpiSkin models, particularly the
RHE skin model, have good applicability for testing cosmetic

52,53,54,55

products for corrosion/irritation , some limitations

exist between these and real-world ex vivo tissue explants
or other suppliers of commercially available tissue®:57
One obvious limitation would be that all commercially
available tissue models are generated from cell lines in
a sterile, "germ-free" environment, meaning the tissue
has never been exposed to microbial perturbations: this
may exacerbate any inflammatory response in the host,
far beyond what would be seen in vivo or following
stimulation of ex vivo tissue explant357. Conversely, these
laboratory model systems will not contain underlying
connective layers or vasculature that one would associate
with in vivo tissue, characteristics that can be preserved
during ex vivo tissue explantation, and features that
impact inflammatory responses. Indeed, a recent systematic
review highlighted that careful consideration should be

made to utilize tissue models with appropriate vasculature
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created using various engineering technologies, including
biomaterials®®. For example, one recent study used a
fibrin-based matrix embedded with gingival fibroblasts and
microvascular endothelial cells to create a vascularised
gingival tissue equivalent. The authors described a differential
inflammatory response in the model following exposure to
health or disease-associated microorganismssg. From a
commercial standpoint, more complex models now exist,
such as the "T-Skin model", which contains a full-thickness
tissue consisting of a dermis comprised of fibroblasts overlaid
with the epidermis. It would be interesting to see how such

complex models compare to the epidermis-only systems.

While no model is perfect, organotypic tissue models
represent promising alternatives for preclinical testing,
aligning with the framework outlined by the three R's, for
Replacement, Reduction, and Refinement in undertaking
animal research. To this end, although animal models provide
important insights into the complex pathophysiological nature
of biofilm-related human diseases, they come with obvious
disadvantages. These 3D models are easily manipulatable,
allowing for large, subtle changes to investigations without
ethical approval. Combining these models with existing
complex biofilm systems outlined above can greatly improve
our understanding of host-pathogen interactions and better
predict the success of novel therapies prior to in vivo

investigations.
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