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Abstract

Background

The oral cavity is a unique microenvironment challenged by a wide range of
factors including masticatory forces, environmental factors and a diverse oral
microbiome. The gingival crevice is lined by non-keratinised sulcular and
junctional epithelia; the latter attaches to the tooth surface and is only a few
cells thick. It has a uniquely tailored defence system to maintain health,
including the presence of distinct subsets of neutrophils displaying characteristic
phenotypes following exposure to biofilms. Failure of this barrier homeostasis
results in gingival inflammation and - in susceptible patients - in destructive
periodontal disease. There is a clinical need for improved preventative and
therapeutic options for periodontal disease. There are parallel economic drivers
to develop preventative and therapeutic products for the multi-million-pound
oral care market. In vitro models can offer a reductionist platform for testing
novel actives, reducing use of animals and costs of identifying and testing
interventions. There has been a recent shift to focus on maintenance of health,
rather than aetiopathogenesis of disease. This thesis sought to identify
components of the oral mucosal barrier that maintain its integrity with the aim
of integrating them into an in vitro model that will accurately reflect in vivo

conditions.
Methods

Literature and data searches were performed, and data were synthesised to
identify key components of a healthy oral barrier in three main areas: i)
microbiome and microbe-derived soluble mediators; ii) host cells; and iii) host
soluble mediators. Cell culture and flow cytometry were used to evaluate
potential host cells for use in the model. TR146 epithelial cells and primary
human neutrophils were utilised to create a modified chemotaxis assay to mimic
the egress of neutrophils at the gingival epithelium upon stimulation with

health- and periodontitis-associated biofilms.



Results

The review identified microbial taxa at the phylum, genus and species levels
that were associated with periodontal health (Chapter 3). A novel in vitro model
of multispecies microbial biofilm was developed that emulated certain
characteristics of a health-associated subgingival biofilm (Chapter 4). TR146
epithelial cells could be grown on the basolateral side of a porous transwell
insert membrane and remain metabolically active. Primary neutrophils were
identified as a suitable cell type to model the early immune response in vitro
(Chapter 5). Multispecies biofilms, TR146 epithelial cells, and primary
neutrophils were combined to develop a proof-of-concept in vitro model

designed to represent the oral barrier at the gingival sulcus (Chapter 6).

Conclusion

The work to date has identified key components of the proposed model system
and provided preliminary proof-of-concept evidence that selected components
can be combined. Further work is needed to optimise and validate the model
across different configurations and challenge conditions, as well as methods for
reliable neutrophil tracking and detection of cytokine responses. This work may

help to identify potential targetable pathways to maintain oral health.
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1 General Introduction

1.1 Oral barrier

1.1.1 Overview of the oral barrier

The oral cavity fulfils several roles important for survival and overall wellbeing
of a person. It allows for ingestion and initial digestion of food, mediates taste
and general sensory perception, enables speech and resonance and assists in
respiration as a secondary airway. These functions require direct contact with
external environmental triggers such as food, microbes and airborne antigens
and allergens. To protect itself from tissue damage that may arise from these
encounters, the oral cavity maintains a mucosal barrier, which consists of
epithelium, basement membrane, lamina propria (underlying connective tissue)
and, in some areas, submucosa. The oral mucosal barrier displays location-
dependent characteristics: areas at risk of mechanical injury (e.g. masticatory
or dorsal tongue mucosa) are keratinised, while the floor of the mouth that is
not subjected to heavy mechanical stress is not (Moutsopoulos and Konkel,
2018).

Periodontal tissues (periodontium) are structures that surround and support
teeth and include cementum, periodontal ligament, alveolar bone and gingiva
(see Figure 1.1). Cementum covers and thus protects the root dentin while also
acting as an attachment surface for certain periodontal ligament fibers.
Periodontal ligament not only anchors the root of the tooth to its socket
(alveolus) in the alveolar bone but also distributes and dissipates occlusal forces.
It contains mechanoreceptors that provide proprioceptive feedback during
mastication and a rich vascular supply that delivers nutrients, and is thought to
absorb occlusal forces (Dean, 2017, Matsuo and Takahashi, 2002). The gingiva
covers and protects the alveolar processes from mechanical trauma from food
and brushing, and forms a protective seal around the teeth to limit penetration

by microbes and debris (Schroeder and Listgarten, 1997).

In health, the gingival sulcus is a 0.5 to 3 mm-deep space between the

tooth/root surface and the inner aspect of the free (marginal) gingiva. This non-



keratinised epithelium is vulnerable to trauma and microbial invasion. The non-
keratinised sulcular epithelium transitions into junctional epithelium that
attaches to the tooth surface (Moutsopoulos and Konkel, 2018). Junctional
epithelium is highly permeable and allows for a constant outward flow of
gingival crevicular fluid (GCF), which is a serum transudate from the (gingival)
vascular plexus in the underlying connective tissue (Matsuo and Takahashi,
2002). Within the gingival sulcus reside planktonic bacteria that can adhere to
available surfaces and initiate subgingival biofilm formation (Manoil and
Belibasakis, 2025). Consequently, this area is subject to a constant surveillance
by the immune cells that migrate through the junctional epithelium (Nakamura,

2018), constituting a barrier site.

Gingival sulcus:

Tooth Subgingival GCF Sulcular Junctional
surface biofilm epithelium epithelium

Periodontal
tissues:

Gingiva

Cementum\

Alveolar bone

Connective
tissue

Neutrophil

Figure 1.1 Periodontal tissues and oral barrier in the gingival sulcus. (Left) Schematic
sectional view of the periodontal tissues surrounding and supporting the tooth. The cementum
covering the root surface provides attachment for the periodontal ligament, which anchors the
tooth to the alveolar bone. The gingiva overlies the alveolar bone and forms a protective soft
tissue seal around the tooth. (Right) Enlarged cross-sectional view of the gingival sulcus
indicated on the left panel, showing the key components of the oral barrier at this site. The
gingival sulcus is a narrow space below the gumline, bounded by the tooth surface and the
sulcular and junctional epithelium. The tooth surface supports subgingival biofilm formation,
while the epithelium is associated with gingival crevicular fluid flow and neutrophil migration
from the underlying connective tissue into the sulcus. Proportions have been adjusted for clarity
and are not representative of actual biological dimensions. GCF, gingival crevicular fluid;

PDL, periodontal ligament. Figure created with BioRender.com.



1.1.2 Components of the oral mucosal barrier

The properties of the oral barrier change when affected by disease. Differences

between its key components in health versus periodontitis are briefly

summarised in Table 1.1.

Table 1.1 Components of the oral mucosal barrier.

Health

Periodontitis

Neutrophils
(Hirschfeld, 2020)

Highly abundant, but
efficiently control microbial
load and are promptly cleared
from the gingival sulcus

Even more abundant, but
present hyperactive and
hyperreactive phenotype that
contributes to non-resolving
inflammation and collateral
tissue damage

Epithelial cells
(Bosshardt and Lang, 2005)

Form a tight seal around the
tooth preventing bacterial
invasion but allow for GCF
flow and controlled passage of
immune cells

Become inflamed, destroyed
and more permeable to
bacteria and their products,
contributing to pocket
formation

Soluble mediators
(Kononen et al., 2019)

Low levels of cytokines (e.g.
IL-8) are constitutively
expressed to sustain immune
surveillance

High levels of pro-
inflammatory mediators (e.g.
IL-18, IL-6, IL-8 and TNF-a)
and matrix-degrading enzymes
are released

Bacteria

(Camelo-Castillo et al.,
2015)

Facultative anaerobes using
carbohydrate metabolism

Obligate anaerobes thriving in
peptide-rich, inflammophilic
environment

GCF, gingival crevicular fluid; IL, interleukin; TNF-a, tumour necrosis factor-a.

1.1.3 Host responses in the periodontium

The oral mucosal barrier is maintained in a state of dynamic equilibrium

between the host immune response and the microbiome. Understanding of the

mechanisms that maintain this delicate balance, and of how its disruption may

contribute to disease in susceptible individuals, continues to evolve but remains

incomplete. The classic model described by Page and Schroeder (1976) provided

the original histopathological framework for the transition from periodontal

health to disease. This framework has evolved as concepts of polymicrobial

dysbiosis, microbial immune subversion and dysregulated host responses

emerged (Hajishengallis and Korostoff, 2017). More recently, single-cell and

spatial multiomic studies have further refined current understanding of the local

organisation of host responses at the gingival barrier by revealing its cellular

composition, transcriptional programmes and distinct immune zonation
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(Theofilou et al., 2026, Williams et al., 2021). Host response in health, gingivitis
and periodontitis is illustrated in Figure 1.2. Gingivitis predicts progression to
periodontitis, but progression is not inevitable. For more clinical detail, see
Section 1.2.1.
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Figure 1.2 Host response in health, gingivitis and periodontitis. (Left) In health, an eubiotic subgingival biofilm is controlled by homeostatic immunity at the sulcular
and junctional epithelium. The local immune response is shown as two spatially organised zones: a neutrophil-enriched zone adjacent to the epithelium (designated as
Zone 1) and an underlying APC-lymphocyte zone (designated as Zone 2). (Middle) In gingivitis, increased microbial burden is associated with an expanded but
controlled inflammatory response. The same general organisation is shown schematically, with increased immune-cell numbers, while periodontal tissue integrity is
preserved. (Right) In periodontitis, a dysbiotic biofilm and persistent inflammation are associated with expansion of the inflammatory infiltrate and altered immune
organisation. In addition to the neutrophil-enriched and APC-lymphocyte zones, deeper plasma cell-rich, lymphoid-like aggregates/immature tertiary lymphoid
structures are present (designated as Zone 3). Collectively, these changes are associated with irreversible destruction of the periodontal tissues. Based on data from
Theofilou et al. (2026) and Williams et al. (2021). Proportions have been adjusted for clarity and are not representative of actual biological dimensions. The visual key
identifies the principal cell types represented in the schematic; not all cells are individually annotated. AB, alveolar bone; APC, antigen-presenting cell; BV, blood
vessel; CT, connective tissue, GCF, gingival crevicular fluid. Figure created with BioRender.com.



1.1.3.1 Homeostatic inflammation in periodontal health

Within the gingival barrier, particular attention is given to the gingival sulcus
and adjacent tissues. This interface is in a state of active homeostatic
inflammation rather than immunological silence, such that the local microbiota
are generally contained without overt gingival tissue infection. At the
transcriptomic level, the sulcular and junctional epithelia, which are directly
exposed to the subgingival biofilm, support this homeostatic state through
constitutive expression of genes associated with complement and its regulation
(CFH, CFHR3), antimicrobial and anti-inflammatory mediators (S100A8/S100A9,
SLPI) and acute-phase responses (SAA1, SAA2), alongside genes encoding
neutrophil chemoattractants (CXCL1, CXCL2, CXCL6, CXCL8) and inflammation
regulation (DNASE1L3) (Theofilou et al., 2026, Williams et al., 2021). In the
superficial epithelial layers, this also includes expression of alarmin-associated
cytokine transcripts IL1A and IL36G (Theofilou et al., 2026). The immune
surveillance at this interface is spatially organised; closest to the sulcus lies a
neutrophil-rich superficial compartment extending within the sulcular and
junctional epithelia and directly beneath them, while a more organised
lymphocyte-APC compartment is situated deeper (Theofilou et al., 2026). Among
these components, neutrophils appear particularly important to periodontal

homeostasis.

1.1.3.1.1 Role of neutrophils in periodontal health

The gingival sulcus is a space constantly flushed by an outward flow of GCF, a
transudate originating from the gingival vascular plexus localised underneath the
epithelial cell layer. GCF contains transmigrating leukocytes, of which
neutrophils, also referred to as polymorphonuclear neutrophils (PMNSs),
constitute between 70 and 98.6% of all cells (Delima and Van Dyke, 2003).
Moreover, a study in rhesus monkeys injected with *!Indium radiolabelled
neutrophils revealed that the gingival sulcus is the dominant entry route for
neutrophils into the oral cavity and that they can reach it in less than 30 minutes
following intravenous injection into the saphenous vein (Scully and Challacombe,
1979). In health, neutrophils actively migrate from blood through gingival
connective tissue and junctional epithelium in response to an increasing gradient
of IL-8 (interleukin-8; also known as C-X-C motif chemokine ligand 8, CXCL-8),



additionally supported by the intercellular adhesion molecule-1 (ICAM-1)
(Tonetti et al., 1998). A recent study in mice suggests that junctional epithelium
contains a system of channels that facilitate delivery of neutrophils to the
bottom of the gingival sulcus (Oh et al., 2022). After reaching the gingival
sulcus, neutrophils engage in immune surveillance activities and exert their
effector functions to control commensal bacteria. The three key mechanisms are
phagocytosis, degranulation and formation of neutrophil extracellular traps
(NETSs), as illustrated in Figure 1.3. In phagocytosis, neutrophils use cell-surface
receptors (e.g. complement receptors, Fcy receptors), and pattern recognition
receptors such as Toll-like receptors (TLRs) or C-type lectin receptors to engulf
bacteria and digest them through the oxidative burst or oxygen independent
methods such as releasing antimicrobial peptides and enzymes stored within
lysosomal storage granules into phagosomes. This mechanism confines the
microbicidal activity within the cell and preserves surrounding tissues from
collateral damage (Chapple et al., 2023, Kim and Moutsopoulos, 2024).
Neutrophils can also release the granules extracellularly in a highly regulated
process called graded exocytosis, where different granule types are released in a
threshold-based order. The first released granules are secretory vesicles
containing surface receptors whose activation can prime neutrophils. The next
set of mobilised granules are the tertiary (gelatinase) granules that contain a
more limited set of surface receptors in addition to matrix metalloproteinases,
which remodel tissue and can cleave cytokines and chemokines, modifying their
biological functions (Catz and McLeish, 2020, Faurschou and Borregaard, 2003,
Kim and Moutsopoulos, 2024). As an example, matrix metalloproteinase-9
(MMP-9) is known for amplifying IL-8 chemoattractant potency (Van den Steen et
al., 2000). Neutrophil priming is required before exposure to a second stimulus
(a “two-hit” model) that will result in the release of the subsequent granule
types: secondary (specific) granules containing lactoferrin and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase components and the most
toxic, primary (azurophilic) granules with myeloperoxidase, elastase and
defensins (Catz and McLeish, 2020, Chapple et al., 2023). Importantly, the two
latter types of granules are more likely to be mobilised to phagosomes (Catz and
McLeish, 2020), which in combination with graded exocytosis allows for
restricting the release of the most harmful enzymes to surrounding tissues. The

terms ‘primary granules’, ‘secondary granules’ and “tertiary granules’ refer to



the sequence of their formation during granulopoiesis rather than the order of
granule mobilisation during activation. The third major mechanism used by
neutrophils to kill bacteria is the release of NETs: web-like structures consisting
of decondensed chromatin, histones and other proteins which, once again,
originate from primary and secondary granules (Delgado-Rizo et al., 2017).
Following bacterial killing and clearance, inflammation subsides to enable tissue
repair and remodelling. Resolution of inflammation is dependent on
efferocytosis, a process of clearance of apoptotic neutrophils by macrophages.
This process is mediated by activation of peroxisome proliferator-activated
receptor-y (PPAR-y) signalling that suppresses nuclear factor-kB (NF-kB), a
master regulator of pro-inflammatory gene expression, and results in
macrophage reprogramming to a pro-resolving state (Bouchery and Harris, 2019,
Cooper et al., 2025).

Phagocytosis Degranulation NETosis
¢ Engulfment with cell-surface e Priming: e DNA
receptors and PRRs o Secretory vesicles e Histones
¢ Digestion via oxidative burst o Tertiary (gelatinase) ¢ Proteins from primary
or antimicrobial peptides granules and secondary granules
and enzymes e Second hit:
o Secondary (specific)
granules
o Primary (azurophilic)
granules

Figure 1.3 Key effector functions of neutrophils. Phagocytosis, degranulation and NETosis
represent the three major neutrophil effector mechanisms involved in antimicrobial defence and
inflammation. Figure adapted and modified from Kim and Moutsopoulos (2024). Figure created
with BioRender.com.
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1.1.3.2 Destructive periodontal inflammation

In susceptible individuals, disruption of the homeostatic balance may lead to
persistent and dysregulated inflammation. Inflammatory amplification in
periodontitis involves coordinated activity across epithelial, stromal and immune
compartments, with increased signalling related to adhesion, chemokine
activity, antimicrobial responses and cytokine production (Williams et al., 2021).
At the transcriptomic level, the pocket-lining epithelium shows increased
expression of genes associated with acute-phase responses (SAAL, SAA2),
complement activation (C3), neutrophil recruitment (CXCL1, CXCL2, CXCL8) and
neutrophil-supporting signalling (CSF3) (Theofilou et al., 2026, Williams et al.,
2021). Spatially, the neutrophil-rich superficial zone and the deeper lymphocyte-
APC zone appear to be largely maintained, although both inflammatory
compartments expand. In addition, a deeper plasma cell-rich zone develops,
organising into immature tertiary lymphoid structures with potential to support
local antibody production (Theofilou et al., 2026). Altogether, this dysregulated
inflammatory environment can contribute to connective tissue destruction and

alveolar bone resorption (Hajishengallis and Korostoff, 2017).

1.1.3.2.1 Role of neutrophils in periodontitis

Accumulation of bacterial plaque induces an inflammatory response, which
manifests as increased vascular permeability, oedema and an increased GCF
flow. The upregulation of IL-8 (CXCL8) and other mediators in junctional
epithelium, such as CXCL1, CXCL3 and CXCL6, leads to increased neutrophil
recruitment into the gingival sulcus (Easter et al., 2024, Tonetti et al., 1994).
Upon arrival in the gingival sulcus, already primed neutrophils display a pro-
inflammatory and hyper-reactive phenotype by performing their effector
functions mentioned above with markedly increased intensity compared to
health (Sansores-Espafia et al., 2022). There is also evidence that neutrophils
encountering the plaque biofilm attempt to engulf it but inevitably fail and
eventually form a ‘leukocyte wall’. Then, in the process known as “frustrated
phagocytosis’, they release antimicrobial mediators such as reactive oxygen
species (ROS) and proteases, causing collateral damage to the surrounding
tissues (Ryder, 2010). At the species-specific level, periodontal pathogens have

developed various strategies to not only evade neutrophil antimicrobial killing
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but also to exploit it to create a nutrient-rich pro-inflammatory environment.
For example, Porphyromonas gingivalis subverts TLR2-complement crosstalk to
inhibit microbicidal mechanisms but not the inflammation itself, creating a
favourable environment for other pathogens (Maekawa et al., 2014).
Aggregatibacter actinomycetemcomitans triggers neutrophil degranulation to
obtain epinephrine from azurophilic granules and uses it as a nutrient (Ozuna et
al., 2021). Filifactor alocis suppresses the respiratory burst and prevents
phagosome maturation by impairing recruitment of specific and azurophilic
granules (Edmisson et al., 2018). It can also delay neutrophil apoptosis through
the TLR2/6 pathway without diminishing their pro-inflammatory effector
functions (Miralda et al., 2022). This is noteworthy because efferocytosis of
apoptotic neutrophils by macrophages and dendritic cells was shown to reduce
granulopoiesis in the bone marrow via suppression of the IL-23-IL-17-granulocyte
colony-stimulating factor (G-CSF) axis, also known as “neutrostat’ (Stark et al.,
2005). There is evidence that blockade of this axis with Ustekinumab can resolve
inflammatory lesions in leukocyte adhesion deficiency type 1-associated severe
periodontitis (Moutsopoulos et al., 2017). Interestingly, a recent study has shown
that P. gingivalis utilises arginine-specific gingipain B (RgpB), a cysteine
protease, to modify azurophilic granules which then translocate to the cell
surface and act as ligands for awB. integrins on macrophages. This allows for
‘live entrapment’ of neutrophils, which, in contrast to efferocytosis of apoptotic
neutrophils, fails to activate the PPAR-y-dependent pro-resolution pathways,
and thus sustains pro-inflammatory milieu (Cooper et al., 2025). Together,
bacterial immune evasion and dysregulated host responses lead to a self-
perpetuating cycle of chronic inflammation and exacerbating dysbiosis and result
in periodontal tissue damage that manifests clinically as deepening pockets and
reduced bone levels (Uriarte and Hajishengallis, 2023). What is more, the
consequences of this non-resolving inflammation extend far beyond the oral
cavity upon reaching the bone marrow. Periodontitis-associated systemic
inflammation can cause long term metabolic and epigenetic changes in
haematopoietic stem cells, which bias their differentiation, ultimately leading to
the production of “trained” myeloid cell populations of hyperreactive neutrophils
and monocytes/macrophages that can in turn be recruited to inflammatory

niches within the body (Hajishengallis and Chavakis, 2021).
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1.1.3.2.2 Inflammatory amplification, tissue breakdown and bone resorption

Cytokines and chemokines, including C-C motif chemokine ligand 2 (CCL2; also
known as monocyte chemoattractant protein-1, MCP-1), interferon-y (IFN-y),
IL-18 and IL-6 are elevated in GCF in periodontitis (Stadler et al., 2016).
Functionally, presence of these mediators indicates that the sulcus is subject to
inflammatory cues capable of recruiting and activating inflammatory cells: CCL2
promotes recruitment of monocytes/macrophages and other leukocytes
(Hanazawa et al., 1993), while IL-18 and IL-6 amplify inflammatory responses
across periodontal tissue cells and immune cells (Pan et al., 2019). However,
their detection in GCF should not be interpreted as definitive evidence that they
are produced by a distinct cell population within the sulcus itself. In
periodontitis, GCF is more accurately described as an inflammatory exudate
derived from adjacent periodontal tissues, which bathes the periodontal pocket.
Therefore, these mediators most likely reflect contributions from multiple
cellular sources, including the sulcular and junctional epithelia, infiltrating
neutrophils, stromal cells and immune-cell networks in the underlying gingival
connective tissue (Griffiths, 2003). For example, IFN-y is a cytokine associated
with T cells and natural killer (NK) cells, consistent with T cell- and NK cell-
associated immune activity rather than production by the sulcular epithelium
itself (Schoenborn and Wilson, 2007).

Immune cells other than neutrophils are present in the sulcus-associated region,
but they appear to represent a minor component within this compartment. Their
more substantial functional contribution is generally in the underlying
connective gingival tissues, where adaptive and APC networks sustain and
amplify the inflammatory response (Theofilou et al., 2026). APCs, including
dendritic cells and macrophages, promote pro-inflammatory T cell responses. In
particular, production of IL-18, IL-6 and IL-23 supports the differentiation and
maintenance of T helper 17 (Th17) responses. Th17 cells are a major source of
IL-17, a pleiotropic cytokine that acts on epithelial, endothelial, innate immune
and stromal cells to amplify antimicrobial and inflammatory responses, which
plays both protective and destructive roles in periodontal tissues (Gaffen and
Moutsopoulos, 2020). These effects include induction of epithelial antimicrobial
mediators; enhancement of neutrophil recruitment through chemokine induction

and suppression of developmental endothelial locus-1; and upregulation of
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proinflammatory TNF-a, IL-1B, IL-6, and prostaglandin E; (PGE2) by macrophages
and other local cellular sources. Together, these processes contribute to tissue
destruction, as described further below (Hajishengallis and Korostoff, 2017,
Hajishengallis et al., 2020). The broader inflammatory milieu, generated by
innate immune, stromal and T cell-derived signals, also supports B cell
activation, survival and differentiation into plasma cells, especially through IL-6,
IL-21, B cell-activating factor (BAFF; also known as BLyS), and a proliferation-
inducing ligand (APRIL) (Abe et al., 2015, Mahanonda et al., 2016).

As this cytokine network develops, recruited leukocytes and activated resident
stromal cells increase the local release of host-derived tissue-destructive
mediators, including matrix metalloproteinases such as MMP-3, MMP-8, MMP-9,
MMP-13, together with neutrophil serine proteases, particularly neutrophil
elastase and cathepsin G, and ROS. Collectively, these mediators contribute to
degradation of the collagen-rich extracellular matrix and basement-membrane
components, promoting connective tissue breakdown in periodontitis (Chapple et
al., 2023, Hajishengallis and Korostoff, 2017, Luchian et al., 2022).

Inflammation in periodontitis extends further into deeper periodontal tissues and
disrupts physiological bone remodelling. Under normal conditions, bone
resorption is coupled to bone formation and regulated by the receptor activator
of nuclear factor-kB (RANK)-RANK ligand (RANKL)-osteoprotegerin (OPG) axis.
RANKL binds to RANK on osteoclast precursors, promoting osteoclastogenesis,
whereas OPG acts as a decoy receptor limiting this process. Inflammatory
signalling in periodontitis increases the local RANKL/OPG ratio, thereby
promoting osteoclast differentiation and shifting the balance towards net
alveolar bone resorption (Hajishengallis and Korostoff, 2017). RANKL is produced
by multiple cell populations. In human periodontitis, activated B and T cells are
considered major sources (Kawai et al., 2006), while experimental studies also
implicate osteoblast-lineage and periodontal ligament cells as important local
contributors (Tsukasaki et al., 2018). Th17/IL17 signalling further amplifies
periodontal bone loss through RANKL-dependent mechanisms, although the

precise cellular pathway remains to be fully elucidated (Tsukasaki et al., 2018).
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1.1.4 Dental plague formation

The oral cavity contains multiple ecological niches that support microbial
colonisation. Among these, the tooth and exposed root surfaces are distinctive
because, unlike the epithelial surfaces, they are non-shedding. Therefore, these
hard tissue surfaces provide a stable substratum for microbial attachment and
retention, thereby enabling dental plague formation (Bertolini et al., 2022, Mark
Welch et al., 2019). Dental plaque is a structured polymicrobial biofilm,
composed of multiple interacting microbial taxa embedded within an
extracellular matrix, rather than a simple bacterial deposit (Costerton et al.,
1981, Kolenbrander et al., 2006, Marsh, 2006). Plaque formation occurs through
a coordinated, multistep process (Kolenbrander et al., 2002). Within minutes
after tooth cleaning, salivary proteins and glycoproteins adsorb onto the enamel
surface to form the acquired pellicle, creating binding sites for early bacterial
colonisers. These include oral streptococci, such as Streptococcus gordonii,

S. mitis, S. oralis and S. sanguinis, which attach through adhesins, while other
early colonisers such as Actinomyces species use surface structures including pili
(Bloch et al., 2024, Persson et al., 2012). Following attachment, early colonisers
proliferate, form microcolonies and contribute to the developing extracellular
matrix. These attached bacteria create new binding surfaces for secondary
colonisers and support the later incorporation of late colonisers, including

A. actinomycetemcomitans, Prevotella intermedia, Treponema denticola,

P. gingivalis, Eubacterium spp., and Selenomonas flueggei (Kolenbrander et al.,
2002).

Interbacterial binding is central to multispecies plaque development. This is
commonly described as coaggregation when genetically distinct bacteria bind to
each other in suspension, whereas co-adhesion refers more specifically to
planktonic cells binding to bacteria already attached to a surface. In the oral
biofilm literature, however, coaggregation is frequently used more broadly to
describe the specific interbacterial interactions that support multispecies plaque
development (Kolenbrander et al., 2006, Rickard et al., 2003). In the classical
spatiotemporal model of plague development, Fusobacterium nucleatum is
particularly important because it can bind both early and late colonisers,
allowing it to act as a bridging organism during biofilm maturation (Kolenbrander
et al., 2002).
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This model was later refined by fluorescence in situ hybridisation (FISH)-based
analysis of plaque preserved on natural teeth, showing that plaque is both
sequentially assembled and spatially organised. In subgingival plaque, a layered
biofilm architecture was described, with Actinomyces sp. detected in the basal
layer and F. nucleatum and Tannerella forsythia localised in the intermediate
layer. The presence of F. nucleatum there was consistent with its proposed role
in plague maturation. Presumptive periodontal pathogens, including

P. gingivalis, P. intermedia, Porphyromonas endodontalis and Parvimonas micra,
were mainly observed as microcolonies in the top layer of the organised biofilm,
or the fourth, more disorganised outside layer. This outside layer was dominated
by Spirochaetes and also contained test-tube brush-like structures, with

F. nucleatum and other filamentous bacteria arranged around central
Lactobacillus sp. cells. In supragingival plague, the architecture was more
heterogeneous. Two layers were generally observed, with variable basal
communities containing Actinomyces sp., chains of non-streptococcal cocci,
Streptococcus sp., yeasts or Lactobacillus sp., and an overlying layer containing
scattered or surface-associated Streptococcus sp. Corncob structures involving
Streptococcus sp. and Candida albicans were also described (Zijnge et al., 2010).
A later combinatorial labelling and spectral imaging FISH study of supragingival
plaque revealed highly organised ‘hedgehog’ structures, in which filamentous
Corynebacterium formed a scaffold-like framework around which eight other
taxa were spatially organised: Streptococcus, Porphyromonas,
Haemophilus/Aggregatibacter, Neisseriaceae, Fusobacterium, Leptotrichia,

Capnocytophaga, and Actinomyces (Mark Welch et al., 2016).

Collectively, these studies show that dental plaque is not simply a multispecies
accumulation, but a spatially organised polymicrobial biofilm. Beyond this
structural organisation, plague microorganisms also interact through metabolic
cooperation, including cross-feeding; competition for nutrients and attachment
sites; chemical signalling, such as quorum sensing; and modification of local
microenvironments. Such interactions can influence nutrient availability, oxygen
tension, tolerance of environmental stressors and host-microbe interactions.
Therefore, dental plaque should be understood as an integrated microbial

community in which structure and function arise from interactions among its
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constituent taxa, rather than from properties of individual taxa alone
(Hajishengallis et al., 2023, Lamont et al., 2023).

1.2 Periodontitis

Periodontitis is a chronic disease caused by an excessive and unresolving
inflammatory response associated with the oral bacterial biofilm, which leads to
irreversible destruction of tissues that surround and support teeth, and

eventually, tooth loss (Preshaw, 2018).

1.2.1 Clinical features

Clinically, the condition of periodontal tissues can be assessed using a range of
signs and measurements that differentiate between health, gingivitis and
periodontitis (Figure 1.4). In health, periodontal tissues are intact and show
minimal clinical signs of inflammation. Gingivitis is characterised by
inflammation limited to the gingiva and is commonly identified clinically by
bleeding on probing (BOP). It may also present with visible changes in gingival
colour, contour and consistency, such as erythema, swelling, softer and spongy
texture and loss of stippling. An important distinction is that these clinical
changes remain confined to the gingiva and are reversible, with no destruction
of the tooth-supporting structures (Chapple et al., 2018, Trombelli et al., 2018).
In some individuals, inflammation may lead to irreversible destruction of the
deeper tooth-supporting tissues, including the periodontal ligament, cementum
and alveolar bone. Clinically, this is identified as periodontitis and is
characterised by clinical attachment loss (CAL) and alveolar bone resorption,
often accompanied by increased probing depth (PD; also termed “probing pocket
depth’ (PPD) when referring specifically to pathological periodontal pockets). In
advanced disease, continued loss of tissue support may lead to tooth mobility

and ultimately, tooth loss (Papapanou et al., 2018).
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Figure 1.4 Schematic overview of the clinical states of periodontal health, gingivitis, early
periodontitis and advanced periodontitis. The transition from periodontal health to gingivitis is
reversible, and not all gingivitis lesions progress to periodontitis. Once periodontitis develops,
the associated tissue destruction is irreversible. *Early and advanced periodontitis differ in
severity and extent of tissue destruction, rather than in the underlying immune mechanisms.
Based on data from Chapple et al. (2018) and Papapanou et al. (2018). Figure created with
BioRender.com.

1.2.2 Clinical parameters in periodontal assessment

It is currently impossible to identify which gingivitis lesion will progress to
periodontitis or how quickly it will happen. It is generally accepted that
periodontitis is not a simple infection but dysbiosis that requires a susceptible
host. Several risk factors and risk assessment tools have been identified and
described (Tonetti et al., 2018). Most of them utilise clinical parameters. In
everyday practice, a simplified sextant-based screening system (Basic
Periodontal Examination) is used to identify patients requiring further
investigations and treatment (Palmer and Floyd, 2023). More detailed clinical
parameters include BOP measured around a single tooth or calculated as a
percentage of sites with BOP, CAL, PD and number of periodontal pockets with
PPD > 5 mm, radiographic horizontal and vertical bone loss, and number of lost
teeth (Chapple et al., 2018, Lang and Tonetti, 2003, Papapanou et al., 2018).
These clinical measurements can be utilised to quantify inflammatory burden

with Periodontal Inflamed Surface Area/Periodontal Epithelial Surface Area
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(PISA/PESA) composite indices (Nesse et al., 2008) or to assess periodontal risk
(Saleh et al., 2021, Saleh et al., 2022).

1.2.3 Establishment of periodontics and clinical classification

systems

The contemporary term “periodontitis’ specifically referring to ‘inflammation of
the tissues surrounding a tooth’ appeared only in the 19th century, with its first
known use reported in 1870 (Babcock, 1870, Merriam-Webster, 2025, Waite,
1870). Since then, it started gaining awareness among the general public, as
reflected by references in the literature, such as Mark Twain’s short story Happy
Memories of the Dental Chair where he described his own periodontal therapy
performed by Dr John Mankey Riggs, often referred to as the ‘Father of
periodontics’ (Maloney, 2010, Twain, 2010). Emergence of periodontology as a
distinct dental field was accompanied by the development of various theories
and hypotheses on periodontitis aetiology (described in detail in Section 1.2.4)
and attempts to characterise and classify periodontal diseases (Armitage, 2002,
Highfield, 2009). Currently, only two of them remain in use: the 1999
Classification of Periodontal Diseases and Conditions (established by the
American Academy of Periodontology (AAP)) (Armitage, 1999), which is gradually
being replaced by its revised version, the 2017 Classification of Periodontal and
Peri-Implant Diseases and Conditions (the result of a collaboration between the
AAP and the European Federation of Periodontology (EFP)) (Caton et al., 2018).

The 1999 classification introduced the gingival diseases category to distinguish
pathologies restricted to gingiva without affecting the underlying tissues
(Mariotti, 1999). Periodontitis was grouped into chronic and aggressive forms
based on the progression rate, which could be further divided according to the

extent of the affected area to localised and generalised (Armitage, 1999).

The 2017 classification distinguished a new periodontal health and gingival
health subcategory under the broader periodontal health, gingival diseases and
conditions category. The presence of a baseline inflammatory infiltrate and
homeostatic host response at a site level was acknowledged, albeit without

bleeding on probing, erythema, edema and patient symptoms (Chapple et al.,
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2018). The previous chronic and aggressive forms of periodontitis were combined
into a single periodontitis category in which a new system of staging (I-1V) and
grading (A-C) was introduced (Papapanou et al., 2018, Tonetti et al., 2018).
Staging is based on the severity of disease (predominantly periodontal tissue
breakdown) and its management complexity (probing depth, bone loss,
furcations, tooth mobility, masticatory dysfunction). Furthermore, its extent can
be described as localised or generalised. Grading refers to the progression rate
based on evidence and anticipated treatment response predicted by risk factor
analysis. The new framework also anticipates the future role of biomarkers in
individuals that are more susceptible to periodontitis and less responsive to a

standard treatment.

Despite initial reluctance of dental professionals due to perceived complexity
and time-consuming nature of the system, the 2017 classification is gradually
replacing its 1999 predecessor (Jayawardena et al., 2021, Malmqvist et al.,
2025, West et al., 2025). It is worth noting the successful attempts to
retroactively reclassify patients diagnoses by using available clinical records
(Raza et al., 2024, Priyanka et al., 2024, Tokede et al., 2024). Nonetheless, the
overlap period in use of both classifications remains relevant in periodontal
research as different classifications appear in longitudinal and retrospective

studies.

1.2.4 Aetiology

Efforts to explain periodontitis aetiology date back to the late 19% century.
Understanding of its causal mechanisms was limited by research tools available
at the time. Periodontitis was initially considered to be a disease of bacterial
origin driven by increased biofilm biomass (Miller, 1890). Interestingly, this
explanation was not universally accepted and there were opinions that
emphasised the importance of the ‘lack of resistance’ of the host and claimed
that the etiologic factor was of ‘metabolic origin’, assigning bacterial infection a
secondary role (Meyer, 1917). This view did not achieve widespread recognition

and disappeared from the discourse for several decades.

The 1970s were a transformative period for periodontitis research thanks to the

development of technological advancements such as culture-based techniques,
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microscopy and the introduction of the anaerobic chamber which enabled
isolation and identification of bacterial species implicated in periodontitis,
including strict anaerobic ones (Rosier et al., 2014). This led to formulation of
the specific plaque hypothesis, which focused on the role of overgrowth of
specific pathogenic species (Loesche, 1976). Soon after, interest in the role of
the host response slowly began to re-emerge in the form of the updated non-
specific plague hypothesis that recognised the role of both dental plaque
(containing different combinations of microorganisms instead of a single species)
and the non-specific inflammation it induced that resulted in a change of
environment in the gingival crevice (Theilade, 1986). A closely related ecological
plaque hypothesis was proposed where the changes in the environment induced
selection of bacterial species that led to progressive dysbiosis (Marsh, 1994).
Later the hypothesis was revised to underscore the abrupt and substantial

character of the disruption in ecology resulting in a large-scale dysbiosis.

The 1990s brough another major shift in technological innovation. Development
of targeted high-throughput molecular techniques such as checkerboard DNA-
DNA hybridisation allowed for analysis of a much higher volume of plague
samples and quicker identification of microbial species (Feres et al., 2021). This
advancement has facilitated identification and definition of Socransky’s
microbial complexes. In this model of periodontitis aetiology and progression,
colour-coded clusters of microbial species colonise the subgingival plague in a
specific order starting with the health associated species (yellow complex) and
ending with periodontitis associated species (red complex) (Socransky et al.,
1998). The role of the host was again acknowledged in the polymicrobial
disruption of host homeostasis hypothesis. It assumed that the host was not just
a passive system that acted only in response to microbial triggers but was
actively maintaining immune balance. Polymicrobial biofilm disrupted the
balance causing periodontal tissue damage (Darveau, 2010). The subsequent
keystone pathogen hypothesis bore similarity in that the host actively controlled
the biofilm, but the central point was the subversion of the host innate immune
response by a low-abundance keystone pathogen. This led to the weakening of
the host’s ability to clear the pathogens and, as a result, to the development of
chronic inflammation and dysbiosis (Hajishengallis et al., 2011). The concept of

the keystone pathogen was upheld in the following polymicrobial synergy and
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dysbiosis (PSD) model, although it was incorporated into a broader framework of
a synergistic microbial community where different species (or even gene
combinations) contribute distinct functions in a dysbiotic biofilm. This
pathogenic consortium triggers a self-perpetuating inflammatory response in the

host (Hajishengallis and Lamont, 2012).

Finally, the most recent hypothesis, the Inflammation-Mediated Polymicrobial-
Emergence and Dysbiotic-Exacerbation (IMPEDE) model, was developed to
reflect the 2017 Classification of Periodontal and Peri-Implant Diseases and
Conditions. It positions the host as a central driver of dysbiosis and subsequent
disease process and proposes that resolving inflammation should be the primary

objective of therapeutic interventions (Van Dyke et al., 2020).

The most important concepts on periodontitis aetiology are summarised
in Table 1.2.
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Table 1.2 Conceptual frameworks on periodontitis aetiology.

Reference

Concept

Fundamental principles

(Miller, 1890)

Non-specific
plaque hypothesis

Periodontitis is not caused by any specific bacterial
species, but collectively by bacteria present in the
dental plaque.

(Loesche, 1976)

Specific plaque
hypothesis

Most cases of periodontitis are due to the overgrowth
of specific pathogenic species.

(Theilade,
1986)

Updated non-
specific plaque
hypothesis

Non-specific inflammation caused by dental plaque
accumulation changes the environment of the gingival
crevice and thus composition of the subgingival
microflora. Different combinations of microorganisms
have a potential to induce destructive periodontitis
rather than a single species.

(Marsh, 1994)
(Marsh, 2003)

Ecological plaque
hypothesis

(later ecological
catastrophe
hypothesis)

Inflammatory response to plaque in gingivitis gradually
changes the environment and induces selection of
bacterial species contributing to progressive dysbiosis.
Later modification highlighted that the changes in
ecology are rapid and significant and that this
disruption leads to a large-scale dysbiosis.

(Socransky et
al., 1998)

Model of microbial
complexes in
subgingival plaque

Bacteria present in subgingival plaque were grouped
into color-coded complexes. Red complex bacteria
(P. gingivalis, T. forsythia and T. denticola) were
related to clinical parameters associated with
periodontitis.

(Darveau, 2010)

Polymicrobial
disruption of host
homeostasis

Several bacterial species are responsible for disruption
of mechanisms responsible for host tissue homeostasis,
which leads to periodontal tissue damage.

and Lamont,
2012)

synergy and
dysbiosis (PSD)
model

hypothesis
(Hajishengallis Keystone Keystone pathogens play a crucial role by subverting
etal., 2011) pathogen the immune response, disrupting microbial
hypothesis homeostasis and promoting an inflammatory
environment
(Hajishengallis Polymicrobial Broadly-based synergistic and dysbiotic microbiota

initiate and exaggerate inflammation. The role of
keystone pathogens (e.g. P. gingivalis) still recognised,
but only as one of the contributing factors.

(Van Dyke et
al., 2020)

IMPEDE* model

Complements the 2017 classification of periodontal
diseases; inflammation is the primary factor of
periodontitis that, if unresolved, changes the
subgingival environment leading to dysbiosis and tissue
destruction.

*Inflammation-Mediated Polymicrobial-Emergence and Dysbiotic-Exacerbation (IMPEDE)
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1.2.5 Risk factors

Dental plaque is required, but insufficient to initiate periodontitis. A landmark
study involving Sri Lankan tea plantation workers revealed that they did not
follow any conventional oral hygiene routine and all presented with gingival
inflammation. Despite having similar plaque indices, only 8% developed rapidly
progressing periodontitis, whereas 81% showed signs of moderate progression,
and 11% exhibited no signs of worsening of periodontal status (Loe et al., 1986).
Progression to periodontitis results from the complex interplay of multiple
factors influencing disease pathology and substantial efforts have been made to
identify specific risk factors and to create tools that assess individual risk
(Chapple et al., 2017, Kornman, 2018). Current evidence identifies genetic
predisposition, age, diabetes mellitus and smoking as the major risk factors for

periodontitis (Kinane et al., 2017).

1.2.5.1 Genetics

Genetic factors contribute to differences in periodontitis predisposition, its
clinical manifestation and progression by affecting pathways regulating host
immunity, tissue repair and regeneration. Notably, twin studies attributed 34%
of phenotypic variability of periodontitis within the population to genetics
(Nibali et al., 2019). Genetic predisposition is particularly important in pre-
pubertal and pubertal (early onset) forms of periodontitis, which usually
manifest with severe symptoms. Mutations in CTSC and PLG genes were
identified in syndromic presentations of periodontitis. The former leads to
uncontrolled inflammation caused by impaired neutrophil function; the latter to
inefficient tissue clearance and repair resulting from defective fibrinolysis. Non-
synonymous single nucleotide polymorphisms in SIGLEC5, ROBO2, ABCAL and PF4
genes were implicated by genome-wide association studies as contributing to
polygenic risk through altered immune modulation or tissue maintenance
mechanisms (Schaefer et al., 2025). Furthermore, candidate gene association
studies identified six inflammatory mediator genes whose polymorphisms were
linked to significantly elevated periodontitis risk: IL1A, IL1B, IL6, 1L10, MMP3 and
MMP9 (da Silva et al., 2017). Interestingly, it has been suggested that genes
associated with risky and detrimental health behaviours, including smoking,
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could also be involved in periodontitis aetiology (Karlsson Linnér et al., 2019,
Schaefer et al., 2025).

1.2.5.2 Age

Advancing age is associated with a higher risk of periodontitis. For a long time,
this was attributed to an age-related decline in the capacity of the immune
system (immunosenescence) and tissue regeneration and repair, as well as the
cumulative effect of exposure to known risk factors such as plague deposits,
smoking or comorbidities (Ebersole et al., 2016, Schaefer et al., 2025). Recently,
attention has been drawn to the concept of ‘inflammaging’ coined in 2000,
which describes the presence of low-grade inflammation due to a lifelong
exposure to antigenic stimulation, chronic infections, metabolic and
environmental stress (Ebersole et al., 2016, Franceschi et al., 2000). This state
is characterised by an increase in levels of proinflammatory mediators such as
IL-1, IL-6, TNF-a, and C-reactive protein (CRP) in the elderly (Michaud et al.,
2013). Furthermore, age-associated acquisition of somatic mutations can also
contribute to the risk of developing inflammation-related disorders. It has been
reported that mutation of an epigenetic regulator gene DNMT3A in
hematopoietic stem and progenitor cells in the bone marrow leads to an

increased risk of gingival inflammation and periodontitis (Wang et al., 2024).

1.2.5.3 Diabetes mellitus

Diabetes mellitus is the only systemic disease that has been included among the
periodontitis grade modifiers of the 2017 classification. Studies report that the
risk of developing periodontitis is 2-3 times higher in diabetics than in healthy
individuals (Casanova et al., 2014). The rate of progression is influenced by
glycaemic status, and glycated haemoglobin (HbA1lc) levels are used as grade
modifiers in patients with diabetes (Tonetti et al., 2018). Finally, periodontal
parameters improve following diabetes control interventions (Ramseier et al.,
2020) and therefore are recommended by the EFP (Sanz et al., 2020). It has
been proposed that in diabetes mellitus, hyperglycaemia accompanied by
adiposity and dyslipidaemia initiate various pathological mechanisms that lead to
immune dysfunction, cellular stress and an increase in proinflammatory

cytokines such as IL-1, IL-6 and TNF-a. This, together with an ecological shift in
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subgingival biofilm, leads to increased destruction of tissue and impairment of
the repair processes (Taylor et al., 2013).

1.2.5.4 Smoking

Tobacco smoking is a well-studied risk factor for developing periodontitis; it is
estimated that it raises the risk by 85% in active smokers (Leite et al., 2018) and
by 28% in passive smokers (Sutton et al., 2017). This has been recognised by the
2017 classification of periodontal diseases where smoking status, defined by the
number of cigarettes smoked per day, was recognised as a periodontitis grade
modifier (Tonetti et al., 2018). Smoking is thought to exacerbate periodontal
disease progression by reducing gingival blood supply (Popescu et al., 2025),
accelerating subgingival dysbiosis (Al Kawas et al., 2021, Tamashiro et al.,
2023), altering immune response (Bunaes et al., 2017, Popescu et al., 2025), and
disrupting gingival connective tissue and bone homeostasis (Popescu et al.,
2025). The impact of using electronic cigarettes on periodontal health is not
fully understood, but evidence suggests it is also harmful (Tattar et al., 2025). It
has been observed that smoking negatively impacts clinical (Kanmaz et al.,
2021, Kotsakis et al., 2015) and host responses to periodontal treatment (Hao et
al., 2023). Smoking cessation improves clinical parameters in periodontitis
patients (Ramseier et al., 2020) and tobacco smoking cessation interventions
during periodontitis therapy are recommended by the EFP (Herrera et al., 2022).

1.2.6 Links to systemic health

Periodontitis is associated with multiple chronic systemic conditions including
type 2 diabetes mellitus, cardiovascular disease (CVD), rheumatoid

arthritis (RA), Alzheimer’s disease, non-alcoholic fatty liver disease,
inflammatory bowel disease and colorectal cancer (Hajishengallis and Chavakis,
2021).

The associations are hypothesised to be driven by translocation of bacteria and
systemic inflammation. Periodontal bacteria have been detected in blood
myeloid-derived dendritic cells, atherosclerotic plaque (Carrion et al., 2012),
brains of Alzheimer’s disease patients (Dominy et al., 2019), the respiratory

tract of patients with infectious and non-infectious diseases (Mammen et al.,
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2020) and faecal and tumorous samples of colorectal cancer patients (Kerdreux
et al., 2023, Lowenmark et al., 2020, Shang and Liu, 2018), suggesting they can
spread via haematogenous, oropharyngeal and orodigestive routes. There is
evidence that disseminated periopathogens can lead to systemic inflammation,
endothelial dysfunction and vascular damage, contribute to increased levels of
neurotoxic protein aggregates, cause infections directly or promote growth of
cancer cells and their chemotherapy resistance (Hajishengallis and Chavakis,
2021).

Systemic inflammation is observed in patients with periodontitis and is
hypothesised to be a direct result of dissemination of proinflammatory mediators
from periodontal tissues to the bloodstream. Spillover of IL-1, IL-6 and TNF-a in
turn leads to elevated levels of CRP, fibrinogen, and other acute-phase proteins
produced by the liver (Genco and Van Dyke, 2010). Increased inflammatory
burden possibly leads to deterioration of lipid metabolism that manifests
through an increase in serum levels of low-density lipoprotein (LDL) and
triglycerides accompanied by a reduction in high-density lipoprotein (HDL),
which is a strong risk factor for CVD (Fu et al., 2016, Nepomuceno et al., 2017).
Moreover, it has been proposed that an increase in serum inflammatory
mediators exacerbates insulin resistance (Gurav, 2012), having negative

implications for glycaemic control in diabetes (Casanova et al., 2014).

Additionally, systemic inflammation can prime haematopoietic stem and
progenitor cells in the bone marrow towards differentiation into hyperreactive
neutrophils and monocytes or macrophages, a process known as trained
myelopoiesis. These cells can be trafficked not only to the periodontium but also
other sites of the body, contributing to pathologies beyond the initial site, for
example CVD or RA. Further highlighting the complexity and bi-directionality of
the relationship between periodontitis and systemic health, orally primed cells
such as Th17 cells and the mixed phenotype Th17/Th1l cells are believed to

exacerbate colitis (Hajishengallis and Chavakis, 2021).

It should be emphasised that the EFP recognises the significance of risk of
systemic impact of periodontitis in its 2017 grading system that provisionally
stratifies inflammatory burden according to the high sensitivity CRP level, which

is used primarily as a prognostic marker of low-grade inflammation in CVD
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(Aradjo et al., 2009, Mehta et al., 2025, Tonetti et al., 2018). Furthermore, it
recommended in collaboration with the European Organisation for Caries
Research that medical preventive programmes, especially those targeting
diabetes, obesity, metabolic syndrome and CVD, should include an oral health

component (Chapple et al., 2017).

In addition to systemic diseases resulting from bacterial dissemination and
increased inflammatory burden, periodontitis impacts patients’ quality of life. It
may affect basic daily activities such as mastication and speech, as well as
psychosocial wellbeing due to perceived stigma, impaired aesthetics and oral
malodour. Anxiety and fear of losing teeth prematurely are very common among

periodontitis patients (Yin et al., 2022)

1.2.7 Treatment

1.2.7.1 Conventional therapy

Removal of plaque deposits has always been central to periodontitis therapy,
regardless which hypothesis or classification was favoured at the time (Mills,
1885, Theilade, 1986, American Academy of Periodontology, 2011). Introduction
of the 2017 classification was followed by publication of the evidence-based S3
Level Clinical Practice Guideline for a stepwise approach for the treatment of
Stage I-11l periodontitis by the EFP (summarised in Figure 1.5) (Sanz et al., 2020).
It does not cover the treatment of stage IV due to its complexity and
multidisciplinary care required (Herrera et al., 2022). The first step of
periodontal therapy focuses on a supragingival dental biofilm control through a
range of tools, including professional mechanical plaque removal coupled with
adjunctive therapies for gingival inflammation, and behavioural change
interventions to improve oral hygiene and eliminate or mitigate risk factors such
as smoking or diabetes. The second step of treatment is aimed at management
of periodontal pockets and teeth with loss of periodontal support through
removal of subgingival biofilm and calculus. The two initial steps of the EFP
S3-level guideline are collectively referred to using the umbrella term “non-
surgical periodontal therapy’ (NSPT), previously described as ‘non-surgical
therapy’ (NST) in earlier publications. This can be accompanied by adjunctive

therapies such as physical or chemical agents, local or systemic host-modulating
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agents, subgingivally delivered antimicrobials or systemic antimicrobials.
However, it is important to acknowledge that some of these therapeutic
approaches have limitations; adjunctive antimicrobials and antibiotics pose a
risk of driving the development of resistance, while host-modulating therapies
are not supported by sufficient clinical evidence. If some of the areas of
dentition are not responding to therapy, different surgical interventions may be
considered in the third step of therapy to increase access to subgingival areas,
regenerate or resect the lesions. The first three steps collectively constitute
active periodontal therapy (APT). The fourth and final step includes supportive
periodontal care (SPC), also referred to as ‘supportive periodontal therapy’
(SPT), to monitor and maintain the stability of achieved treatment outcomes
(Sanz et al., 2020).

STEP 1 Sypragingival
biofilm removal . .
Non-surgical periodontal

J therapy (NSPT)

+ adjunctive therapy

STEP 2 Sybgingival
biofilm removal

STEP 3 Management of Surgical intervention

residual pockets  : (if needed)

Preventive and . Supportive periodontal care
Sl therapeutic care Maintenance (SPC)

Figure 1.5 Schematic representation of the stepwise approach for the treatment of Stage I-11I
periodontitis recommended by the EFP. Active periodontal therapy comprises two steps of
non-surgical periodontal therapy, which may be accompanied by adjunctive measures, followed,
where needed, by surgical intervention for residual pockets. The final step is supportive
periodontal care aimed at maintaining periodontal stability. Based on data from Sanz et al.
(2020). Figure created with BioRender.com.
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1.2.7.2 Emerging therapies

In addition to conventional treatment widely adopted in routine practice and
recommended by professional bodies such as the EFP or AAP, several emerging
therapies are currently under investigation (Figure 1.6). These novel approaches
include host modulation (including the use of pro-resolving mediators,
complement inhibitors and probiotics), lasers and antimicrobial photodynamic
therapy (aPDT), also known as photoactivated disinfection. There is also growing

interest in the use of natural compounds.

Conventional

ngﬂrg:s anti-inflammatory
P drugs
Lasers
and aPDT PMARDs
Emerging
periodontal Coml .
o . omplemen
Probiotics therapies pathway
inhibitors
N Bone
Non-?gfurplcroblal resorption
antibiotic use inhibitors

Pro-resolving
therapies
Anti-inflammatory
and immunomodulatory
approaches

Figure 1.6 Schematic overview of the main categories of emerging periodontal therapies.
These include anti-inflammatory and immunomodulatory approaches, such as conventional anti-
inflammatory drugs, disease-modifying anti-rheumatic drugs, complement pathway inhibitors,
bone resorption inhibitors, pro-resolving therapies, antibiotics used for non-antimicrobial
purposes; probiotics; laser therapy and photoactivated disinfection; and natural products.
aPDT, antimicrobial photodynamic therapy; DMARDs, disease-modifying anti-rheumatic drugs.
Figure created with BioRender.com.
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1.2.7.2.1 Anti-inflammatory and immunomodulatory approaches

Recognising periodontitis as a chronic inflammatory disorder rather than a
simple infectious disease resulted in a new approach to developing therapeutic
strategies. Attention shifted towards investigating various classes of medications

with anti-inflammatory or immunomodulatory properties.

Conventional anti-inflammatory drugs such as corticosteroids and non-steroid
anti-inflammatory drugs were initially extensively studied, but significant
systemic risks associated with their long-term use such as cardiovascular and
gastrointestinal events, metabolic dysregulation, immunosuppression and
reduced bone density outweighed benefits they offered in periodontitis patients.
Disease-modifying anti-rheumatic drugs (DMARDs) were another group of potent
systemic anti-inflammatory therapeutics that were considered due to targeting
inflammatory pathways shared between RA and periodontitis. While some of the
biological DMARDs such as tocilizumab (IL-6 receptor inhibitor) or rituximab
(CD20-targeting monoclonal antibody depleting B cells) improved periodontal
parameters in RA patients, others such as various TNF-a inhibitors brought
inconsistent results across studies. Furthermore, the immunosuppressive nature
of these drugs raised concerns about an increased risk of development of
malignancies such as lymphoma and reactivation of latent infections such as
tuberculosis (Balta et al., 2021, Preshaw, 2018). There is growing interest in
targeting C3 and C5a pathways of the complement system; locally delivered C3
inhibitor AMY-101 has been investigated and yielded positive outcomes in

patients with gingivitis (Hasturk et al., 2021a).

Another therapeutic direction explored in recent years involved targeting the
osteoimmunological mechanisms. One approach was inhibition of osteoclast-
mediated bone resorption directly through bisphosphonates or indirectly through
targeting their key activator RANKL with denosumab (Preshaw, 2018), while the
second approach was stimulation of osteoblast development and activity with
metformin or statins, thus supporting bone formation. Systemic use of these
drugs was either discouraged due to safety concerns (e.g. risk of osteonecrosis of
the jaw elevated by bisphosphonates and denosumab) or did not demonstrate
benefits in clinical studies (e.g. bisphosphonates and statins), but local delivery
has shown beneficial effects (Balta et al., 2021, Donos et al., 2020).
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Statins have been reported to actively resolve inflammation by promoting the
biosynthesis of specialised pro-resolving mediators, namely resolvins, protectins
and maresins, which are derived from omega-3 polyunsaturated fatty acids
(PUFAs), such as eicosapentaenoic acid and docosahexaenoic acid (Preshaw,
2018). Supplementation with omega-3 PUFA brought promising results in a few
small periodontitis trials (Balta et al., 2021, Donos et al., 2020). Resolvins
demonstrated potential therapeutic value in animal studies (Lee et al., 2016).
Moreover, an analogue of another pro-resolving lipid mediator synthesized from
omega-6 PUFA, lipoxin, has shown advantageous effects in gingivitis patients
(Hasturk et al., 2021b).

Antibiotics are mainly recognised for their ability to eliminate bacteria and are
occasionally used in conventional periodontitis therapy. However, recognition of
the MMP-inhibitory capacity of tetracyclines, particularly doxycycline, prompted
efforts to harness these host-modulatory effects while reducing or removing
their antimicrobial properties. This led to the pursuit of two different
approaches: optimising doxycycline exposure to maintain serum levels below the
threshold required for antibacterial activity, and removing antibiotic activity
through modification of its chemical structure (Golub et al., 2016). Currently,
only the former, known as subantimicrobial dose doxycycline, has demonstrated
a consistent but modest adjunctive benefit in human clinical trials (Donos et al.,
2020).

It is important to highlight that the wide range of host modulating agents and
considerable heterogeneity of study designs limits clinical recommendations by
professional bodies such as the EFP (Sanz et al., 2020). Nonetheless, emergence

of more robust evidence in the future may change that.

1.2.7.2.2 Probiotics

Probiotics constitute another novel therapeutic approach. Their proposed mode
of action involves direct inhibition of pathogenic species growth through
competition for resources and antimicrobial compound production, as well as
indirect inhibition by modulating the host response. Unfortunately, despite a
considerable number of studies on probiotics as adjuncts in NSPT, only limited

studies demonstrate acceptable methodological quality that includes e.g.
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adequate reporting of follow-up periods or assessment of long-term outcomes.
Additionally, high levels of heterogeneity between different studies poses
difficulties for direct comparison (Baddouri and Hannig, 2024, Canut-Delgado et
al., 2021). Meta-analysis of 5 studies included in a 2019 systematic review
revealed that the use of formulations containing Lactobacillus rhamnosus SP1,

L. reuteri, and a mixture of Streptococcus oralis KJ3, S. uberis KJ2 and S. rattus
JH145 yielded a 0.38 mm improvement in PPD, but did not reach statistical
significance (Donos et al., 2020) and therefore did not earn an EFP
recommendation (Sanz et al., 2020). However, it should be emphasised that two
studies that used L. reuteri reported above average improvements in PPD (Donos
et al., 2020). The first study reported significantly lower BOP as well as higher
mean PPD reduction and attachment gain on day 360 following NSPT (Tekce et
al., 2015). The second study reported similar improvements in clinical
parameters (Ince et al., 2015). Another systematic review that focused
exclusively on using L. reuteri as an adjunct to NST concluded that most studies
supported its use compared to NST alone (Ochda et al., 2023). These results
could be explained by L. reuteri antimicrobial and immunomodulatory
properties. L. reuteri was shown to inhibit periopathogens such as F. nucleatum,
P. gingivalis and P. intermedia in vitro through its antimicrobial metabolite
reuterin (Jansen et al., 2021) and P. gingivalis in subgingival samples in vivo
(Iniesta et al., 2012). It has been reported to reduce the level of pro-
inflammatory cytokines such as TNF-a, IL-18 and IL-17 in GCF of chronic
periodontitis patients following NST (Szkaradkiewicz et al., 2014).

1.2.7.2.3 Lasers

Lasers have been intensively investigated over years as adjuncts to non-surgical
mechanical instrumentation to improve debridement of less accessible regions,
ablate subgingival calculus, kill bacteria and neutralise their by-products, and
improve healing through photobiomodulatory effects (Aoki et al., 2015). aPDT
has been introduced as a bactericidal adjunct that utilises a photosensitiser dye
with a light source matching its absorption peak to generate ROS to selectively
damage bacterial cells (Cieplik et al., 2018). Despite the concepts behind both
laser and aPDT appearing promising, clinical trials have not shown measurable
improvements on PPD during NST (Salvi et al., 2020) or CAL in supportive
therapy (Trombelli et al., 2020).
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1.2.7.2.4 Natural products

There is interest in compounds originating from natural products with reported
antimicrobial and anti-inflammatory properties. Formulations containing
essential oils such as peppermint, chamomile, tea tree, curcumin or vetiver
grass used as adjuncts to conventional therapies have been reported to have
similar or superior efficacy in improving periodontal parameters when compared
to chlorhexidine, which is considered a benchmark treatment (Radu et al.,
2024). What is more, mouth rinse formulations containing essential oils are
among those recommended by the EFP in supportive treatment of periodontitis
patients to control gingival inflammation (Sanz et al., 2020). There is also
modest evidence that natural products other than essential oils including, but
not limited to, Camellia sinensis (green tea) extract, Aloe vera gel and propolis
extract could be used as adjuncts to scaling and root planing (de Sousa et al.,
2021).

1.2.7.3 Response to treatment varies among individuals and sites

It is important to emphasise that response to periodontal therapy varies among
patients and depends on the choice of the outcome measures used to assess
treatment effects. A systematic review that analysed data from 36 randomized
controlled trials established that changes after treatment for CAL and CRP levels
displayed higher variability compared to PPD, percentage of sites with BOP and
percentage of sites with PD < 3 mm, where responses among study subjects were
similar (Raittio et al., 2025). Varied patterns of long-term tooth loss following
completion of APT have also been observed among periodontal maintenance
patients (Hirschfeld and Wasserman, 1978, Lindhe and Nyman, 1984, McFall,
1982). Moreover, it has been proposed that the changes after treatment can vary

even between different sites within the same oral cavity (Byrne et al., 2022).

A longitudinal cohort study investigated differences between microbiome
profiles of responsive and non-responsive sites within the same periodontal
patients subjected to non-surgical treatment. Subgingival plaque samples
displayed low beta diversity at baseline and were dominated by species mostly
associated with periodontitis: P. gingivalis, T. denticola, the F. nucleatum group

and the Actinomyces naeslundii group. After 3 months, responsive sites



34

displayed a significant reduction in bacterial alpha-diversity and reduction in
levels of not only P. gingivalis, T. denticola and the F. nucleatum group, but
also T. forsythia, F. alocis, Treponema socranskii and Fretibacterium HMT
358/359/361. In contrast, the A. naeslundii group, Streptococcus mitis group,
Corynebacterium matruchotii, Corynebacterium durum, and Rothia dentocariosa

increased their relative abundance (Byrne et al., 2022).

1.2.7.4 Factors predicting response to periodontal treatment

There are ongoing efforts to identify factors determining response to periodontal
treatment. Variability in response to NST measured as probing depth reduction
was attributed to the site (80%), tooth (12%) and patient (8%) level parameters
(D’Aiuto et al., 2005). Moreover, machine-learning models have been
investigated as methods to predict the outcomes of the first two steps of
periodontal therapy using routinely collected clinical data. While the models
could predict improving pockets, they were less precise in predicting non-
responding sites, implying that other contributing factors including clinician
expertise, host genetics and microbiological characteristics should be taken into
account (Walter et al., 2025). Indeed, a rare IL-6 (-174) gene polymorphism has
been identified as a factor associated with reduced improvement in probing
depths following NST (D’Aiuto et al., 2005). Moreover, microbial parameters
were identified as potential predictive factors during supportive periodontal
therapy. Increased abundance of periodontal pathogens such as P. intermedia,
P. micra or a combination of P. gingivalis, T. denticola and T. forsythia
(detected mainly in subgingival biofilm samples) at baseline predicted
periodontitis progression (Chew et al., 2023). Significant attention was directed
toward Periodontal Risk Assessment (PRA), a composite score used at the end of
APT proposed as a tool to predict recurrence of periodontitis during SPT.
Multivariate logistic regression analysis showed that a high-risk profile at this
time point was associated with recurrence of periodontitis, with smoking being
the sole significant variable (Matuliene et al., 2010). Furthermore, the PRA high-
risk profile was also shown to be associated with future tooth loss alongside
other patient-related factors (IL-1 polymorphism, insufficient plaque
management, erratic supportive care, baseline diagnosis, smoking, age and sex)

and tooth-related factors (baseline bone loss, furcation involvement and serving
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as an abutment tooth) (Eickholz et al., 2008, Perio Tools, 2025, Pretzl et al.,
2008).

1.2.8 Epidemiology and socioeconomics of periodontitis

Periodontitis is a widespread disease and a population health challenge. The
Global Burden of Disease 2021 Study covering 204 countries reported that more
than 1 billion people suffered from severe periodontitis. After accounting for
variations in the population age distribution between different countries, the
global prevalence reached 12.50% with regional disparities ranging from 9.67% to
17.57%. It is predicted that by 2050 this number will rise to 13.30%, amounting
to 1.56 billion people worldwide (Bernabe et al., 2025, Nascimento et al., 2024).

Periodontal disease generates a significant economic burden on healthcare
systems and the wider society; it was estimated that in 2018 its direct costs
amounted to 3.49 billion US dollars in the USA and 2.52 billion euros in

32 European countries. When indirect costs such as productivity losses, impact
on edentulism and root caries were included, the total costs reached

154.06 billion US dollars (0.73% of annual gross domestic product (GDP)) and
158.64 billion euros (0.99% of annual GDP), respectively (Botelho et al., 2022). It
must be emphasized, however, that appropriate supportive periodontal care is a

cost-efficient alternative to a prosthetic replacement (Pretzl et al., 2009).

Current and projected future burdens highlight the need to improve oral care
including both preventive measures and effective treatment strategies. The
World Health Organization (WHO) Global strategy and action plan on oral health
2023-2030 identified severe periodontal disease to be a major public health
concern that requires urgent attention of its member states. The strategy has
set a target of a 10% relative reduction of the main oral diseases: untreated
dental caries of deciduous and permanent teeth, edentulism, severe periodontal
disease and other oral disorders (excluding lip and oral cavity cancer and
orofacial defects) which, when combined, affect 45% of the world population
(World Health Organization, 2024).
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1.3 Modelling health and periodontitis

Oral barrier research has made considerable progress over the past decades,
however, there are still many gaps in our understanding of both health and
periodontitis. This underscores the need for a wide range of models to study
those elusive areas. Animal models are invaluable tools to investigate complex
mechanisms. The degree of similarity to humans varies depending on the animal
model used, and genetic modifications can increase their relevance.
Nevertheless, notable differences between humans and animal models exist too.
For example, unlike humans, rodents do not produce IL-8 (Matsushima et al.,
2022). Another example is that dysbiosis in rodents involves periodontal
pathogens distinct from those observed in humans (Van Dyke, 2020). Moreover,
the use of larger animal models, such as dogs or non-human primates poses
ethical sensitivities and markedly higher costs (National Academies of Sciences
Engineering and Medicine, 2020, Padrell et al., 2021). According to the
Replacement, Reduction and Refinement (3Rs) principles, efforts should
therefore be directed towards the development of alternative methods, such as

in vitro models (Tannenbaum and Bennett, 2015).
1.3.1 /n vitro models of gingival sulcus

Several in vitro models seeking to recapitulate gingival tissue have been
developed (Klausner et al., 2021, Mountcastle et al., 2020). Their key limitation
is that while gingiva is an incredibly complex and dynamic environment, studies
rarely specify which region is being replicated. These models typically aim to
reproduce the “full thickness’ of gingiva, which suggests they represent the
outer, keratinised gingival tissue rather than the gingival sulcus (Al-Fatlawi et
al., 2023). There are models that try to recapitulate junctional epithelium, but
usually only in the context of the soft tissue attachment to the tooth or implant
abutment surface, not the dynamic interactions e.g. with the immune system or
between the host and the microbial biofilms (Gavriiloglou et al., 2024, Gibbs et
al., 2019). To date, only a limited number of non-keratinised gingival tissue

models incorporating hematopoietic cells have been developed.
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In vitro models of non-keratinised gingival tissue can be broadly grouped into

three categories, which are summarised in the tables below: co-culture models
containing both stromal and hematopoietic cells (Table 1.3), co-culture models
containing stromal cells only (Table 1.4), and monoculture models (Table 1.5).



Table 1.3 /n vitro co-culture models of gingiva containing both stromal and hematopoietic cells.

Composition (Name)

Cell types used

Tests

Reference

Co-culture (3D)
ALI

Inflammatory human tissue
equivalent of gingiva

Primary
human gingival fibroblasts (HGF)

Immortalised

HaCaT human keratinocyte cell line

human monocytic leukaemia cell line THP-1
differentiated into macrophage-like cells

H&E staining: morphology

IF staining: keratins K8/18, K19; vimentin; TE-7; CD14,
CD68

SEM: surface morphology

(Xiao et al., 2018)

Co-culture (3D)

Immortalised

HGF-1 human gingival fibroblast cell line
U937 monoblastic leukaemia cell line
differentiated into macrophage-like cells

MTT assay: viability
ELISA: MMP-3, MMP-8, MMP-9

(Morin and Grenier,
2017)

Co-culture (3D)

Primary

human gingival fibroblasts (HGF)

human CD4* T cells primed with allogeneic
antigen-presenting cells (APCs)

IHC staining: HLA-DR

IF staining: HLA-DR, ICAM-1, CD80
RIA: PGE

RT-PCR: IFN-y; GAPDH

Southern blotting: IFN-y

(Shimabukuro et al.,
1996)

38

ALI, air-liquid interface; APC, antigen-presenting cell; CD, cluster of differentiation; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; H&E, haematoxylin and eosin; HGF, human gingival fibroblasts; HLA-DR, human leukocyte antigen-DR; ICAM, intercellular adhesion molecule;

IF, immunofluorescence; IHC, immunohistochemistry; IFN-y, interferon-y; MMP, matrix metalloproteinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; PGEz, prostaglandin Ez; RIA, radioimmunoassay; RT-PCR, reverse transcription polymerase chain reaction; SEM, scanning electron microscopy; TE-7, anti-

fibroblast antibody clone TE-7. Abbreviations are defined using the relevant protein or protein-family term for clarity.



Table 1.4 /n vitro co-culture models of gingiva containing stromal cells only.

Composition (Name)

Cell types used

Tests

Reference

Co-culture (3D)

Primary

human gingival fibroblasts (HGF)
human umbilical vein endothelial cells
(HUVECSs)

Immortalised
iHGE (epi 4) human gingival epithelial cell line

H&E staining: morphology

IF staining: PECAM-1

IHC staining: P. gingivalis

gPCR: Z0-1, claudin-1, claudin-4, E-cadherin,
collagen 1V; mevalonate kinase; P. gingivalis 16S rRNA
ELISA: IL-6, TNF-a

(Sasaki et al., 2021)

Co-culture (3D)
ALI

Model of the dentogingival
junction (DGJ)

Primary

human gingival fibroblasts (HGF)
human periodontal ligament fibroblasts
(HPDLF)

Immortalised
H400 oral epithelial cell line

H&E staining: morphology
IHC staining: keratins K1, K8, K10, K18, K19; Ki-67

(Lu et al., 2021b)

Co-culture (3D)
ALI

Gingival tissue equivalent

Immortalised
iHGK human gingival keratinocyte cell line

iHGF/hTERT human gingival fibroblast cell line

MTT assay: viability

ELISA: PGE2, MMP-1, TIMP-1

Multiplex bead immunoassay: IL-4, IL-6
H&E staining: morphology

IHC staining: keratin K17, K19, involucrin, vimentin,
Ki-67

(Munar-Bestard et al.,
2021)
(Ferra-Cafiellas et al.,
2021)

Co-culture (3D)
ALI

Human tissue equivalent of
gingiva

Primary
Human Gingival Fibroblasts (HGF)

Immortalised
HaCaT human keratinocyte cell line

H&E staining: morphology
SEM: surface morphology
IF staining: keratins K8/18, K19, vimentin, TE-7

(Xiao et al., 2018)
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Composition (Name)

Cell types used

Tests

Reference

Co-culture (3D)
ALI

Reconstructed human
gingiva (RHG)

Immortalised
OKG4/bmil/TERT gingival keratinocyte cell line
iHGF/hTERT human gingival fibroblast cell line

H&E staining: morphology

IHC staining: PCNA, Ki-67, elafin, HBD-2

rRNA-FISH: bacterial presence

ELISA: IL-6, CXCXL1, CXCL8, CCL20, elafin

gPCR: HBD-1, HBD-2, HBD-3, ADM, CAMP; HPRT1
Western blot: TLR1, TLR2, TLR3, TLR4, TLR5, TLR7,
TLR8, TLR9

RT2 Profiler PCR Array: TLR signalling pathway
including transcription factors: NFKB2, NFKB1, RELA,
PPARA, FOS, IRF1, NR2C2, JUN, REL, receptors: TLR7,
CD14, TNFRSF1A, TLR2, SIGIRR, TLR5, TLR4, MAP2K3,
MAP4K4, MAPK8, MAP3K1, MAP2K4; enzymes: BTK,
IRAK2, PTGS2, IRAK4, EIF2AK2, CASP8, CHUK, IRAK1,
TAB1; cytokines and chemokines: IL6, CSF3, CXCLS8,
IL1B, TNF, CSF2, IFNA1, CXCL10, CCL2, IL12A;
activators, inhibitors, & adaptors: TBK1, NFKBIA,
IKBKB, HRAS, PELI1, HSPD1, MYD88, MAPK8IP3, HMGB1,
TOLLIP, FADD, HSPA1A, CD86; others: ECSIT, PRKRA;
B2M, GAPDH

(Buskermolen et al.,
2016)

(Shang et al., 2018)
(Shang et al., 2019)

Co-culture (3D)

Immortalised
OBA-9 human gingival epithelial cell line
HGF-1 human gingival fibroblast cell line

ELISA: IL-6, IL-8

MTT assay: viability

multiplex ELISA: EGF, eotaxin-1, FGF-2, FIt3L,
fractalkine, G-CSF, GM-CSF, GRO-a, IFN-a2, IFN-y,
IL-1a, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9,
IL-10, IL-12B, IL-12 (p70), IL-13, IL-15, IL-17A, IP-10,
MCP-1, MCP-3, MDC, MIP-1a, MIP-18, PDGF-AA,
PDGF-AB/BB, RANTES, sCD40L, TGF-a, TNF-a, TNF-B,
VEGF-A; MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9,
MMP-10, MMP-12, MMP-13; TIMP-1, TIMP-2, TIMP-3,
TIMP-4

(Bedran et al., 2014)

(Lombardo Bedran et
al., 2015)
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Composition (Name)

Cell types used

Tests

Reference

Co-culture (3D)
ALI

Junctional or sulcular
epithelium organotypic
model

Primary
human gingival keratinocytes (HGK)
human periodontal ligament fibroblasts (HPLF)

H&E staining: morphology
IHC staining: keratins K8, K10, K13, K16, K19, filaggrin,
TG, collagen IV, laminin-1, FDC-SP, ODAM, Ki-67

(Dabija-Wolter et al.,
2013)

Co-culture (3D)
ALI

Sulcular or gingival
epithelium organotypic
model

Primary
human gingival keratinocytes (HGK)
human gingival fibroblasts (HGF)

H&E staining: morphology
IHC staining: keratins K8, K10, K13, K16, K19, filaggrin,
TG, collagen IV, laminin-1, FDC-SP, ODAM, Ki-67

(Dabija-Wolter et al.,
2013)

Co-culture (3D)
ALI

Model of human oral
mucosa

Primary
human oral epithelial cells (HEC)
human gingival fibroblasts (HGF)

Protein array: MMP-1, MMP-2, MMP-3, MMP-8, MMP-9,
MMP-10, MMP-13; TIMP-1, TIMP-2, TIMP-4

(Johanson et al., 2013)

Co-culture (3D)

Primary
human gingival epithelial cells (GEC)
human gingival fibroblasts (HGF)

LDH assay: cytotoxicity
Sircol Soluble Collagen Assay: residual collagen
IHC staining: phospho-VEGFR-1

(Ohshima et al., 2010)
(Ohshima et al., 2016)

Co-culture (3D)
ALI

Organotypic model of the
oral mucosa

Immortalised
3T3 mouse embryonic fibroblast cell line
OKF6/TERT-2 human oral keratinocyte cell line

H&E staining: morphology
IHC staining: E-cadherin, Ki-67
LDH assay: cytotoxicity

(Dongari-Bagtzoglou
and Kashleva, 2006)

ADM, adrenomedullin; AL, air-liquid interface; B2M, beta-2-microglubulin; BMI1, B lymphoma Mo-MLV insertion region 1 homolog; BTK, Bruton tyrosine kinase;
CAMP, cathelicidin antimicrobial peptide; CASP, caspase; CD, cluster of differentiation; CCL, C-C motif chemokine ligand; CHUK, component of inhibitor of nuclear
factor kappa B kinase complex; CSF, colony-stimulating factor; CXCL, C-X-C motif chemokine ligand; DGJ, dentogingival junction; ECSIT, evolutionarily conserved
signalling intermediate in Toll pathways; EGF, epidermal growth factor, EIF2AK, eukaryotic translation initiation factor 2 alpha kinase; ELISA, enzyme-linked

immunosorbent assay; FADD, Fas-associated via death domain; FDC-SP, follicular dendritic cell-secreted protein; FGF, fibroblast growth factor; FISH, fluorescence in
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situ hybridisation; FIt3L, Fms-like tyrosine kinase 3 ligand; FOS, Fos proto-oncogene; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GRO, growth-regulated oncogene; H&E, haematoxylin and eosin; HBD, human beta-
defensin; HGF, human gingival fibroblasts; HGK, human gingival keratinocytes; HEC, human oral epithelial cells; HPDLF, human periodontal ligament fibroblasts;
HMGB, high mobility group box; HPRT1, hypoxanthine phosphoribosyltransferase 1; HRAS, HRas proto-oncogene; HSPA, heat shock protein family A; HSPD, heat shock
protein family D; HUVEC, human umbilical vein endothelial cell; hTERT, human telomerase reverse transcriptase; IF, immunofluorescence; IFN, interferon;

IHC, immunohistochemistry; IL, interleukin; IP-10, interferon gamma-induced protein 10; IRAK, interleukin-1 receptor-associated kinase; IRF, interferon regulatory
factor; JUN, Jun proto-oncogene; Ki-67, Ki-67 antigen; LDH, lactate dehydrogenase; MAPK, mitogen-activated protein kinase; MAPKIP, mitogen-activated protein kinase
interacting protein; MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MMP, matrix metalloproteinase; MIP, macrophage inflammatory
protein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MYD88, myeloid differentiation primary response 88; NFkB, nuclear factor kappa B;
NFKBI, nuclear factor kappa B inhibitor; IKBK, inhibitor of nuclear factor kappa B kinase; NR2C2, nuclear receptor subfamily 2 group C member 2; ODAM, odontogenic
ameloblast-associated protein; PCNA, proliferating cell nuclear antigen; PDGF, platelet-derived growth factor; PECAM-1, platelet endothelial cell adhesion molecule 1;
PELI, pellino E3 ubiquitin protein ligase; PGEz, prostaglandin Ez; PPAR, peroxisome proliferator-activated receptor; PRKRA, protein kinase, interferon-inducible double
stranded RNA dependent activator; PTGS, prostaglandin-endoperoxide synthase; gPCR, quantitative polymerase chain reaction; RANTES, regulated upon activation,
normal T cell expressed and secreted; REL, REL proto-oncogene; RHG, reconstructed human gingiva; rRNA, ribosomal RNA; RT? Profiler PCR Array, real-time PCR array
for pathway-focused gene expression profiling; sCD40L, soluble CD40 ligand; SEM, scanning electron microscopy; SIGIRR, single immunoglobulin interleukin-1 receptor-
related molecule; TAB, TGF-beta activated kinase binding protein; TBK, TANK binding kinase; TE-7, anti-fibroblast antibody clone TE-7; TG transglutaminase;

TGF, transforming growth factor; TIMP, tissue inhibitor of metalloproteinases; TLR, Toll-like receptor; TNF, tumour necrosis factor; TNFRSF, tumour necrosis factor
receptor superfamily; TOLLIP, toll interacting protein; VEGF, vascular endothelial growth factor, VEGFR, vascular endothelial growth factor receptor; ZO-1, zonula
occludens-1. Abbreviations are defined using the relevant protein or protein-family term; where gene symbols are listed, the corresponding protein or protein-family
abbreviation is provided for clarity.



Table 1.5 /n vitro monoculture models of gingiva.

Composition (Name)

Cell types used

Tests

Reference

Monoculture (2D)

Primary
human gingival epithelial cells (HGEC)

IHC staining: keratin, involucrin, TLR2, TLR4, CD3

RT-PCR: TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9,
TLR10

ELISA: IL-8, IL-6, MCP-1

(Kusumoto et al.,
2004)

Monoculture (2D)

Immortalised
OBA-9 human gingival epithelial cell
line

IHC staining: keratin, involucrin, TLR2, TLR4, CD3

RT-PCR: TLR1, TLR2, TLRS3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9,
TLR10

ELISA: IL-8, IL-6, MCP-1

(Kusumoto et al.,
2004)

Monoculture (2D)

Primary
human gingival fibroblasts (HGF)

RT-PCR: TLR1, TLR2, TLRS3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9,
TLR10

ELISA: IL-8, IL-6, MCP-1

(Kusumoto et al.,
2004)

Monoculture (2D)

Primary
human periodontal ligament fibroblasts
(HPDLF)

Collagenase assay: collagenase enzymatic activity
Western blotting: collagenase proteins

(Ohshima et al., 1994)

Monoculture (2D)

Primary
human gingival fibroblasts (HGF)

Collagenase assay: collagenase enzymatic activity
Western blotting: collagenase proteins

(Ohshima et al., 1994)

Monoculture (2D)

Primary
human gingival fibroblasts (HGF)

LDH assay: cell cytotoxicity
Collagen deposition
ELISA: PGE2, MMP-1, TIMP-1

(Ferra-Cafiellas et al.,
2021)

Monoculture (2D)

Primary
human gingival fibroblasts (HGF)

MTS assay: cell viability
LDH assay: cytotoxicity
MTT assay: cell viability

(Moghaddam et al.,
2016)

Monoculture (2D)

Gingival model

Primary
human gingival fibroblasts (HGF)

Western blot: collagen |
IF staining: collagen fibrils

(Gawron et al., 2014)
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Composition (Name) Cell types used Tests Reference
Monoculture (3D) Primary H&E staining: morphology (Basso et al., 2016)
human gingival fibroblasts (HGF) alamarBlue assay: cell viability
gPCR: EGF, collagen I; B-actin
Monoculture (3D) Primary H&E staining: morphology (Cardoso et al., 2020)
human gingival fibroblasts (HGF) alamarBlue assay: viability

gPCR: collagen |, VEGF
ELISA: VEGF, TNF-a, IL-1B

Monoculture (2D) Primary Protein array: MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-10, (Johanson et al., 2013)
human gingival fibroblasts (HGF) MMP-13; TIMP-1, TIMP-2, TIMP-4

Monoculture (3D) Primary Western blotting: S-Gal, MMP-1, MMP-3, TIMP-1, TIMP-2, (Cozlin et al., 2006)
human gingival fibroblasts (HGF) 4-hydroxyproline

Gingival lamina RT-PCR: MMP-1, MMP-3, urokinase, TIMP-1, TIMP-2; 18S rRNA

propria model

Monoculture (2D) Immortalised LDH assay: cytotoxicity (Munar-Bestard et al.,
IHGF/hTERT human gingival fibroblast | gPCR: collagen | a1, collagen Ill a1, decorin, MMP-1, TIMP-1, 2021)
cell line a-smooth muscle actin, TGF-81, endothelin-1; B-actin, GAPDH,

18S rRNA

CD, cluster of differentiation; EGF, epidermal growth factor; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
H&E, haematoxylin and eosin; HGEC, human gingival epithelial cells; HGF, human gingival fibroblasts; HPDLF, human periodontal ligament fibroblasts;

IHC, immunohistochemistry; IL, interleukin; LDH, lactate dehydrogenase; MCP-1, monocyte chemoattractant protein 1; MMP, matrix metalloproteinase; MTS, 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(sulfophenyl)-2H-tetrazolium; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;

PGEz, prostaglandin Ez; gPCR, quantitative polymerase chain reaction; rRNA, ribosomal RNA; RT-PCR, reverse transcription polymerase chain reaction; S-

Gal; senescence-associated B-galactosidase; TGF-B1, transforming growth factor beta 1; TIMP, tissue inhibitor of metalloproteinases; TNF-a, tumour necrosis factor
alpha; VEGF, vascular endothelial growth factor. Abbreviations are defined using the relevant protein or protein-family term for clarity.
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1.3.2 Rationale and design requirements for new model

development

Although a variety of in vitro models of non-keratinised gingival tissue have been
developed, none contained all of the relevant components arranged in a
spatially representative and appropriately compartmentalised manner that
would support physiologically relevant function, including immune cell

migration.

Many existing models included an epithelial layer, but its configuration was
often not suitable for modelling the gingival sulcus. In some cases, the epithelial
layer was established directly on the bottom of the well, rather than on a porous
membrane support, thereby precluding transmigration studies. This
configuration was also challenging for incorporation of a distinct biofilm
compartment: the bottom surface of the well was considered more appropriately
reserved for biofilm growth in the sulcus-facing side of the model. In other
models, epithelial cells were cultured on the inner surface of a transwell
membrane, such that neutrophils introduced into the insert would approach the
apical epithelial surface directly. This does not reflect the in vivo situation,
where neutrophils migrate from the underlying tissue via the basal surface of the
epithelial layer, and then into the sulcus. In addition, many models were
cultured at an air-liquid interface (ALI), which promotes a keratinised epithelial
phenotype and therefore more closely resembles the outer gingiva than the non-
keratinised epithelium of the gingival sulcus. Appropriate modelling of the
sulcular environment therefore requires correct epithelial polarity and
compartmentalisation, with neutrophils approaching from the basal side and
migrating towards the apical surface. Such organisation is important because it
preserves the correct spatial relationship between host and microbial elements,
while governing the directionality of neutrophil movement and the formation of
physiologically relevant gradients. Notably, while some models incorporated
immune cells, none included neutrophils, despite their key role in immune

surveillance in periodontal health (Theofilou et al., 2026, Williams et al., 2021).
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Collectively, this provided a clear rationale for development of a new in vitro
model better suited to investigating immune surveillance and host-microbe

interactions at the gingival sulcus, in periodontal health.

Accordingly, several key design requirements were defined for a new model.
These included incorporation of the key components of the oral mucosal barrier
at the gingival sulcus in a spatially appropriate and compartmentalised
arrangement, and preservation of epithelial polarity to support directional
processes such as immune cell migration. In addition, the model needed to
remain modular and experimentally adaptable, while being reproducible using
standard cell culture equipment and widely available materials, without reliance

on specialised devices or platforms.
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1.4 Thesis Aims

This work sought to identify components of the oral mucosal barrier with the aim
of integrating them into an in vitro model. Such a model could help explore
mechanisms that preserve barrier integrity and, in turn, support oral health.

This is important because identifying targetable pathways could provide a
platform for screening active compounds with a potential to prevent or treat
periodontitis. There is an unmet need for a model that reflects in vivo
conditions, while still remaining feasible with standard laboratory equipment

and versatile enough to be modified to study more focused questions.

The unanswered questions this thesis was to answer were:

e What are the key components of the healthy oral barrier that maintain its
integrity?

e Can these components be incorporated into an in vitro model that will
accurately reflect in vivo conditions?
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2 Materials and methods

2.1 Bacterial-based methods

2.1.1 Biofilm preparation
2.1.1.1 Growth Kinetics of Neisseria mucosa

Growth kinetics of N. mucosa were determined by inoculating bacterial colonies
grown as described in Section 2.1.1.4 into Tryptic Soy Broth (TSB), NutriSelect
Basic [Millipore, Merck, Darmstadt, Germany], incubating at 37 °C in 5% CO, for
24 h, washing twice in sterile Dulbecco A phosphate-buffered saline (PBS)
[Oxoid, Thermo Fisher Scientific, Basingstoke, UK] at 3000 x g for 10 minutes,
resuspending the pellet in TSB, and adjusting the suspension by dilution to an
optical density at 600 nm (ODsoo) of 0.01. The resulting suspension was added at
100 pL aliquots to 24 wells of a 96-well round-bottom plate [Corning, Corning,
NY, USA], placed in a Cerillo Alto Microplate Reader, with 600 nm absorbance
operated through the Labrador Software Version 2.3.4 [Cerillo, Charlottesville,
VA, USA], and incubated at 37 °C in 5% CO.. TSB-only wells served as a
background control. Absorbance was measured every hour at 600 nm for

24 hours. The experiment was performed on a single occasion.

The growth curve was produced and analysed using GraphPad Prism 10.5.0 (673)
software [GraphPad Software, San Diego, CA, USA] and Microsoft Excel
(Microsoft 365) [Microsoft, Redmond, WA, USA]. The log phase midpoint was
identified by calculating hourly bacterial growth rate and identifying the highest
value. The resulting time point was further used to prepare bacterial suspensions
for determining absorbance values equivalent to 1 x 107 colony-forming units

per mL (CFU/mL).

2.1.1.2 Determining absorbance value of N. mucosa suspension

To determine the absorbance value corresponding to 1 x 10’ CFU/mL, TSB was
inoculated with a loopful of N. mucosa colonies grown as described in Section
2.1.1.4 and incubated for 4-5 hours at 37 °C in 5% CO. The culture was then
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washed twice in sterile PBS at 3000 x g for 10 minutes, and the pellet was
resuspended in PBS. The suspension was adjusted by dilution to an ODego of 0.05.
Next, a two-stage dilution method was used, in which the neat bacterial
suspension was initially diluted two-fold, followed by ten-fold dilutions of all
suspensions (Table 2.1). Subsequently, the resulting dilutions were used for the
Miles and Misra method described in Section 2.1.1.3. Based on preliminary viable
count data from a single experiment performed in technical triplicate, the ODeoo
value was adjusted to approximate the target bacterial concentration for

subsequent preparation of N. mucosa suspensions.

Table 2.1 Dilutions used in the two-stage dilution method.

Primary set of dilutions (|) Secondary set of dilutions (—)

Neat 10°® 107 108 10°
1:2 10+ 10° 10°® 107
1:4 10+ 10° 10°® 107
1:8 102 103 10+ 10°
1:16 102 103 10+ 10°
1:32 102 103 10+ 10°
1:64 neat 10t 102 103
1:128 neat 10t 102 103

The protocol used in this section was based on a method developed by Nasser

Binsaif. The experiment was performed by the author.

2.1.1.3 Bacteria quantification and viability assessment: Miles and Misra

method

In order to verify the single-species absorbance values equivalent to 1 x 10’
(N. mucosa) or 1 x 108 CFU/mL (remaining strains), a modified Miles and Misra
drop plate method was used (Miles et al., 1938). Single-species suspensions of
live bacteria in PBS were standardised to absorbance values mentioned below
(see Table 2.2). Following preparation of ten-fold dilutions from neat bacterial
suspensions, 10 pL aliquots of the resulting dilutions were dropped in triplicate
onto appropriate agar plates: Columbia Blood Agar (CBA), prepared from
Columbia agar (NutriSelect Plus) [Millipore, Merck, Darmstadt, Germany], or
Fastidious Anaerobe Agar (FAA) [E&O Laboratories, Bonnybridge, UK]. Both
media were supplemented with 5% (v/v) defibrinated horse blood [E&O
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Laboratories, Bonnybridge, UK]. The inoculated plates were left to dry in a
Class Il biological safety cabinet before being moved to appropriate culture
conditions (see Table 2.2). After completion of the incubation period, the plates
were examined for the presence of spots containing between 50 and

200 colonies, and colony counts were recorded primarily from these spots.
Where no such spots were present at the dilutions tested - with counts above the
preferred range at one dilution and below it at the next consecutive dilution -
the counts below 50 were retained for the final estimated viable count
calculations. These values were interpreted with caution and indicated on the
relevant graph with hash symbols (¥). The experiment was performed on a single
occasion in technical triplicate. Viable counts were expressed as CFU/mL and
calculated using the following formula:

Average no. of colonies per spot X Dilution factor

CFU/mL =
/m Volume plated [mL]

2.1.1.4 Bacterial culture and standardisation

This study utilised a selection of bacterial type strains shown in Table 2.2
alongside their culture conditions and standardisation values. Accession numbers
in other collections can be found in Table S1. N. mucosa was cultured according
to the supplier recommendations [NCTC, Salisbury, UK], while the remaining
strains were cultured as described previously (Brown et al., 2023). Following
growth on appropriate solid media (either CBA or FAA) and then in liquid media
(TSB; Brain Heart Infusion Broth (BHI), NutriSelect Plus [Millipore, Merck,
Darmstadt, Germany]; or Schaedler Anaerobe Broth (SCH) [Oxoid, Thermo Fisher
Scientific, Basingstoke, UK]), bacterial cultures were washed twice in sterile PBS
at 3000 x g for 10 minutes. Next, they were standardised to 1 x 108 CFU/mL in
PBS, except for N. mucosa that was standardised to 1 x 10’ CFU/mL. Then they
were subsequently diluted to a final working concentration of 1 x 10’ CFU/mL in
RPMI:THB (1:1) media mixture (described in Section 2.1.1.5), with the exception
of N. mucosa that was diluted to 1 x 10® CFU/mL.
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Table 2.2 Strains, culture conditions, absorbance and OD reference values for species used to grow mono-, 5- and 10-species biofilms.

Solid medium Liquid medium Culture Absorbance for

Microorganism Strain (plate)* Time (broth, 10 mL) Time conditions (11,()(1%)98(:(,::5%1”1;** oD
Streptococcus intermedius DSM 20753 CBA 24 h TSB 16-18 h 37 °C, 5% CO2 0.5 550 nm
Streptococcus mitis NCTC 12261 CBA 24 h TSB 16-18 h 37 °C, 5% CO2 0.5 550 nm
Streptococcus oralis NCTC 11427 CBA 24 h TSB 16-18 h 37 °C, 5% CO2 0.5 550 nm
Neisseria mucosa NCTC 12978 CBA 24 h TSB 16-18 h 37 °C, 5% CO2 0.25** 600 nm
Rothia dentocariosa DSM 43762 CBA 24 h BHI 16-18 h 37 °C, 5% CO2 0.5 550 nm
Actinomyces naeslundii DSM 17233 FAA 48-72 h BHI 24-48 h 37 °C, AnO2 0.2 550 nm
Ejggg?‘ggﬁ;ﬁ?rgﬁﬁ:ﬁat“m ATCC 10953 FAA 48-72 h SCH 24-48 h 37 °C, AnO; 0.2 550 nm
SFS;‘S’S_""Sfﬁ?e”nTii”“C'eat“m DSM 19507 FAA 48-72 h SCH 24-48 h 37 °C, AnO; 0.2 550 nm
Veillonella dispar NCTC 11831 FAA 48-72 h BHI 24-48 h 37 °C, AnO2 0.5 550 nm
Aggregatibacter ATCC 43718 CBA 24-48 h TSB 16-18 h 37 °C, 5% CO2 0.2 550 nm
actlnomycetemcomltans
Prevotella intermedia DSM 20706 FAA 48-72 h SCH 24-48 h 37 °C, AnO2 0.2 550 nm
Porphyromonas gingivalis w83 FAA 48-72 h SCH 24-48 h 37 °C, AnO2 0.2 550 nm

*Both solid media were supplemented with 5% (v/v) defibrinated horse blood.
**During biofilm experiments, N. mucosa was standardised at 0.025 to establish the 1 x 107 CFU/mL concentration.
AnOz, anaerobic conditions; BHI, brain heart infusion; CBA, Columbia blood agar; FAA, fastidious anaerobic agar; SCH, Schaedler’s broth; TSB, tryptic soy broth.
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2.1.1.5 Growth media

All biofilms were cultured in a 1:1 mixture of RPMI 1640 medium (RPMI) [Sigma-
Aldrich, Merck, Darmstadt, Germany] and Todd Hewitt broth (THB) NutriSelect
Plus [Millipore, Merck, Darmstadt, Germany] supplemented with 0.01 mg/mL
hemin [Thermo Scientific Chemicals, Thermo Fisher Scientific, Waltham, MA,
USA] and 2 pg/mL menadione [Sigma-Aldrich, Merck, Darmstadt, Germany], as

previously described (Brown et al., 2023).

2.1.1.6 Health-associated 5-species biofilm formation

5-species biofilms were designed and optimised to simulate in vivo conditions
present in a healthy oral barrier of gingival sulcus. Biofilms were generated on a
surface of 13 mm Thermanox plastic coverslips [Nunc, Thermo Fisher Scientific,
Rochester, New York, USA] in 24-well plates [Corning, Corning, NY, USA].
Assorted combinations of standardised suspensions of 1 x 10’ CFU/mL of
Streptococcus spp. (1:1:1 mixture of S. intermedius, S. mitis, S. oralis) and

R. dentocariosa, alongside a 1 x 10 CFU/mL suspension of N. mucosa were used
to seed the coverslips over 2-3 days (see Table 2.3). All 5-species biofilms were
incubated under aerobic conditions with 5% CO» at 37 °C in a HeraCell 150
incubator [Heraeus Instruments, Hanau, Germany] for 5 days in total. The
experiment was performed in triplicate on a single occasion. The final
configuration involved adding an equal proportion mixture of S. intermedius,

S. mitis, S. oralis suspensions on day 0 followed by an equal proportion mixture

of N. mucosa and R. dentocariosa on day 1 (see Figure 2.1).



Table 2.3 Different combinations of bacterial suspensions used to grow 5-species biofilms.
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Combination

Day O

Day 1

Day 2

Day 3

Day 4

Day 5

Streptococcus spp.

SNR N. mucosa Media change Media change

R. dentocariosa

N. mucosa .
NR+S R. dentocariosa Streptococcus spp. Media change
N+R+S N. mucosa R. dentocariosa Streptococcus spp.
R+N+S R. dentocariosa N. mucosa Streptococcus spp.

N. mucosa .

S+NR Streptococcus spp. R. dentocariosa Media change
S+N+R Streptococcus spp. N. mucosa R. dentocariosa
S+R+N Streptococcus spp. R. dentocariosa N. mucosa

Media change

Media change

Move to -80° C

storage
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N. mucosa
R. dentocariosa

S. intermedius
S. mitis
S. oralis

A 4 v

5% CO, I 5% CO, 5% CO, | 5% CO, 5% CO,

DO D1 D2 D3 D4 D5

A
v
A
v

Species added Media change

Figure 2.1 Protocol for the final configuration of 5-species biofilm culture. Initially, equal
parts of standardised 107 CFU/mL suspensions of S. intermedius, S. mitis and S. oralis were
added to 13 mm Thermanox coverslips. After 24 hours, a 1:1 mixture of standardised 107 CFU/mL
suspension of R. dentocariosa and 10 CFU/mL suspension of N. mucosa was added. This was
followed by daily media changes. Biofilms were grown in THB:RPMI (1:1) mixture in 5% CO at

37 °C for a total of 5 days. Figure created with BioRender.com.

2.1.1.7 Periodontitis-associated 10-species biofilm formation

10-species biofilms were used to emulate in vivo conditions found in the
periodontal pocket. They were prepared as previously described (Brown et al.,
2023) by sequentially seeding 13 mm Thermanox plastic coverslips placed in
24-well plates with 10 different bacterial species over 3 days (see Table 2.2 and
Figure 2.2): S. intermedius, S. mitis and S. oralis on day 0; A. naeslundii,
Veillonella dispar, F. nucleatum subsp. polymorphum and F. nucleatum subsp.
vincentii on day 1; and A. actinomycetemcomitans, P. gingivalis and

P. intermedia on day 2.
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A. naeslundii
V. dispar
F. nucleatum ssp. polymorphum
F. nucleatum ssp. vincentii

S. intermedius A.a.
S. mitis P, gingivalis
S. oralis P intermedia

v A\

5%COzl AnO, I AnO, AnO, AnO, AnO, AnO,

DO D1 D2 D3 D4 D5 D6 D7

A
v
A
v

Species added Media change

Figure 2.2 Protocol for 10-species biofilm culture. Initially, equal parts of standardised

107 CFU/mL suspensions of S. intermedius, S. mitis and S. oralis were added to 13 mm
Thermanox coverslips. After 24 hours, an even mixture of standardised 10" CFU/mL suspensions
of A. naeslundii, F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii and V. dispar
was added. Following the next 24 hours, a 1:1:1 mixture of 10’ CFU/mL suspensions of

A. actinomycetemcomitans, P. intermedia and P. gingivalis was added. This was followed by
daily media changes. Biofilms were grown in THB:RPMI (1:1) mixture in 5% CO: at 37 °C for 1 day
and then in an anaerobic chamber at 37 °C for the remaining 6 days. Figure created with
BioRender.com.

The first 24 hours of the incubation took place under aerobic conditions with
5% CO2 at 37 °C, then the coverslips were moved to a Whitley A25 anaerobic
workstation [Don Whitley Scientific, Shipley, UK] with 85% N2, 10% CO. and

5% H». Biofilms were allowed to mature for a further 6 days.

2.1.1.8 Single species P. gingivalis biofilm formation

Single species P. gingivalis biofilms were grown on 13 mm Thermanox plastic
coverslips placed into 24-well plates as previously described (Connolly et al.,
2017) with minor modifications.

500 pL of standardised bacterial suspensions of 1 x 10’ CFU/mL in RPMI:THB
media mix (1:1) were added to the wells and then plates were incubated
at 37 °C in an anaerobic chamber with 85% N2, 10% CO2 and 5% H> for 4 days with

daily media changes.
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2.1.1.9 Biofilm freezing, long-term storage and revival

Following maturation, biofilms were carefully washed with PBS, then PBS was
completely removed from the wells and the plate was placed at -80 °C until

further use.

Frozen biofilms were revived by washing them in 500 pL PBS followed by adding
500 pL of THB:RPMI (1:1) media and 24-hour incubation in the appropriate type

of cabinet before use.

2.1.2 Biofilm composition quantitative analysis

2.1.2.1 Bacterial DNA extraction

Revived biofilms were sonicated in 1 mL of PBS at 35 kHz in a Fisherbrand FB
11021 ultrasonic bath [Fisher, Loughborough, UK] for 10 minutes. Next, the
supernatants were transferred to UV-treated RNase-free 1.5 mL microcentrifuge
tubes [Invitrogen, Thermo Fisher Scientific, Paisley, UK] and centrifuged at
10,000 rpm for 5 minutes. When processing planktonic bacterial samples for the
standard curves, 1 mL of suspensions were transferred to microcentrifuge tubes

directly and centrifuged at 10,000 rpm for 5 minutes.

Following disposal of supernatants, bacterial DNA was extracted using the
MasterPure Yeast DNA Purification Kit [LGC Biosearch Technologies, Hoddesdon,
UK] as per the manufacturer’s instructions. The pellets were resuspended in
300 pL of Yeast Cell Lysis Solution and incubated at 65 °C for 15 minutes.
Afterwards, samples were placed on ice for 5 minutes and then 150 yL of MPC
Protein Precipitation Reagent was added. Following 10 seconds of vortexing,
samples were centrifuged for 10 minutes at 10,000 rpm. Supernatants were then
transferred to clean microcentrifuge tubes prior to DNA precipitation. 500 pL of
isopropanol (2-propanol) was added and mixed with samples by inversion and
centrifuged for 10 minutes at 10,000 rpm. The supernatants were discarded by
pipetting and the pellets were washed with 500 uL of 70% ethanol. Ethanol was
carefully removed with a pipette and samples were then briefly centrifuged and
any remaining ethanol was removed. The pellets containing the DNA were
resuspended in 35 pL of TE Buffer and stored at -20 °C until further use.
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2.1.2.2 Quantification of bacteria by quantitative polymerase chain reaction

Bacteria in revived biofilms were quantified by quantitative polymerase chain
reaction (qPCR). Briefly, a total reaction volume of 20 pyL per well was prepared
by adding 1 pL of extracted DNA to a master mix containing 10 puL of 2x gPCRBIO
Sygreen Mix Hi-ROXSYBR [PCR Biosystems, London, UK], 7.4 pL of UV-treated
nuclease-free HyPure Molecular Biology-Grade Water [HyClone, Cytiva, Logan,
UT, USA], and 0.8 pL of 10 uM forward/reverse primers for each bacterium (for
primer sequences, see Table 2.4) [Life Technologies, Thermo Fisher Scientific,
Paisley, UK]. A no-template control (NTC) was prepared by replacing DNA with
sterile water. Samples were run in duplicate in MicroAmp Fast 96-Well Reaction
Plate (0.1 mL) [Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA]
with 8-Strip PCR flat and optically clear caps [Starlab International, Hamburg,
Germany] using a StepOnePlus Real-Time PCR System with StepOne Software
v2.3 [Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA]. Fast
Cycle protocol was used with the thermal profile presented in Table 2.5. The
fluorescence threshold was set at 1.0 ARn (baseline-corrected normalised
reporter signal), and the baseline was determined automatically. Melting

temperature curves were used to assess the purity of the amplification products.



Table 2.4 Primer sequences used for biofilm quantitative analysis.
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Target

Forward primer 5’-3’

Reverse primer 3’-5’

Reference

Streptococcus spp.

(R. dentocariosa)

(s. oralis, S. mitis and S. oralis) GATACATAGCCGACCTGAG TCCATTGCCGAAGATTCC (Sherry et al., 2016)
Neisseria spp. .
' 12 5pp CTGGCGCGGTATGGTCGGTT GCCGACGTTGGAAGTGGTAAAG Esposito et al., 2019
(N. mucosa)
Rothia spp. Lo
GGGTTGTAAACCTCTGTTAGCATC CGTACCCACTGCAAAACCAG (Uchibori et al., 2012)

and E. nucleatum subsp. vincentii)

A. naeslundii GGCTGCGATACCGTGAGG TCTGCGATTACTAGCGACTCC (Periasamy et al., 2009)

V. dispar CCGTGATGGGATGGAAACTGC CCTTCGCCACTGGTGTTCTTC g%%g?samy and Kolenbrander,
Fusobacterium spp. (Sanchez et al., 2014)

(F. nucleatum subsp. polymorphum GGATTTATTGGGCGTAAAGC GGCATTCCTACAAATATCTACGAA

(Sherry et al., 2016)

(van der Reijden et al., 2010)

A. actinomycetemcomitans GAACCTTACCTACTCTTGACATCCGAA TGCAGCACCTGTCTCAAAGC

(Loozen et al., 2011)
P. intermedia CGGTCTGTTAAGCGTGTTGTG CACCATGAATTCCGCATACG (Loozen et al., 2011)
P. gingivalis GCGCTCAACGTTCAGCC CACGAATTCCGCCTGC (Park et al., 2011)
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Table 2.5 Thermal profile of fast cycle and melt temperature analysis.

Cycle type No. of cycles Temperature Time Function/role
Initial 1 95 °C 2 minutes DNA denaturation
o 95 °C 3 seconds DNA denaturation
Amplification 40 - —
55 °C 30 seconds Primer binding
55 °Cto 95 °C .
Melt analysis (increments Melting ter_npe_rature
0.3 °C) determination

2.1.2.3 Generation of standard curves

The quantity of each bacterial species was determined using standard curves
generated from ten-fold serial dilutions of bacterial DNA ranging from 1 x 10! to
1 x 107 CFE/mL (N. mucosa) or 1 x 10? to 1 x 108 CFE/mL (remaining strains). To
assess DNA extraction efficiency and compare bacterial load with DNA recovery
and quantification, an additional standard curve was generated for each
bacterial species using DNA extracted from ten-fold serial dilutions of bacterial
suspensions prepared within the corresponding CFE/mL ranges. The two dilution
series were thereafter referred to as DNA dilution series and bacterial dilution
series, respectively. A schematic overview of their preparation is shown in
Figure 2.3. Both dilution series were analysed by gPCR to obtain quantification
cycle (Cq) values, as described in Section 2.1.2.2. For each species, both the
DNA dilution series and the bacterial dilution series were analysed in a single
gPCR run on the same plate, under identical conditions and in duplicate, with a

shared set of NTCs (4 wells) used for both dilution series.
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Ten-fold bacterial dilution series and corresponding DNA extracts:

NN N N N TN

108 (107)* 107 (10%)* 10°(10%* 10°(10%* 104 (10%* 10°(10%)* 10%(10")*
CFE/mL CFE/mL CFE/mL CFE/mL CFE/mL CFE/mL CFE/mL

ol e

Ten-fold DNA dilution series
prepared from the highest-concentration DNA extract:

N N N N N Y
¥ ¥ ¥ ¥ ¥ ¥ ¥
A A A A A A A

108 (107)% 107 (109* 10° (10%)% 10°(10%* 10 (10%* 10° (102)* 102(10")*
CFE/mL CFE/mL CFE/mL CFE/mL CFE/mL CFE/mL  CFE/mL

Figure 2.3 A schematic overview of the preparation of bacterial and DNA dilution series.
Ten-fold bacterial dilution series were prepared by diluting bacterial suspensions standardised to
1 x 108 CFE/mL, except for N. mucosa, which was standardised to 1 x 10" CFE/mL. DNA extracts
obtained from the highest-concentration bacterial suspensions were then serially diluted ten-fold
to generate the DNA dilution series.

*Values in parentheses indicate the corresponding concentrations used for N. mucosa.

CFE/mL, colony-forming equivalents per mL. Figure created with BioRender.com.

Standard curves were generated using GraphPad Prism 10.5.0 (673) software.
First, Cq values were plotted against logio-transformed CFE/mL values. Cq values
from NTCs and serially diluted DNA samples were used to establish the lower
working limit of detection for the assay. Sample dilutions with Cq values equal
to or higher than the NTC Cqg value were excluded from further analysis. Next,
simple regression analysis was performed, and residual plots were analysed to

identify residual values deviating by more than +0.5 Cq. Outliers were then
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successively excluded one by one, starting with the largest residual value and
running simple regression analysis again until there were no residual values
higher than £0.5 Cg. Assay performance was then assessed using linear dynamic
range, correlation coefficient (R? value), standard error of estimate (Sy.x), slope,
and amplification efficiency (Bustin et al., 2009, Kralik and Ricchi, 2017),
described in more detail in Table 2.6. R? values with 0.95-1.0 range satisfied the

validation requirements. For S. intermedius, S. mitis and S. oralis, an additional

standard curve, named Streptococcus spp., was created based on the mean of

single-strain Cqg values. Similarly, an additional standard curve for

Fusobacterium spp. was created based on the mean Cq values for F. nucleatum

subsp. polymorphum and F. nucleatum subsp. vincentii.

Table 2.6 Parameters used for analysis of qPCR standard curve performance.

Value

Description

Determination

Linear dynamic

Concentration range in which the

Established from the range of

a range 0.95-1.0 indicating a good
fit

range standard curve shows a linear concentrations meeting predefined
relationship between Cq values and | residual deviation (0.5 Cq) range
logio copy number. Linearity should and the goodness of fit (0.9-1.0)
be demonstrated over a minimum of | following linear regression analysis
3 orders of magnitude and
preferably cover 5-6 logio units.
Correlation Evaluates the goodness of fit of the R2—1— residual sum of squares
coefficient linear regression model to the - total sum of squares
(R?) standard curve data points, with

template concentration, with -3.322
corresponding to E = 100%

Standard error Indicates the precision of the dual

of estimate standard curve by quantifying the Syx = residual sum of squares

(Syx) average deviation of observed Cq ' n—2
values around the fitted regression where n denotes the number of
line, with lower values reflecting concentration points included in the
greater precision regression analysis

Slope Describes the change in Cq Derived from linear regression

(b) associated with one logio increase in | model:

Cq = a + b - log,y(concentration)

Amplification
efficiency

(E)

Reflects the increase in the target
amplicon quantity during each qPCR
cycle, with 100% representing

a doubling

E = 10—1/slope -1
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2.1.3 Biofilm visualisation and architecture assessment

2.1.3.1 Evaluation of biofilm structure with scanning electron microscopy

Scanning electron microscopy (SEM) was carried out on mature biofilms stored in
-80 °C and revived overnight according to specific required culture conditions
(see Section 2.1.1.9).

Following revival, biofilms were carefully washed 3 times with sterile PBS and
then fixed overnight at 4 °C with a solution containing 2% glutaraldehyde,

2% paraformaldehyde (PFA), 0.15 M sodium cacodylate, pH 7.4, combined with
0.15% alcian blue as a chemical probe. The fixative was then discarded, and
samples were stored in 0.15 M sodium cacodylate buffer at 4 °C until further
processing. The fixed biofilms were processed and imaged by Margaret Mullin
using SEM at the Electron Microscopy Unit, Cellular Analysis Facility, College
Shared Research Facilities, University of Glasgow, whereas regions of interest
and magnification settings were selected by the author. Samples were handled
as previously described with minor modifications (Erlandsen et al., 2004).
Residual fixative was removed by washing samples with 0.15 M sodium
cacodylate (1:1) 3 times for 5 minutes. Next, samples were treated with

2% osmium tetroxide in 0.15 M sodium cacodylate buffer for 1 hour in the fume
hood. Following this, samples were washed in distilled H.O three times for

10 minutes and treated with 0.5% uranyl acetate in distilled H>O for 1 hour in the
dark. Next, samples were washed once in distilled H.O and then they were
dehydrated by washes with gradually increasing concentrations of ethanol: single
washes in 30, 50, 70 and 90% ethanol for 10 minutes followed by quadruple 5-
minute washes in absolute and then dried absolute ethanol. The final drying
stage was performed by washing in hexamethyldisilazane 3 times for 10 minutes.
Dried samples were mounted onto SEM stubs using double sided carbon tape and
silver paint and sputter-coated with approx. 20 nm gold/palladium using a
Q150T high-vacuum coating system [Quorum Technologies, Lewes, UK]. The
specimens were observed under a JEOL IT 100 SEM [JEOL, Tokyo, Japan]
operated at 15 kV. Images were captured using JEOL InTouch Scope software
version 1.05 [JEOL, Tokyo, Japan] and saved in TIFF format. This process was

performed for one mature biofilm of each type.
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2.1.4 Biofilm assays

2.1.4.1 Nitrate reduction assay

All biofilms alongside media-only control coverslips were revived overnight in
appropriate conditions as described in Section 2.1.1.9 and carefully washed
three times with sterile PBS. Then they were placed in 500 puL of THB:RPMI (1:1)
media mix with 100 uM of NaNOz [Sigma-Aldrich, Merck, Darmstadt, Germany]
and incubated for 1 and then 24 hours at 37 °C, 5% CO2, with sterile PBS triple
wash between the incubations. Media mix without NaNOs served as a background
control. Following each incubation, the media were collected into
microcentrifuge tubes and centrifuged at 10,000 rpm for 10 minutes.
Supernatants were transferred to new microcentrifuge tubes and immediately
frozen at -80 °C until required. The experiment was performed in triplicate on a

single occasion.

Nitrite (NO2") levels were measured through the Griess diazotisation reaction
using Griess Reagent Kit for nitrite quantification [Invitrogen, Thermo Fisher
Scientific, Paisley, UK] according to the manufacturer’s protocol. In brief, the
Griess Reagent was prepared by mixing equal volumes of
N-(1-naphthyl)ethylenediamine (Component A) and sulfanilic acid

(Component B). Next, 130 pL of deionized water, 20 yL of Griess Reagent and
150 pL of the nitrite-containing supernatant, standard nitrite solution or
deionized water (serving as photometric reference sample) were mixed in
duplicate wells of a flat bottom 96-well plate. Standards were ranging from 100
to 1 uM of nitrite. Following a 30-minute incubation at room temperature, the
plate was read at 548 nm in a FLUOstar Omega Microplate Reader [BMG Labtech,

Ortenberg, Germany].

Raw absorbance readings were blank-corrected and averaged for each sample
prior to analysis. A standard curve was generated using a sigmoidal four-
parameter logistic model with x defined as logio(concentration). Sample values
were subsequently interpolated from the fitted standard curve when they fell
within the standard range, or extrapolated when they fell outside this range,
where possible. Values were then back-transformed using 10* to obtain nitrite

concentrations. Where extrapolated values were present, the lower and/or
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upper limits of the standard concentration range were shown as dotted lines on
the relevant figures. These extrapolated values were treated as exploratory
estimates and interpreted with caution. Values that fell below the
extrapolatable range of the fitted standard curve and could not be assigned a
concentration were recorded as below the extrapolatable range. A value of 0
was then used for descriptive reporting and calculation of descriptive summary

values.

2.1.4.2 Crystal violet biomass assay

All biofilms used in the nitrate reduction assay were re-employed in a
subsequent experiment to determine their biomass with a crystal violet assay.
Following PBS wash, biofilms were air dried at room temperature for 24 hours.
Next, 500 pL of 0.05% w/v crystal violet working solution was added to each
biofilm for 30 minutes at room temperature. Solution was then removed from
the wells and biofilms were washed 3 times with 1 mL of tap water. At this
stage, macroscopic photographs of the plates with coverslips were taken for
documentation. Afterwards, 500 uL of absolute ethanol was added to each
biofilm for 30 minutes to solubilise the bound dye. 5 x 75 pL aliquots from each
well were then transferred to a 96-well flat-bottom microtiter plate. Absorbance
was read at 570 nm with a FLUOstar Omega Microplate Reader. The experiment

was performed in triplicate on a single occasion.

2.2 Cell-based methods

2.2.1 TR146 cell culture

Human squamous cell carcinoma TR146 cell line obtained from the European
Collection of Authenticated Cell Cultures (ECACC) [cat. no. 10032305, ECACC, UK
Health Security Agency, Porton Down, Salisbury, UK] was maintained as a
monolayer culture in tissue culture flasks and subsequently used to establish
epithelial multilayers on transwell insert membranes (see Section 2.2.1.2). A
cryovial of frozen TR146 cell stock at a concentration of 1 x 10° cells/mL was
rapidly thawed at 37 °C, and the cell suspension was diluted into 9 mL of

Ham’s F-12 Nutrient Mix modified with L-glutamine and phenol red [Gibco,
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Thermo Fisher Scientific, Paisley, UK], supplemented with 20 units/mL of
penicillin and 20 pg/mL of streptomycin [Gibco, Thermo Fisher Scientific,
Paisley, UK], 10% foetal bovine serum (FBS) [Gibco, Thermo Fisher Scientific,
Paisley, UK]. Following centrifugation (1500 rpm for 5 minutes), cells were
resuspended in 12 mL of Ham’s F-12 medium and seeded into a 75 cm? cell
culture flask [Corning, Corning, NY, USA]. Cells were grown at 37 °C, 5% CO,.
Culture medium was changed every 2-3 days until confluence reached between
75-90%. Upon reaching confluency, medium was removed and cells were washed
twice in calcium- and magnesium-free Dulbecco’s phosphate-buffered saline
(dPBS(-)) [Gibco, Thermo Fisher Scientific, Paisley, UK]. To detach the cells,

6 mL of 0.05% trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), with
phenol red [Gibco, Thermo Fisher Scientific, Paisley, UK] was used. After
incubation at 37 °C in 5% CO; for 5-10 minutes, trypsin-EDTA was neutralised
with 12 mL of Ham’s F-12 medium with 10% FBS. Following centrifugation
(1500 rpm for 5 minutes), cells were resuspended in 10 mL dPBS with calcium
and magnesium (dPBS(+)) [Sigma-Aldrich, Merck, Darmstadt, Germany] and
viable cells were counted using a trypan blue exclusion assay [Sigma-Aldrich,
Merck, Darmstadt, Germany] with Neubauer haemocytometer [BRAND,
Wertheim, Germany] under a light microscope. Cells were either further
passaged at 1-2 x 10* cells/cm? or cryopreserved for subsequent experiments.
For cryopreservation, cells were resuspended at 1 x 108 cells/mL in freezing
medium consisting of 70% culture medium, 20% FBS and 10% dimethyl sulfoxide
(DMSO) [Sigma-Aldrich, Merck, Darmstadt, Germany]. The suspensions were
aliquoted into cryovials and placed in a controlled-rate freezing container at
-80 °C before being transferred to liquid nitrogen for long-term storage.
Cryopreserved stocks were revived as described above. All procedures were
carried out using cells between passages 14 and 34. The numbering reported
here was based on the ECACC passage designation of +9 (Culture Collections,
n.d.-a), and no additional in-house authentication, such as short tandem repeat

(STR) profiling, was performed after receipt.

2.2.1.1 Comparison of cell quantification methods for TR146 cells

To compare manual and automated cell quantification methods, serial dilutions
of TR146 cells were prepared in dPBS(+) using two-fold dilutions, with the

specific dilution range varying depending on the experiment: either 1, 2, 4, and



66

8 x 10° cells/mL, or 6.25 x 10%, 1.25, 2.5 and 5 x 10° cells/mL. Expected cell
concentrations were calculated based on the initial haemocytometer count and
the dilution scheme. Viable cells in the suspensions were quantified using a
trypan blue exclusion assay with a Neubauer haemocytometer under a light
microscope, as well as a LUNA-II Automated Cell Counter [Logos Biosystems,
Anyang, South Korea] with the manufacturer’s exclusion dye: 0.4% trypan blue
[Logos Biosystems, Anyang, South Korea]. Each experiment was performed once,

with duplicate measurements obtained for each dilution.

The data were analysed using GraphPad Prism 10.5.0 (673). Nonlinear regression
with straight line model was performed for the expected as well as manually and
automatically obtained results. A global linear fit was performed followed by an
extra-sum-of-squares F-test with the null hypothesis that the datasets could be

described by a single shared line (i.e., with the same slope and y-intercept).

2.2.1.2 Seeding TR146 cells onto transwell insert membrane

Following passaging, cells were counted and adjusted to varying concentrations
depending on the experiment. Fifty microlitres of cell suspension in Ham’s F-12
medium was then deposited onto the membrane of each inverted hanging
transwell insert (Figure 2.4). Inverted transwell inserts were incubated for

4 hours at 37 °C in 5% CO2 and then returned to the upright position and
carefully transferred to individual wells of a 24-well plate, each containing

600 pL of Ham’s F-12 medium. Next, 100 puL of medium was added to the upper
chambers to ensure full submersion of the membranes. Transwell inserts were
incubated at 37 °C in 5% CO- for up to 7 days, with the duration depending on
the experiment. Across all brands used in the experiments, transwell inserts
were 6.5 mm in diameter and had a 3.0 um pore size. Other characteristics are

summarised in Table 2.7.
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Figure 2.4 Seeding of TR146 cells onto a transwell insert membrane. Fifty microlitres of TR146 cell suspension in Ham’s F-12 medium was deposited onto the
membrane of an inverted hanging transwell insert. Following incubation for 4 hours at 37 °C in 5% CO, the transwell insert was returned to the upright position and
carefully transferred to a well of a 24-well plate containing 600 pL of Ham’s F-12 medium. Next, 100 yL of medium was added to the upper chamber to ensure full
submersion of the membrane. The transwell insert was then incubated at 37 °C in 5% CO2 for up to 7 days, depending on the experiment. Figure created with

BioRender.com.
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Table 2.7 Characteristics of transwell inserts used for seeding TR146 cells.

No. Brand and manufacturer Membrane | Translucency Plate

Corning Transwell [Corning,

1 Corning, NY, USA] PC No Accompanying plate
Corning Transwell [Corning, .

2 Corning, NY, USA] PET Yes Accompanying plate
Nunc non-treated
24-well plate [Thermo

- - Fisher Scientific,
3 Millicell [Millipore, Merck, PET Yes Roskilde, Denmark],

Darmstadt, Germany] except where a cell

culture-treated plate is
specifically indicated

PC, polycarbonate; PET, polyethylene terephthalate (polyester).

2.2.1.3 Trypsinisation of cells growing on a transwell insert membrane

Following completion of the designated incubation period, transwells were lifted
from the wells, and medium was carefully removed from the apical
compartments. Transwells were then washed twice in dPBS(-). To detach the
cells, transwells were placed in wells filled with 600 pL of trypsin-EDTA and an
additional 400 pL of trypsin-EDTA was added to the apical compartments.
Transwells were incubated for 30 minutes at 37 °C, 5% CO.. Next, the contents
of the apical compartments were vigorously pipetted to dislodge any remaining
adherent cells. The trypsin-EDTA cell suspensions were transferred to 15 mL
conical tubes [Corning, Corning, NY, USA] and neutralised with 1 mL of Ham’s
F-12 medium with 10% FBS. Following centrifugation (1500 rpm for 5 minutes),
cells were resuspended in 1 mL of dPBS(+) and viable cells were counted using a
trypan blue exclusion assay and a Neubauer haemocytometer under a light

microscope.

2.2.1.4 Transwell insert membrane pre-conditioning

For some experiments, transwell insert membranes were pre-conditioned with

the following reagents for 30 minutes before seeding with cells:

o filter-sterilised 0.4 mM calcium chloride (CaCl2) [Sigma-Aldrich, Merck,
Darmstadt, Germany]

e human collagen type | [Sigma-Aldrich, Merck, Darmstadt, Germany]

e 100% FBS.
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2.2.1.5 Lucipher Yellow permeability assay

Permeability of the TR146 cell layer grown on the transwell insert membrane
was measured using a Lucifer Yellow assay. Two brands of transwells with PET
membranes (see Table 2.7) were seeded with TR146 cells at a total density of

5 x 10* cells/transwell. Unseeded transwells and transwells blocked with nail
polish were prepared as positive and negative controls, respectively. For each
transwell brand, seeded transwells and both control types were each prepared in
four technical replicates. Following a 24-hour incubation, transwells were
carefully washed twice in Hanks’ balanced salt solution with calcium and
magnesium (HBSS(+)) [Gibco, Thermo Fisher Scientific, Paisley, UK]. Next, they
were placed in a new 24-well plate with wells filled up with 600 pL HBSS(+).
Lucifer Yellow CH dipotassium salt [Sigma-Aldrich, Merck, Darmstadt, Germany]
was reconstituted in HyPure Molecular Biology-Grade Water to a 1 mg/mL stock
solution and then diluted 1:10 with HBSS(+) to a final concentration of

100 pg/mL. Further Lucifer Yellow dilutions at 50, 25, 12.5 and 6.25 pg/mL were
prepared in HBSS(+) and 700 pL of each dilution was added to the wells in
duplicate. Then, 100 pL of the 100 pg/mL dilution was added into the upper
chambers of the transwell inserts. The plates were incubated for 1 hour at

37 °C, 5% CO.. Following incubation, inserts were removed from the wells,
washed twice in HBSS(+) and placed in a new plate with Ham’s F-12 medium and
returned to the incubator. Lucifer Yellow assay plates were read in a FLUOstar
Omega Microplate Reader using 485 nm wavelength for excitation and 535 nm
wavelength for emission. The permeability assay was then performed daily for a

further 6 days. The experiment was performed on a single occasion.

Resulting fluorescence values from replicate wells were blank-corrected. A
standard curve was generated using a simple linear regression model. Sample
concentrations were subsequently interpolated from the fitted standard curve
when they fell within the standard range, or extrapolated when they fell outside
this range, where possible. Where extrapolated values fell below zero, they
were recorded as below the extrapolatable range. A value of 0 was then used for

descriptive reporting and calculation of descriptive summary values.
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2.2.1.6 Histological processing and analysis

Transwell inserts seeded with TR146 cells were fixed in 10% neutral buffered
formalin (4% formaldehyde) [Genta Medical, York, UK] for 3 hours at room
temperature or overnight at 4 °C, depending on the experiment and then
transferred to dPBS(+). Samples were processed and imaged by the Histology
Research Service, School of Veterinary Medicine, University of Glasgow. In short,
transwell insert membranes were excised using a scalpel, embedded in paraffin
and sectioned. Then they underwent either haematoxylin & eosin (H&E) or
immunohistochemical (IHC) staining. Resulting slides were scanned at either 20x
or 80x magnification to a .tiff or .svg format. Further analysis was performed by
the author using QuPath software version 0.5.1, arm64 build (Bankhead et al.,
2017).

2.2.1.7 Cell Counting Kit-8 assay

Transwells seeded at varying cell densities (5 x 10* or 1 x 10° cells/transwell)
and incubated for periods required by a specific experiment (2 or 4 days,
respectively) were carefully washed twice in dPBS(+) and placed into wells of a
new 24-well plate, each filled with 600 pL of Ham’s F-12 medium. An additional
100 pL of medium was added into the upper chambers. Next, 70 pL of Cell
Counting Kit-8 (CCK-8) [Dojindo Laboratories, Kumamoto, Japan] was added into
the wells, and plates were incubated for 1, 2, 3 or 4 hours at 37 °C, 5% COa,
depending on the experiment. Following incubation, transwells were carefully
lifted and medium from the upper chambers was transferred to the
corresponding wells. Assay plates were then read in a FLUOstar Omega
Microplate Reader using 450 nm wavelength.

Standard curves were prepared separately due to the technical constraints.
TR146 cell suspensions in Ham’s F-12 medium at 6.125 x 10%, 1.25 x 10°,

2.5 x10% 5 x 10° and 1 x 108 cells per 700 pyL well were prepared in duplicate
and incubated with 70 pL of CCK-8 for 1, 2, 3, and 4 hours in 24-well cell
culture-treated plates [Nunc, Thermo Fisher Scientific, Roskilde, Denmark] on 3
different occasions. Obtained OD values were blank-corrected and analysed
using GraphPad Prism 10.5.0 (673) software. Nonlinear regression with straight

line model was performed separately for each biological repeat. Next, a global
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linear fit was performed, followed by an extra-sum-of-squares F-test with the
null hypothesis that all three biological repeats could be described by a single
shared line (i.e., with the same slope and y-intercept). Top OD values
corresponding to 1 x 10° cells/well were excluded due to saturation as indicated

by residual analysis, and nonlinear regression was repeated.

2.2.2 HL-60 cell culture and differentiation

Human leukaemia HL-60 cell line obtained from the ECACC [cat. no. 98070106]
was used to establish ‘neutrophil-like” cells. A cryovial of frozen HL-60 cell stock
at a concentration of 1 x 106 cells/mL was rapidly thawed at 37 °C, and the cell
suspension was diluted into 9 mL of RPMI 1640 medium modified with
L-glutamine and phenol red [Gibco, Thermo Fisher Scientific, Paisley, UK],
supplemented with 20 units/mL of penicillin, 20 pg/mL of streptomycin,

20% heat-inactivated (HI) FBS and 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) [Gibco, Thermo Fisher Scientific, Paisley,
UK]. Following centrifugation at a low speed (150 x g for 5 minutes), cells were
resuspended in 12 mL of RPMI 1640 medium and seeded into a 75 cm? cell
culture flask. The flask was incubated at 37 °C, 5% CO2 in an upright position.
After proliferation was established, the HI FBS concentration was reduced to
10% and the culture was maintained at low density (between 1-9 x 10° cells/mL)
to avoid spontaneous differentiation. When subculturing was required, cells
were removed from the cell culture flask and transferred to a 15 mL conical
tube. Following centrifugation at a low speed (150 x g for 5 minutes), the cells
were resuspended in 10 mL dPBS(-) and viable cells were counted using a trypan
blue exclusion assay and Neubauer haemocytometer under a light microscope.
Following centrifugation at a low speed (150 x g for 5 minutes) and resuspension
in a required volume of RPMI 1640 media, cells were either passaged at 3-

5 x 10° cells/mL or cryopreserved for subsequent experiments. For
cryopreservation, cells were resuspended in freezing medium consisting of

90% HI FBS and 10% DMSO, placed in a controlled-rate freezing container at

-80 °C and subsequently transferred to liquid nitrogen for long-term storage.
Cryopreserved stocks were revived as described above. All procedures were
carried out using cells between passages 8 and 10. The numbering reported here

was based on the ECACC passage designation of +5 (Culture Collections, n.d.-a),
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and no additional in-house authentication, such as STR profiling, was performed

after receipt.
2.2.2.1 HL-60 cell differentiation towards neutrophil lineage

To induce the differentiation process of HL-60 cells towards neutrophil lineage,
cells were passaged as described above and cultured in their standard growth
medium with the addition of 1.25% DMSO or of 1 umol/L ATRA (all-trans retinoic
acid) [Sigma-Aldrich, Merck, Darmstadt, Germany] for 5 days (Manda-Handzlik et
al., 2018).

2.2.3 Neutrophil isolation from human blood

Peripheral venous blood was obtained from healthy adult volunteers by
venepuncture following informed consent and with approval from the MVLS
College Ethics Committee, University of Glasgow (project number 2011002).
Neutrophil isolation from human blood followed by erythrocyte depletion was
performed with MACSxpress Whole Blood Neutrophil Isolation Kit [Miltenyi
Biotec, Bergisch Gladbach, Germany] and MACSxpress Erythrocyte Depletion Kit,
human [Miltenyi Biotec, Bergisch Gladbach, Germany], respectively, using

manufacturer’s protocols.

In short, 8 mL of human blood collected into an EDTA tube was transferred to a
15 mL conical tube. Lyophilised PMN Isolation Cocktail was reconstituted by
adding 2 mL of Buffer A. PMN Isolation Mix was prepared in a 15 mL tube by
adding 2 mL of reconstituted PMN Isolation Cocktail and then 2 mL of Buffer B.
Following gentle mixing, the 4 mL of prepared PMN Isolation Mix was added to

8 mL of blood. After closing the tube tightly and inverting it gently three times,
the sample was incubated for 5 minutes at room temperature using the MACSmix
Tube Rotator [Miltenyi Biotec, Bergisch Gladbach, Germany] on permanent run
at a speed of 12 rpm. Then, the tube was placed in the MACSxpress Separator
[Miltenyi Biotec, Bergisch Gladbach, Germany], the cap was opened, and the
tube was incubated for 15 minutes. Next, the supernatant was carefully removed

and transferred to a new 15 mL tube.
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Then, the lyophilised MACSxpress Erythrocyte Depletion Reagent was
reconstituted by adding MACSxpress Erythrocyte Depletion Buffer to the vial. A
volume of 20 pL of reconstituted MACSxpress Erythrocyte Depletion Reagent was
added per 1 mL of cell suspension obtained in the previous step. The tube was
closed tightly, inverted gently three times and incubated for 5 minutes at room
temperature using the MACSmix Tube Rotator on permanent run speed at

12 rpm. Following incubation, the tube was placed in the MACSxpress Separator,
its cap was open and the tube was incubated for 10 minutes. The supernatant
was carefully removed and transferred to a new 15 mL tube and centrifuged at
low speed (150 x g for 5 minutes). After removal of the supernatant, the cell
pellet was resuspended in HBSS(+) and the cells were counted using a trypan
blue exclusion assay and a Neubauer haemocytometer under a light microscope.

Cells were then used in further experiments.

2.2.3.1 Comparison of cell quantification methods for neutrophils

To compare manual and automated cell quantification methods, neutrophil
suspensions in HBSS(+) were prepared at defined concentrations: 2, 4, 6, 8 x 10°
and 1 x 10° cells/mL. Expected cell concentrations were calculated based on the
initial haemocytometer count and the dilution scheme. Viable cells in the
suspensions were quantified using a trypan blue exclusion assay with a Neubauer
haemocytometer under a light microscope, as well as a LUNA-II Automated Cell
Counter [Logos Biosystems, Anyang, South Korea] with the manufacturer’s
exclusion dyes: trypan blue (0.4% ) and erythrosin B [Logos Biosystems, Anyang,
South Korea]. Each experiment was performed once, with duplicate

measurements obtained for each dilution.

The data were analysed using GraphPad Prism 10.5.0 (673). Nonlinear regression
with straight line model was performed for the expected as well as manually and
automatically obtained results. A global linear fit was performed followed by an
extra-sum-of-squares F-test with the null hypothesis that the datasets could be

described by a single shared line (i.e., with the same slope and y-intercept).
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2.2.3.2 Neutrophil quantification using BacLight

Neutrophil suspensions at 0, 2, 4, 6, 8 x 10° and 1 x 10° cells per mL were
prepared in RPMI 1640 medium modified with L-glutamine and phenol red and
supplemented with 20 units/mL of penicillin, 20 pg/mL of streptomycin, 10% Hl
FBS and 25 mM HEPES. The suspensions were then added in duplicate to the
wells of 96- and 24-well black clear-bottom plates at volumes of 100 and 600 pL,
respectively. Next, either 0.1 pL or 0.6 pL of B-35000 BacLight Green bacterial
stain [Invitrogen, Thermo Fisher Scientific, Paisley, UK] was added directly to
the wells, and the plates were incubated for 30 minutes at room temperature.
Following incubation, fluorescence was measured in a FLUOstar Omega
Microplate Reader using 480 nm wavelength for excitation and 516 nm for

emission. The experiment was performed on three independent occasions.

Data were blank-corrected and log-transformed [log(x + 1)] prior to analysis to
normalise distribution and accommodate zero values. Nonlinear regression with
a second-order polynomial (quadratic) model was fitted separately for each
biological replicate, with residual plots examined to assess fit quality.
Subsequently, a global fit was performed, and an extra-sum-of-squares F-test
was applied to test a null hypothesis that all three biological repeats could be

described by a single shared curve.

2.2.3.3 Neutrophil quantification using Cell Counting Kit-8 assay

Neutrophil suspensions at 0, 2, 4, 6, 8 x 10° and 1 x 10° cells per mL were
prepared in RPMI 1640 medium modified with L-glutamine and phenol red and
supplemented with 20 units/mL of penicillin, 20 pg/mL of streptomycin, 10% Hl
FBS and 25 mM HEPES. The suspensions were then added in duplicate to the
wells of 96- and 24-well plates at volumes of 100 and 600 pL, respectively. Next,
either 10 pL or 60 pL of CCK-8 was added directly to the wells, and the plates
were incubated for 1, 2, 3 and 4 hours at 37 °C, 5% COz. Following incubation,
absorbance was measured in a FLUOstar Omega Microplate Reader using 450 nm

wavelength. The experiment was performed on three independent occasions.

Data were blank-corrected and log-transformed [log(x + 1)] prior to analysis to

normalise distribution and accommodate zero values. Nonlinear regression with
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a second-order polynomial (quadratic) model was fitted separately for each
biological replicate, with residual plots examined to assess fit quality.
Subsequently, a global fit was performed, and an extra-sum-of-squares F-test
was applied to test a null hypothesis that all three biological repeats could be

described by a single shared curve.

2.2.4 Flow cytometry

Neutrophils, ATRA- and DMSO-differentiated HL-60 cells were washed in PBS at
350 x g for 5 minutes and resuspended in cell staining buffer (PBS + 10% HI FBS)
to a concentration of 3 x 10° cells/mL. Each cell suspension was aliquoted into
round-bottom 5 mL flow cytometry tubes [Falcon, Corning, Corning, NY, USA] at
100 pL per tube.

Cells were incubated on ice and in the dark for 15 minutes with the
fluorochrome-conjugated antibodies obtained from BioLegend [BioLegend, San
Diego, CA, USA] and summarised in Table 2.8 (5 pL per test added to each tube).
Following incubation, cells were washed twice in 200 pL of cell staining buffer at
350 x g for 5 minutes. Viability staining was performed using Zombie Violet
viability stain (BV421) obtained from BioLegend [BioLegend, San Diego, CA,
USA]. Cells in each tube were incubated in a 100 pL volume of the viability stain,
diluted 1:1000 in PBS, for 15 minutes at room temperature. Heat-killed cells
served as a positive control. Cells were then washed in 200 pL of cell staining

buffer at 350 x g for 5 minutes and resuspended in 200 pL of cell staining buffer.

Single-stain controls were prepared using the VersaComp Antibody Capture Kit
[Beckman Coulter, Brea, CA, USA]. A separate 5 mL tube was prepared for each
fluorochrome-conjugated antibody. One drop of each of the positive and
negative bead populations was added to each tube, followed by 1 uL of the
antibody conjugate. Following a 20-minute incubation in the dark at room
temperature, beads were washed in 200 pL of cell staining buffer at 350 x g for

5 minutes and resuspended in the same volume of cell staining buffer.

Cells were filtered through 30 um Nitex mesh [Genesee Scientific, San Diego,

CA, USA], and samples were acquired on a FACSCelesta flow cytometer [BD
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Biosciences, San Jose, CA, USA]. Data were analysed using FlowJo v10.10.0 [BD

Biosciences, San Jose, CA, USA].

Each cell type was stained and acquired once; therefore, data are presented

descriptively.

Table 2.8 Fluorochrome-conjugated antibodies used for flow cytometry.

Marker Fluorophore Clone Dilution
CD45 FITC HI30 1:20
CD11b PE ICRF44 1:20
CD14 PerCP/Cyanine 5.5 63D3 1:20
CD15 Brilliant violet 785 W6D3 1:20

2.2.5 Cell stimulation experiments

2.2.5.1 Stimulation of primary neutrophils and ATRA-differentiated HL-60
cells with chemotactic mediators

Suspensions of primary neutrophils or ATRA-differentiated HL-60 cells were
prepared at 2 x 10° cells/mL in RPMI 1640 medium modified with L-glutamine
and phenol red and supplemented with 20 units/mL of penicillin, 20 pg/mL of
streptomycin, 10% HI FBS and 25 mM HEPES. Cell suspensions were added to a
96-well round-bottom plate [Corning, Corning, NY, USA] at 200 pL per well. Cells
were stimulated with 40 nM N-formyl-methionyl-leucyl-phenylalanine (fMLF)
[Sigma-Aldrich, Merck, Darmstadt, Germany] (Mandeville et al., 1997) or 58.6 uM
leukotriene B4 (LTB4) [Sigma-Aldrich, Merck, Darmstadt, Germany] (Casale and
Abbas, 1990) for 24 hours at 37 °C, 5% CO,. Supernatants were collected and
stored at -80 °C until further use. The experiment was performed in technical

triplicate on a single occasion.

2.2.5.2 Stimulation of primary neutrophils with various bacterial, host and
synthetic mediators

Suspensions of primary neutrophils were prepared at 2 x 10° cells/mL in

RPMI 1640 medium modified with L-glutamine and phenol red and supplemented
with 20 units/mL of penicillin, 20 pg/mL of streptomycin, 10% HI FBS and 25 mM
HEPES. Cell suspensions were added to 96-well round-bottom plates [Corning,
Corning, NY, USA] at 200 pL per well. Cells were stimulated with fMLF, G-CSF
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[PeproTech, Gibco, Thermo Fisher Scientific, Paisley, UK], granulocyte-

macrophage colony-stimulating factor (GM-CSF) [PeproTech, Gibco, Thermo

Fisher Scientific, Paisley, UK], phorbol 12-myristate 13-acetate (PMA) [Sigma-
Aldrich, Merck, Darmstadt, Germany], and LPS from E. coli O111:B4, using the

concentrations summarised in Table 2.9, for 24 or 48 hours at 37 °C, 5% CO,. The

concentrations of stimulants were selected based on previous experiments in the

group and on published studies (Castellani et al., 2019, Chen et al., 2012,
Jacobsen et al., 2007, Khan et al., 2017, Ledderose et al., 2023, Leoni et al.,
2015, Lind et al., 2021, Mahomed and Anderson, 2000, Mandeville et al., 1997,
Wen et al., 2021, Wright et al., 1997). Supernatants were collected and stored

at -80 °C until further use. The experiment was performed in technical

triplicate on a single occasion.

Table 2.9 Concentrations of mediators used to stimulate primary neutrophils.

. Minimum Medium Maximum
Mediator . . .
concentration concentration concentration
fMLF 0.4 nM 40 nM 4 uM

G-CSF 0.1 ng/mL 1 ng/mL 5 ng/mL
GM-CSF 0.1 ng/mL 1 ng/mL 5 ng/mL

PMA 0.042 pM 0.42 uM 4.2 uM
LPS 1 pg/mL 10 pg/mL 50 pg/mL

2.2.6 Transwell migration assays

Due to the iterative approach used in in vitro model design, transwell migration

assay parameters varied between experiments. This section describes the

general workflow. Variable parameters, including transwell insert brand and

membrane material, plate brand and surface treatment, assay solution, stimuli,

incubation times, experimental outputs and downstream analyses, are specified

in the corresponding figure legends. Figure 2.5 shows the workflow for the final

protocol, involving TR146-seeded Millicell PET transwell inserts and stimulation

with 5- and 10-species biofilms.

2.2.6.1 Well preparation

Wells of 24-well plates were used as the lower chambers for each neutrophil

migration assay. Plate manufacturers differed depending on the experiment;

details are provided in the relevant figure legends. Plates used with each
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transwell insert brand and membrane material are shown in Table 2.7, with one
exception indicated in Section 2.2.6.1.1. In all experiments, 600 pL of assay
solution was added to each lower chamber. The assay solution consisted of
either HBSS(+) or RPMI 1640 medium modified with L-glutamine and phenol red,
with the relevant stimuli added according to the experiment, as described

below.

2.2.6.1.1 LPS stimulation

In some experiments, LPS from E. coli O111:B4 was used as a stimulus. For
soluble LPS stimulation, LPS was added directly to the wells to a final
concentration of 20 ug/mL. For immobilised LPS stimulation, wells of a 24-well
Nunc cell culture-treated plate [Thermo Fisher Scientific, Roskilde, Denmark]
were first coated with 500 pL of 1% fibrinogen for 1 hour at room temperature,
washed twice with 1 mL of PBS(+), and then coated with 500 pL of 100 ng/mL
LPS for 2 hours at room temperature (Nakatomi et al., 1998). Wells were washed
twice with 1 mL of PBS(+) before use. Then, 600 pL of RPMI 1640 medium

modified with L-glutamine and phenol red was added to each well.

2.2.6.1.2 Multispecies biofilms

Frozen 5- and 10-species biofilms grown on 13 mm Thermanox coverslips were
revived as described in Section 2.1.1.9 and washed with 1 mL of PBS(-). They
were then placed in wells of a 24-well Nunc non-treated plate [Thermo Fisher
Scientific, Roskilde, Denmark]. Next, 600 puL of RPMI 1640 medium modified with

L-glutamine and phenol red was added to each well.

2.2.6.1.3 Clean coverslip feasibility platform

Clean coverslips were processed in parallel with each biofilm condition using the
same overnight protocol and were used as an exploratory feasibility platform to
assess whether neutrophils could be recovered from both transwell

compartments.

2.2.6.2 Transwell preparation

In assays without epithelial co-culture, Corning PC or Millicell PET transwell

inserts were used. Where TR146-seeded inserts were used, Millicell PET
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transwell inserts, prepared as described in Section 2.2.1.2, were carefully
washed twice with HBSS(+). For each wash, inserts were placed in wells
containing 600 pL HBSS(+), with a further 200 uL HBSS(+) added to the upper
chambers. The second wash included a 30-60 min incubation at 37 °C and 5% CO>
to allow the cells to equilibrate in HBSS(+) as previously described (Kusek et al.,
2014). Following incubation and removal of HBSS(+), inserts were transferred to

the prepared assay wells.

2.2.6.3 Neutrophil migration

Neutrophil suspensions were prepared at 1 x 107 cells/mL in the appropriate
assay solution: HBSS(+) for assays performed without epithelial co-culture, or
RPMI 1640 medium modified with L-glutamine and phenol red for co-culture
assays. Then, 100 pL of neutrophil suspension, corresponding to 1 x 10° cells,
was added to the upper chambers either immediately or following a 1-hour
incubation of transwell inserts at 37 °C and 5% CO2, depending on the
experiment. The full setup was then incubated at 37 °C and 5% CO- for 1 hour,
2 hours, 24 hours or 48 hours, depending on the experiment. Following
incubation, transwell inserts were removed and processed for H&E and IHC
staining, while suspensions from both chambers were collected for downstream
analysis, including cell quantification using a Neubauer haemocytometer or a
CCK-8 assay, and IL-8 quantification by ELISA, depending on the experiment.
Additionally, coverslips used in the final migration assay were collected for

crystal violet biomass assessment.
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biofilms grown on 13 mm Thermanox coverslips were placed into wells, followed by addition of 600 pL of RPMI 1640 medium. (2) TR146-seeded Millicell PET transwell
inserts were placed into the wells and incubated for 1 hour at 37 °C and 5% COz2. (3) Then, 100 uL of neutrophil suspension at 1 x 107 cells/mL in RPMI 1640 medium,

corresponding to 1 x 10° cells, was added to the upper chambers. (4-5) The full setup was then incubated at 37 °C and 5% CO: for 1 hour. Following incubation,

transwell inserts, suspensions from both chambers, and covers
*5-species biofilms included S. intermedius, S. mitis, S. oralis,

lips were collected for downstream analysis.
N. mucosa and R. dentocariosa.

**10-species biofilms included S. intermedius, S. mitis, S. oralis, A. naeslundii, F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii, V. dispar,

A. actinomycetemcomitans, P. intermedia and P. gingivalis.

PET, polyethylene terephthalate; RPMI 1640 medium, Roswell Park Memorial Institute 1640 medium modified with L-glutamine and phenol red. Figure created with

BioRender.com.
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2.2.7 ELISA

Concentrations of IL-1B, IL-6, IL-8 and TNF-a proteins in supernatants were
guantified using a range of uncoated ELISA kits from Invitrogen [Invitrogen,
Thermo Fisher Scientific, Paisley, UK] according to the manufacturer’s
instructions (see Table 2.10). For each assay, a Corning Costar 9018 high-binding
flat-bottom 96-well plate [Corning, Corning, NY, USA] was coated with

100 pL/well of capture antibody solution at 4 °C overnight. Next, the plate was
washed twice with washing buffer and blocked with 200 puL/well of
ELISAZ/ELISPOT Diluent for 1 hour at room temperature. After another wash,
standards were prepared as serial two-fold dilutions in ELISAZELISPOT Diluent
and added to the plate alongside samples (100 pL/well each). ELISAZELISPOT
Diluent was also added to the blank wells at 100 uL/well. Following an overnight
incubation at 4 °C and a triple wash, 100 puL/well of detection antibody was
added for 1 hour at room temperature. The plate was then washed three times
before 100 pL/well of the appropriate conjugate/binding system was added for
30 minutes at room temperature. Finally, the plate was washed five times and
100 pL/well of 3,3’,5,5’-tetramethylbenzidine (TMB) solution was added for

15 minutes. Once colour developed, the reaction was stopped with 100 pL/well
of the Stop Solution and the plate was then read at 450 nm with correction at

570 nm in a FLUOstar Omega Microplate Reader.

Resulting absorbance values from replicate wells were blank-corrected and
averaged for each sample prior to analysis. A standard curve was generated
using a sigmoidal four-parameter logistic model with x defined as
logio(concentration). Sample values were subsequently interpolated from the
fitted standard curve when they fell within the standard range, or extrapolated
when they fell outside this range, where possible. Values were then back-
transformed using 10* to obtain cytokine concentrations. If remaining sample
volume permitted, samples with values above the upper limit of the standard
curve were diluted and re-tested; otherwise, extrapolated values were used.
Where extrapolated values were present, the lower and/or upper limits of the
standard concentration range were shown as dotted lines on the relevant
figures. These extrapolated values were treated as exploratory estimates and
interpreted with caution. Values that fell below the extrapolatable range of the

fitted standard curve and could not be assigned a concentration were recorded
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as below the extrapolatable range. A value of 0 was then used for descriptive

reporting and calculation of descriptive summary values.

Table 2.10 ELISA kits used for supernatant analysis.

Analyte Conjugate / Binding Lowest standard Highest standard
system concentration concentration

IL-18 Avidin-HRP 2 150

IL-6 Streptavidin-HRP 2 200

IL-8 Streptavidin-HRP 2 250

TNF-a Avidin-HRP 4 500

HRP, horseradish peroxidase.

2.3 Data analysis and presentation

[llustrations were generated using BioRender [BioRender, Toronto, ON, Canada].
Photographs were taken using a Google Pixel 7 smartphone [Google, Mountain
View, CA, USA]. The images’ tone was adjusted in Adobe Photoshop CS4 [Adobe
Systems, San Jose, CA, USA] using the Levels tool by modifying the white point
and midtone (gamma) values to enhance overall brightness and contrast in a
linear manner. Outlines and annotations were added for reference. SEM images

were annotated using Adobe Photoshop CS4 software.

The number of biological and technical replicates varied across experiments and
is specified in the relevant methods, figure legends, and table footnotes. Fits of
standard curves were compared using extra-sum-of-squares F-tests to assess
whether datasets could be described by a single shared curve. All other results
are presented descriptively, and no formal statistical tests were performed.
Where appropriate, data are summarised as mean values, with standard
deviation (SD) shown where applicable; relative abundance (%); or within-assay

variability, expressed as coefficient of variation (CV, %).

Data analysis was performed using Microsoft Excel (Microsoft 365) [Microsoft,
Redmond, WA, USA] and GraphPad Prism 10.5.0 (673) [GraphPad Software, San
Diego, CA, USA]. Graphs were generated using GraphPad Prism 10.5.0 (673)

software.
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3 Review based on contribution to systematic
review on microbial species associated with
periodontal health

3.1 Introduction/Overview

The oral cavity contains more than 700 microbial species (Escapa et al., 2018)
that are distributed in varying proportions in different environmental niches such
as saliva, soft tissues (tongue, hard palate, buccal mucosa and keratinised
gingiva), and tooth surfaces, on which supra- and subgingival plaque develops
(Caselli et al., 2020).

A wide range of studies have reported microbial species associated with
periodontal health and periodontitis; however, the findings are not entirely
consistent. The differences may be attributable to variation in case definition
(Costa et al., 2009), sampling technique (Belibasakis et al., 2014, Beyer et al.,
2017, Pérez-Chaparro et al., 2015), diagnostic methods used (Caselli et al.,
2020, Papapanou et al., 1997) or geographic origin of samples (Arredondo et al.,
2025). This highlights the need to identify and synthesise the available data.

There are systematic syntheses of the knowledge of microbial species associated
with periodontitis (Antezack et al., 2023, Guerra et al., 2018, Pérez-Chaparro et
al., 2014). However, to the author’s knowledge, no systematic review focused

primarily on microbial species associated with periodontal health.
3.2 Focused question

What is the weight of evidence for the existence of microorganisms associated

with periodontal health based on association studies?
3.3 Methods

This chapter is a review based on the author’s contribution to a collaborative
multi-centre research project led by Professor Magda Feres (currently at Harvard

University; at time of initiation of this project from Guarulhos University). The
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review was initiated in 2019 and has continued to develop since. The team is

continuing to evolve and the members will be named in the final publication.

The methodology of the systematic review was based on previous work of the
group (Pérez-Chaparro et al., 2014) and followed the recommendations of the
Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
guidelines 2009 (Moher et al., 2009).

3.3.1 Author’s contribution

The author contribution comprised of abstract and full text screening, data
extraction and risk of bias assessment. The results in this chapter are from the
author’s work only, except for the flow chart where both team and author
contribution is shown. Full data extraction, risk of bias assessment as well as
machine learning-based metanalysis are not reported here. In addition, further
publication searches will be undertaken at regular intervals until the final data

analysis is completed.

3.3.2 Eligibility

Inclusion criteria:

e Studies of any design that provided a comparison of subgingival microbial

data between periodontally healthy and periodontitis patients.

e Studies that were conducted in a systemically healthy population.

e Studies that assessed the presence of at least 1 more organism other than
the red complex bacteria or viruses.

Exclusion criteria:

e Studies that were published in languages other than English or Spanish.

e Reviews, case series, case reports, or studies already reported in earlier

publications (to avoid duplication of study populations).
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e Studies involving participants that were not systemically healthy.

e Lack of baseline data or direct statistical comparison between subgingival

plaque samples of periodontally healthy and periodontitis groups.

e Studies that recruited periodontitis patients with localised aggressive

periodontitis only.

e Studies that assessed exclusively the presence of red complex bacteria or

viruses.

e Studies not reporting results at phylum, genera or species levels, or

reporting morphological features only.

3.3.3 Search strategy

3.3.3.1 Title search

Searches were conducted in the MEDLINE (via PubMed), EMBASE and Cochrane
Library databases on 18.09.2019 and 27.01.2021 (first search) and 22.11.2023
and 01.05.2024 (second search) using Mesh terms and other key words. This was

followed by a manual search of the reference lists of selected publications.
3.3.3.2 Abstract and full text screening

The abstracts and full texts were screened in teams consisting of 2 independent
reviewers and discrepancies were resolved through discussion where possible. If

consensus could not be reached, a third reviewer was consulted.

Excluded studies were assigned a reason for exclusion in the following order:
e Review

e No human subjects

e No microbial composition data (of oral sample):
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o only in vitro data

o only clinical data

o only other irrelevant data

e No comparison between periodontal health and periodontitis groups:

o only periodontitis group

o only health group

o only health or periodontitis and other groups

Subgingival plaque samples not evaluated

Only known disease-associated species (red complex bacteria) evaluated

Subjects not systemically healthy

Samples evaluated for virus presence only

Case report, case series, or studies already reported in earlier publications

3.3.4 Data extraction

Data were extracted from the full text articles by independent reviewers
working in pairs. Disagreements were addressed through discussion if feasible,

otherwise an additional reviewer was consulted.

3.3.4.1 Pre-defined Microsoft Excel forms

Extraction was performed using the following pre-defined forms created in
Microsoft Excel (Microsoft 365) [Microsoft, Redmond, WA, USA]:
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e Form 1: General information (authors, year, country, location (facility
type), study design, sample size (volunteers), age, number of males,

number of smokers, systemic condition)

e Form 2: Periodontal baseline evaluation in periodontally healthy subjects
(sample size, age, number of males, number of smokers, criteria used to

define periodontal health, PD, CAL, plaque, bleeding, suppuration)

e Form 3: Periodontal baseline evaluation in periodontally healthy subjects
(sample size, age, number of males, number of smokers, criteria used to

define periodontitis, PD, CAL, plaque, bleeding, suppuration)

e Form 4: Microbiological baseline outcomes (total number of subgingival
samples, number of subgingival samples in periodontally healthy group,
number of subgingival samples in periodontitis group, analysis (individual
or pooled), diagnostic methods, species assessed, species elevated in
periodontal health at phylum, genera and species level, species elevated

in periodontitis at phylum, genera and species level)

e Form 5: Other information (source of funding, conflict of interest, other

comments)

3.3.4.2 Additional data extraction

In addition to the data extracted as part of the main review, the author
extracted data on the subgingival biofilm sampling methods reported in the

studies.

3.3.5 Data analysis and presentation

Descriptive analysis was used to summarise characteristics of the included
studies (publication year and country), subgingival sample collection methods
and microbiological assessment approaches. Country names were matched to
alpha-3 ISO 3166-1 codes to generate a choropleth map using Datawrapper

[Datawrapper, Berlin, Germany].
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Examples of extracted data on microbial species associated with periodontal
health and periodontitis are presented in Table S2. Based on all extracted
records, the frequency of each taxon in the dataset was calculated using
University of Glasgow’s Microsoft Copilot Al-powered assistant (based on GPT-5
architecture) [Microsoft, Redmond, WA, USA]. Additionally, this tool was used to
detect and remove typographical errors and ensure consistency in taxa
nomenclature. Afterwards, the author manually reviewed the output exported to
Microsoft Excel (Microsoft 365) files. For the purpose of a more systematic
synthesis of the results, inclusion thresholds for the final results tables were
applied for taxa at the genera and species levels. The requirement was for
genera and species to be reported in at least two and three independent studies,

respectively.

Data analysis was performed using Microsoft Excel (Microsoft 365) and GraphPad
Prism 10.5.0 (673) [GraphPad Software, San Diego, CA, USA]. Graphs were
generated using GraphPad Prism 10.5.0 (673) software. Risk of bias assessment
and data analysis using machine learning are not presented in this chapter and

will be reported in the main publication.

3.4 Results - Narrative synthesis of data extracted by the

author

3.4.1 Characteristics of included studies

During both searches, a total of 4343 titles were identified through database
searches and an additional one through manual search. Following abstract
screening, 3910 studies were excluded. Then, 350 publications underwent full-
text eligibility assessment, after which 197 studies were excluded and 153
studies were included for data extraction and risk of bias assessment. The author
contributed to the review by screening 306 abstracts and 88 full texts, and by
including 27 papers for the data extraction. Details of both searches are
presented in Figure 3.1. Subsequently, the author extracted data from 42 papers

and used it to inform the narrative synthesis presented in this chapter.
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Manuscripts used for data extraction by the author were published between 2012
and 2021 (see Figure 3.2) and encompassed study populations from 20 countries
in total. Most studies originated from Brazil (11), USA (7) and China (5) (see
Figure 3.3). Only one study included populations from two different countries -
Germany and USA (Hunter et al., 2016).



Searches on 18.09.2019 (PubMed) and 27.01.2021 (Embase & Cochrane) Search on 11.11.2023 (PubMed) and 01.05.2024 (Embase & Cochrane)
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Figure 3.1 Flow chart of the search strategy with results. Values denote the total number of items at each stage (n) and the author’s contribution (n*). Figure
created with BioRender.com.
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Figure 3.2 Number of studies per year based on studies from which data were extracted by
the author. Studies evaluated by other authors are not included.

Figure 3.3 Number of studies per country based on studies from which data were extracted
by the author. Studies evaluated by other authors are not included. Illustration created with
Datawrapper.de.
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3.4.1.1 Collection and microbiological assessment of subgingival samples

Methods used for the microbiological assessment varied between the studies.
Half of the studies used paper points only to collect subgingival biofilm samples
(21, 50.00%) while 19 studies (45.24%) utilised curettes. Only one study used
both methods (2.38%). The remaining study (2.38%) did not mention the sample
collection method (Figure 3.4A). Most publications analysed pooled samples (24,
57.14% of total), while the remaining ones analysed them individually (17,
40.48% of total) or did not mention analysis strategy at all (1, 2.38% of total)
(Figure 3.4B).

A
B Paper points (n = 22, 50.00%)
= Curettes (n = 20, 45.24%)
B Both (n=1, 2.38%)
1 Not described (n =1, 2.38%)
Total = 42
B

B Pooled (n = 24, 57.14%)
2 Individual (n =17, 40.48%)
B Not mentioned (n =1, 2.38%)

Total = 42

Figure 3.4 Methods used for (A) collection and (B) processing of subgingival biofilm samples.



The majority of studies utilised only one taxa detection method (32, 76.19%),
while the others reported using 2 (21.43%) or 3 (2.38%) methods (Figure 3.5A).
Sequencing-based approaches, predominantly amplicon sequencing (16S rRNA
gene sequencing exclusively) were utilised in 20 studies (38.46%) closely
followed by non-sequencing PCR-based methods (conventional, duplex,
multiplex, nested and quantitative) that were applied in 17 studies (32.69%).
Hybridisation (either checkerboard DNA-DNA hybridisation or microarray) was
the third most frequent option used in 10 studies (19.23%) (Figure 3.5B).

A
B 1 method used (n = 32, 76.19%)
= 2 methods used (n =9, 21.43%)
B 3 methods used (n =1, 2.38%)
Total = 42
B

Culture (n =1, 1.92%)

Non-sequencing PCR-based (n = 17, 32.69%)
Hybridisation-based (n = 10, 19.23%)
Amplicon sequencing (n = 20, 38.46%)
Metagenomic sequencing (n = 3, 5.77%)
Metatranscriptomic sequencing (n = 1, 1.92%)

M

Total = 52

Figure 3.5 (A) Number and (B) types of detection methods used in each study.
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3.4.2 Microbial data

There was a variability in taxa associated with periodontal health between the
studies.

3.4.2.1 Bacteria associated with health

Most studies (n = 32) did not analyse taxa at the phylum level. Among the few
that did, the most frequently reported as more abundant in health were
Actinobacteria (3 studies), Proteobacteria (3 studies) and Firmicutes (2 studies)
(Table S3). Three studies reported that none of the examined phyla was more
abundant in health.

Similarly, the majority of studies (n = 28) did not assess taxa at the genus level.
Within the remaining studies, Corynebacterium was associated with health in 9
studies, followed by Actinomyces (7 studies), Capnocytophaga (7 studies) and

Streptococcus (5 studies) (Table S4). Only a single study suggested that none of

the analysed genera were more abundant in health (data not shown).

Interestingly, 20 studies concluded none of the investigated species were
associated with health and 7 studies did not evaluate taxa at that level. Species
most often associated with health included Corynebacterium matruchotii (6
studies), Cardiobacterium hominis (5 studies), Granulicatella adiacens (5
studies), Haemophilus parainfluenzae (5 studies), Rothia dentocariosa (5

studies) and Streptococcus sanguinis (5 studies) (Table S5).

3.4.2.2 Bacteria associated with periodontitis

Phyla reported to be most abundant in periodontitis included Synergistetes (7
studies), Bacteroidetes (6 studies) and Spirochaetes (5 studies) (Table S6). Of
note, all of the studies identified at least one phylum associated with
periodontitis.

Filifactor sp. was the most often reported genera (13 studies) next to Tannerella

sp. (11 studies), Porphyromonas (9 studies) and Treponema (9 studies)
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(Table S7). As with phylum level, all studies reported at least one genus
associated with periodontitis (data not shown).

The species most frequently reported to be associated with periodontitis were
Tannerella forsythia (23 studies), Porphyromonas gingivalis (22 studies),
Treponema denticola (16 studies) and Filifactor alocis (15 studies) (Table S8).
Three studies reported that none of the species were identified in periodontitis.
One study identified that significant differences were lost after adjusting for
multiple comparisons (data not shown).

3.5 Discussion

This narrative review aimed to identify taxa present in subgingival plaque that
are associated with periodontal health. Such knowledge can establish the

reference point for describing the dysbiotic changes that occur during the shift
to periodontitis and help to identify commensal communities that support oral

homeostasis and potentially prevent dysbiosis.

Most studies provided findings at the species level. The most notable observation
was that the most frequently reported periodontitis-associated species, such as
the red complex bacteria or F. alocis, were indicated roughly 3-4 times more
often (Table S8) than the most commonly observed health-associated species
(Table S5). The species associated with health identified by both the previous
review (Feres et al., 2021) and the current work were: G. adiacens, S. sanguinis,
Rothia aeria, Streptococcus mitis and Porphyromonas catoniae. Species
indicated by Feres et al. (2021) as those most associated with health
(Streptococcus spp., Capnocytophaga gingivalis and Neisseria elongata) were
excluded from the results synthesis as they did not meet the threshold of being
reported in at least 3 separate studies. In addition to species identified by Feres
et al. (2021), additional species associated with periodontal health were
identified. Another review was retrieved, but its search methodology was heavily
biased towards already established periopathogens and allowed for inclusion of
studies that analysed saliva samples (Antezack et al., 2023). Nevertheless, the
results indicated S. sanguinis, S. mitis, Corynebacterium matruchotii and
Peptidiphaga sp. HMT 183 were associated with health. Among the periodontitis-
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associated species, both Feres et al. (2021) and the current work shared 8 out of
25 bacterial species: Eubacterium brachy, F. alocis, Eubacterium saphenum,
Selenomonas sputigena, Dialister pneumosintes, Mogibacterium timidum,

Dialister invisus and Treponema socranskii.

A similar pattern regarding the higher frequency and number of reported
periodontitis-associated taxa was observed at the genus level (Table S4 and
Table S7). Moreover, the most common periodontitis-associated genera
identified in this review (Filifactor, Tannerella, Porphyromonas and Treponema)
were identical to those reported by Feres et al. (2021). Relative prominence of
other genera such as Desulfobulbus, Eubacteria, Peptostreptococcus,
Fusobacterium, Mycoplasma, Prevotella, Pseudoramibacter and Parvimonas,
that were present in both datasets, differed. Moreover, Selenomonas genus was
not presented in this chapter’s results as it was reported by only one study. The
list of health-associated genera listed in this analysis contained more genera, for
example Prevotella, Veillonella, Granulicatella and Lautropia, but did not
contain Bergeyella due to being reported by a single study only. Furthermore,
Streptococcus and Rothia reported by Feres et al. (2021) as genera showing the
strongest association with periodontal health were less frequently reported by

the studies included in this review.

The list of health-associated phyla included more taxa (Table S3), however, in
contrast to periodontitis-associated phyla (Table S6), all but one (Firmicutes)
were mentioned only by single studies. Of note, Firmicutes were indicated in
both groups. When compared to the list of periodontitis-associated phyla in
Feres et al. (2021), results of this review include one more phylum -

Euryarchaeota.

Taxonomic representation seemed to be imbalanced across studies. Health-
associated taxa appeared to be less frequently represented than periodontitis-
associated taxa. This imbalance may suggest reporting bias, with disease-
associated taxa more frequently reported or emphasised than health-associated
taxa. It may also partly reflect methodological detection bias arising from
pathogen-focused assay design in targeted non-sequencing approaches, including
PCR-based and hybridisation-based methods, where predefined assay targets

preferentially included established periopathogens. It could also reflect greater
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variability in health-associated subgingival microbiomes, resulting in reduced
consistency in taxa identification across studies. The latter interpretation is
supported by a study of periodontally healthy individuals, which reported that
subgingival microbiome composition varied both between individuals and
between sites within the same individual (Tamashiro et al., 2021). Similarly, a
study in periodontitis patients found that microbial communities from their
clinically healthy sites showed greater diversity and stronger patient-level
variation, whereas those from diseased sites appeared more similar across
patients (Jorth et al., 2014). In this context, pooling of subgingival plaque
samples may also be relevant, as more than half of the included studies
combined material from multiple sites rather than analysing each site
individually (Figure 3.4B).

In addition to the imbalance in taxonomic representation, differences between
taxa indicated by source studies in this review could be attributable to multiple
factors related to study design, methods used and geographical variability of the
studied populations. Studies adopted multiple definitions of periodontal health
and periodontitis that ranged from previously established AAP or Community
Periodontal Index of Treatment Needs (CPITN) based criteria to custom, study-
specific definitions. Another issue was variability across sampling methods. All
studies but one (Zbinden et al., 2014) used either paper points or a curette
(Figure 3.4A). One study even used different curettes for healthy and
periodontitis subjects (You et al., 2013). Subgingival biofilm samples obtained
with a curette contain proportionately more bacterial DNA and less human DNA
(Pérez-Chaparro et al., 2015), and display higher microbial diversity (Beyer et
al., 2017) compared to samples obtained with a paper point. Furthermore,
unused paper points were found to exhibit varying amounts of DNA
contamination (Beyer et al., 2017). Curette-collected samples yield higher
proportions of Corynebacterium, Prevotella, Selenomonas, Actinomyces,
Treponema and Clostridiales family XllII incertae sedis, while paper point-
collected samples show elevated proportions of Streptococcus, Gemella,
Parvimonas, Haemophilus and Aggregatibacter (Beyer et al., 2017). Another
study demonstrated that although there is no difference in detection levels of
red complex species, Aggregatibacter actinomycetemcomitans is more reliably

detected with paper points (Belibasakis et al., 2014). Another factor, perhaps
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the most influential, is that source studies employed a wide range of detection
methods that included both targeted and open-ended approaches (Figure 3.5B).
While the former are limited by predefined targets, the latter can identify a
significantly higher number of taxa, although they are still restricted by the
coverage, resolution, curation quality and update frequency of the reference
database. An additional consideration is that differences were observed at the
population level. Study cohorts differed in their mean ages, and aging has been
show to affect the composition of the subgingival microbiome in healthy
individuals (Akatsu et al., 2025). Moreover, the geographical origin of the
populations also differed (Figure 3.3). A recent study concluded that the country
of origin affected beta diversity more than the diagnosis (Arredondo et al.,
2025). An interesting example is an observation that all studies suggesting that
Enterococcus faecalis could be a periodontal pathogen, were conducted on
Brazilian populations (Pérez-Chaparro et al., 2014).

The discrepancies between findings in this and review by Feres et al. (2021) may
arise due to extracting data from only partially overlapping source publications;
the review by Feres et al. (2021) included 20 studies in total, of which 12 studies
were used in this review (Table S9). Moreover, all of these 20 studies used next-
generation sequencing. This review additionally included studies that utilised
targeted non-sequencing approaches such as PCR or hybridisation-based
techniques that tend to be biased toward predefined targets and are unable to
detect unknown species (Figure 3.5B). Furthermore, the authors of the
aforementioned review did not describe their approach to analyse the extracted

data, especially the criteria they used to rank the most common taxa.

A clear shortcoming of this review is that it was restricted to studies assigned to
the author for data extraction within the systematic review, which was a group
project. Nonetheless, it included a substantial number of relatively recent
studies across diverse populations. Regions with major research hubs such as
Brazil, USA or China were noticeably overrepresented (Figure 3.3). Another
limitation is variability in case definitions and detection methods, which makes
it difficult to directly compare the studies and to generalise the findings.
Application of a cutoff allowed for exclusion of sporadic detections of non-oral
bacteria such as Mycobacterium leprae, Mycobacterium tuberculosis (Dabdoub
et al., 2016) or Yersinia pestis (Szafranski et al., 2015a), likely attributable to
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taxonomic misclassification, reagent or cross-sample contamination. This could,

however, lead to the exclusion of some rare taxa.

In addition to taxonomic profiling, a parallel assessment of microbiome
functional activity could contribute to a more comprehensive understanding of
the role of the subgingival microbiome in maintaining periodontal health.
Metatranscriptomic studies suggest that individual species may exhibit context-
dependent roles within the microbial community. A study comparing
periodontally healthy individuals with periodontitis patients found that disease-
associated subgingival communities were characterised by increased expression
of genes involved in iron acquisition, LPS synthesis and flagellar synthesis.
Interestingly, many upregulated genes encoding putative virulence factors were
expressed by taxa not usually regarded as major periodontal pathogens, such as
R. dentocariosa and C. matruchotii, suggesting that disease-associated activity is
not restricted to traditionally recognised periodontal taxa (Duran-Pinedo et al.,
2014). In a separate study, conserved metabolic differences were reported
between microbial communities from clinically healthy sites and diseased
pockets within the same periodontitis patients. Diseased communities showed
increased expression of pathways related to fermentation and amino-acid
catabolism, such as lysine fermentation to butyrate, pyruvate fermentation and
histidine catabolism. However, the microbial species contributing to some of
these metabolic pathways varied between patients (Jorth et al., 2014).
Together, these findings suggest that differences between health and
periodontitis may be more consistent at the level of community function than at
the level of individual taxa, which could partly explain variability in taxa

identified between periodontal health and periodontitis groups in this review.

Within limitations of this study, the findings suggest that the composition of a
core periodontal health-associated subgingival microbiome may be not so well
defined as that of the periodontitis-associated one. Further studies are needed,
preferably using standardised case definitions, sampling methodology and open-
ended detection approaches. Such knowledge could guide the design of novel
diagnostic and risk assessment tools, as well as the development of preventive
and therapeutic strategies focused on restoring ecological balance within the

subgingival microbiome.
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3.6 Summary and findings

Are there microbial species or taxa associated with periodontal health?

= There are microbial taxa at the phylum, genus and species level that

correlate with periodontal health.

These findings corroborate the hypothesis that the subgingival microbiome

associated with periodontal health differs when compared to periodontitis.
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4 Designing and growing biofilms resembling
the human subgingival microbiome associated

with health and disease

4.1 Introduction

4.1.1 Role of bacteria in periodontal health

Bacterial colonisation of the oral cavity is essential for maintaining health
(Chang et al., 2021). The commensal microbial community within the subgingival
plague occupies the ecological niche constraining available nutrients and
limiting binding sites, as well as directly inhibiting the growth of pathogenic
species through antimicrobial peptides, thus protecting its host against invading
pathogens. There is evidence that subgingival plague biofilm contributes to
immune surveillance and modulates host immune response, supporting healthy

oral tissue homeostasis (Chang et al., 2021).

The new 2017 classification scheme for periodontal and peri-implant diseases
and conditions acknowledges that that there is a certain ‘composition’ of
subgingival microbiota compatible with gingival health where ‘commensal
organisms (...) coexist in relative harmony’ (Lang and Bartold, 2018). During the
shift to periodontitis, this eubiotic microbial community transitions into a
dysbiotic one (Lamont et al., 2018, Hajishengallis et al., 2023). Several
microbiome studies identified species and genera associated with periodontal
health and disease (Abusleme et al., 2013, Feres et al., 2021, Pérez-Chaparro et
al., 2014).

4.1.2 /n vitro modelling of the transition from health to

periodontitis through bacterial biofilms

A number of in vitro multi-species subgingival biofilm models were developed to
explore either a transition from health to periodontitis or to compare
characteristics between these two states (see Table 4.1). Janus et al. (2015)
modified the Amsterdam Active Attachment model (Exterkate et al., 2010) by
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utilising individual and pooled saliva inocula collected from 10 healthy donors.
Different buffered semi-defined McBain media compositions - plain or with

10% foetal calf serum (FCS) - were used to differentiate biofilms towards health
and periodontitis phenotypes, respectively. Although addition of FCS did not
change the biofilm composition, it induced phenotypic differentiation
characterised by higher general and specific gingipain protease activities,
implying the role of environmental conditions during the shift from health to
periodontitis. The 10-species Zurich subgingival biofilm model (Guggenheim et
al., 2009) was a modified and expanded version of the earlier 6-species
supragingival model (Shapiro et al., 2002). The initial ‘supragingival’
composition was modified by removing 3 species and adding another 6 species to
resemble marginal and subgingival plaque. This model was further developed by
evaluating how different culture conditions influenced its composition; biofilms
grown in medium containing 50% HI serum resembled more in vivo biofilms in
periodontitis patients (Ammann et al., 2012). Both models were used not only to
study microbial characteristics within biofilms, but also in co-cultures with
human epithelial cells to investigate host-microbe interactions (Belibasakis et
al., 2013, Belibasakis et al., 2015). Thurnheer et al. (2016) combined both
Zurich models into an integrated system to investigate changes in composition
and structure occurring during conversion from supragingival to subgingival
biofilm (as deep pockets emerge) by means of sequential addition of species
accompanied by the gradual change of atmospheric conditions. This approach
revealed dynamic structural shifts in characteristics such as specific species
counts, biofilm thickness, extracellular polysaccharide presence and biofilm
viability. Peyyala et al. (2011b) developed a panel of 3 independent multi-
species bacterial biofilms to reflect subgingival biofilm found in 3 distinct
environments: healthy sulci, inflamed gingiva and periodontitis. Here, rigid gas-
permeable hard contact lenses were used as a support for the biofilms to allow
for the equilibration of the gaseous environment at the biofilm-epithelial
interface in an ensuing co-culture model (Peyyala et al., 2011a, Peyyala et al.,
2012). Finally, Brown et al. (2023) and Millhouse (2015) designed a set of

3 multi-species bacterial biofilms with a shared sequential protocol for 3-, 7- and
10-species biofilms associated with health, gingivitis and periodontitis,
respectively. In this case, all biofilm types were cultured in an aerobic

environment at first, but introduction of additional species and concurrent
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transition from a healthy state to periodontitis required relocating the biofilms

to anaerobic conditions.



Table 4.1 Subgin

ival biofilm model systems including at least two different conditions.

104

Biofilm model

Intermediate/gingivitis

Periodontitis/Disease

(Thurnheer et
al., 2016)

(0.3% glucose)

Phase 2&3:

60% saliva,

10% human serum,
30% mFUM

(0.3% glucose)

(80% N2z, 10% COz2,
and 10% Hz), but
manipulations
under aerobic

Phase 3: Anaerobic
(80% N2, 10% COz,
and 10% H2)

A. oris/naeslundii,
V. dispar, F. nucleatum,
S. mutans, S. oralis,

C. albicans

Surface Media Culture conditions Health model
system model model
Amsterdam 12 mm glass Buffered semi- Anaerobic (80% Nz, | Saliva inoculum from 10 | N/A Saliva inoculum from 10
Active coverslips defined McBain 10% COz, and healthy donors healthy donors (individual
Attachment media 10% H) (individual and pooled) and pooled) added to
model added to plain medium medium with 10% FCS
(Janus et al.,
2015)
6- & 10-species | 10.6 mm HA Initial: Anaerobic (80% Nz, | 6 species to model N/A 10 species to model
Zurich model discs (pellicle- 60% saliva, 10% CO2, and supragingival biofilm: subgingival biofilm:
coated) 30% mFUM 10% Hz) S. oralis, S. oralis, A. oris/naeslundii,
(Ammann et (0.3% glucose) A. oris/naeslundii, V. dispar, S. intermedius,
al., 2012, 10% human serum V. dispar, F. nucleatum, C. rectus, F. nucleatum
Guggenheim et S. mutans, C. albicans subsp. vincentii,
g:].z;pzi?g%t N Modification: (added later) _IP_ ifnterr:he_dia_l,_ P(-j gi:_giv:ilis,
2002) v 50% human serum, - forsythia, 1. denticola
50% mFUM (4 mM
glucose)
Modified 12- 9 mm HA discs Phase 1: Phase 1: Aerobic Phase 1: 6 species to Phase 2: Phase 1 + 3 Phase 3: Phase 2 + 3 species
species Zurich | (pellicle-coated) | 70% saliva, model supragingival species to model to model subgingival
model 30% mFUM Phase 2: Anaerobic | Piofilm: intermediate phase: biofilm:

C. rectus, P. intermedia,
S. anginosus

P. gingivalis, T. forsythia,
T. denticola
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Biofilm model

Intermediate/gingivitis

Periodontitis/Disease

Surface Media Culture conditions Health model

system model model
3 x 3-species 10.5 mm rigid Supplemented BHI | Anaerobic (85% Nz, | Subgingival biofilm in Subgingival biofilm Combination of pioneer,
Kentucky gas permeable medium 10% Hz, 5% CO2) at | healthy sulci: related to gingivitis bridging and
models contact lenses 37°C S. gordonii, S. oralis, S. gordonii, A. naeslundii, | periopathogenic species:

(1% FBS in PBS- S. sanguinis F. nucleatum S. gordonii, F. nucleatum,
(Peyyala et al., | coated) P. gingivalis
2011b)
3-, 7- & 10- Thermanox THB:RPMI (1:1) Health: Aerobic 3-species biofilm 7-species biofilm 10-species biofilm
species 13 mm mix (5% CO2) associated with health: associated with gingivitis: | associated with
Glasgow coverslips periodontitis:
models Gingivitis & S. intermedius, Species associated with
Periodontitis: S. oralis, S. mitis health and: Species associated with

(Brown et al., Anaerobic (85% Nz, A. naeslundii, V. dispar, health, gingivitis and:
2023, 10% CO2 and 5% Hz) F. nucleatum ssp. A. actinomycetemcomitans,
g/lcl)lllg;)use, polymorphum, P. intermedia, P. gingivalis

F. nucleatum ssp.
vincentii

BHI, brain heart infusion; FBS, foetal bovine serum; FCS, foetal calf serum; HA, hydroxyapatite; mFUM, modified fluid universal medium; RPMI, Roslin Park Memorial
Institute 1640 medium; THB, Todd-Hewitt broth.



106

4.1.3 Limitations of currently used /n vitro biofilm model systems
and importance of nitrate-reducing species in periodontal
health.

Most biofilm model systems mimic the properties of the periodontitis
environment rather than that of periodontal health, with the latter serving
merely as a baseline control condition. Recently, nitrate reduction capacity has
been suggested to be beneficial for oral homeostasis (Rosier et al., 2022) due to
its in vitro and in vivo dysbiosis-lowering properties (Chen et al., 2022).
Moreover, it was reported that periodontitis patients had lower levels of nitrate-
reducing bacteria in subgingival plaque compared with healthy controls, and
that these increased following treatment and correlated negatively with bacteria
associated with periodontitis (Rosier et al., 2024).

Numerous studies and reviews (Feres et al., 2021, Meuric et al., 2017) concluded
that Rothia and Neisseria spp. were associated with health. Many members of
their genera are also known nitrate reducers, including R. dentocariosa and

N. mucosa (Barth et al., 2009, Rosier et al., 2020, Rosier et al., 2022). An
original study by Abusleme et al. (2013) concluded that the Rothia genus was
most positively correlated with health, with R. dentocariosa numerically
dominating the health-associated communities. Results of studies on the effects
of experimental gingivitis suggest that the changes in R. dentocariosa levels
occur in the early stages of periodontal disease. In a study by Kistler et al.
(2013), R. dentocariosa detected in subgingival plaque was significantly reduced
among bacteria species after one and two weeks of experimental gingivitis and
was negatively correlated with bleeding on probing (BoP). Another group
reported that levels of R. dentocariosa consistently decreased over the period of
28 days of experimental gingivitis (Huang et al., 2021a). N. mucosa is not as well
characterised, but analysis of the oral metagenomes from the Human
Microbiome Project revealed that N. mucosa populates gingival plaque (Donati et
al., 2016). Fukuda et al. (2024) demonstrated that Neisseria spp. inhibit

P. gingivalis invasion into human gingival epithelial Ca9-22 cells in vitro, with

N. mucosa being notably effective. SEM image analysis of a pre-mixed culture
system showed interactions between both species, but the specific mechanisms

involved remain unknown. There is increasing recognition that defining,
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understanding and studying health is as important as studying disease,
exemplified by the inclusion of ‘periodontal health’ for the first time in a

classification system in the most recent 2017 classification system.
4.1.4 Designing an /n vitro model associated with health

In this thesis, a novel 5-species biofilm model was developed to mimic
periodontal health in vitro. Species present in a previously developed Glasgow
3-species biofilm model (S. intermedius, S. mitis, and S. oralis) (Brown et al.,
2023), were retained, given that they are all members of Socransky’s yellow
complex consisting of early colonisers (Socransky et al., 1998), and that
Streptococcus is among the genera most commonly associated with periodontal
health (Feres et al., 2021). Moreover, two additional health-associated species
were incorporated: N. mucosa and R. dentocariosa due to their associations to
periodontal health described recently (see Section 4.1.3). Consistent with this,
S. mitis, S. oralis and N. mucosa levels were shown to significantly increase in
subgingival plaque of healthy subjects during early microbial succession, with
significant increases observed within 7 days without oral hygiene following a full-
mouth scaling and root planing (Teles et al., 2012). Taken together, these
studies support the role of S. intermedius, S. mitis, S. oralis, N. mucosa and
R. dentocariosa in the establishment of a health-associated subgingival biofilm

and provide a rationale for their inclusion in the in vitro biofilm model.
4.1.5 Choosing an /n vitro model associated with periodontitis

An already established Glasgow 10-species biofilm model (Brown et al., 2023,
Millhouse, 2015) was used to emulate the periodontitis-associated microbial
biofilm. Earlier studies had demonstrated its ability to induce a pro-
inflammatory response in a co-culture with three-dimensional human gingival
epithelium model and peripheral blood mononuclear cells or isolated CD14*
monocytes. It was also shown that addition of nitrate during 10-species biofilm
growth reduced the numbers of periodontitis-associated bacteria - F. nucleatum,

A. actinomycetemcomitans and P. gingivalis (Mazurel et al., 2023).
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4.2 Hypothesis and research questions

Hypothesis: There are key differences between health- and periodontitis-
associated subgingival biofilms contributing to the integrity of the oral barrier

and they can be emulated in vitro.
The research questions raised to evaluate this hypothesis included:

1. Can an in vitro biofilm reflect some of the key characteristics of a

subgingival biofilm associated with a healthy oral barrier such as:
a. composition?
b. microarchitecture and structure?

c. metabolism (nitrate reduction capacity)?
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4.3 Results

Preliminary experiments were undertaken to establish a methodology for
preparation of the N. mucosa suspension for its subsequent incorporation into
the 5-species biofilm model associated with periodontal health. This included
assessment of N. mucosa growth kinetics and viable enumeration to determine
the ODsoo values corresponding to the target bacterial concentration. Viable
enumeration of bacteria used for biofilm growth was performed using the Miles
and Misra method to confirm the viability of stored bacterial stocks and verify
OD-based standardisation. The previously developed 3-species biofilm model
associated with health was subsequently expanded by the addition of two more
nitrate-reducing species: N. mucosa and R. dentocariosa. Different 5-species
biofilm seeding protocols were evaluated before two variants were selected for
further assessment. The Glasgow 10-species biofilm model (Brown et al., 2023,
Connolly et al., 2017) was utilised to represent periodontitis conditions in vitro.
Additionally, a P. gingivalis mono-species biofilm was included as a negative
control for nitrate reduction in the Griess reaction assay, as P. gingivalis is not a
known nitrate reducer (Dahlén et al., 2007). In addition to qPCR-based
compositional analysis, all biofilms underwent assessment of microarchitecture
and structure by SEM, nitrate reduction capacity by the Griess assay, and total

biomass by the crystal violet assay.

4.3.1 Optimisation of culture quantification and analytical
methods

4.3.1.1 Assessment of N. mucosa growth kinetics

The growth kinetics of N. mucosa were evaluated by monitoring ODeoo at hourly
intervals over 24 hours to identify the midpoint of the exponential growth phase.
Analysis of the growth curve (Figure 4.1) suggested that this occurred during the
5t hour. This time point was then used to prepare a standardised suspension of

actively growing N. mucosa for the Miles and Misra assay.
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Figure 4.1 Planktonic growth of N. mucosa (NCTC 12978) over time. Bacterial planktonic
suspension was adjusted to an ODeoo of 0.01 in TSB and grown for 24 hours at 37 °C in 5% CO..
The absorbance was measured automatically every hour at 600 nm. Values were corrected for
media background. The log phase midpoint (shown between the dotted lines) was identified by
calculating hourly bacterial growth rate and identifying the highest value. Data represent
mean + SD of 24 technical replicates from a single experiment (n = 1).

4.3.1.2 Enumeration of N. mucosa to determine corresponding OD values

The Miles and Misra method (Miles et al., 1938) was adopted to determine the
ODsoo value corresponding to a N. mucosa concentration of 1 x 10’ CFU/mL for
use in subsequent 5-species biofilm growth experiments. A suspension of actively
growing N. mucosa was prepared at the midpoint of the log phase between 4 and
5 hours, as identified in the preceding section. The suspension was then
adjusted in PBS to an ODsoo of 0.05 and serially diluted before viable counts were
determined using the drop plate method. Only two dilutions produced between
50 and 200 colonies per spot. Total dilution factors of 1600 and 3200 yielded
averages of 124.67 + 3.06 and 71.33 + 14.47 colonies per spot, respectively. The
corresponding numbers of CFU per mL were 1.99 x 107 +5.13 x 10° and

2.28 x 107 + 4.66 x 10° (Figure 4.2). The results showed that the initial
planktonic N. mucosa suspension standardised to an ODeoo of 0.05 in PBS
contained 2.14 x 107 + 3.36 x 10° CFU per mL on average; hence, an ODggo Of
0.025 was further used to obtain 1 x 10’ CFU/mL.
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Figure 4.2 Enumeration of standardised N. mucosa (NCTC 12978) suspensions. Bacterial
planktonic suspension was adjusted to an ODsoo 0f 0.05 in PBS followed by a two-stage dilution
method. The resulting sets of dilutions were drop-plated and grown for 24 hours at 37 °C in

5% CO2. The colonies were then counted at each dilution that resulted in growth of between 50
and 200 colonies per spot. The number of CFU per mL was calculated using the following
formula: CFU/mL=(No. of colonies)x(DF)/(Volume in mL). Data represent mean + SD of technical
triplicates from a single experiment (n = 1). DF, dilution factor.

4.3.1.3 Enumeration of species used in 5- and 10-species biofilms

The Miles and Misra method (Miles et al., 1938) was also applied to confirm the
viability of stored stocks of bacteria used for the preparation of 5- and 10-
species biofilms and to verify that OD-based standardisation yielded the
expected viable counts. All species except N. mucosa were adjusted in PBS to
their respective ODsso values listed in Table 2.2, corresponding to a target
concentration of 1 x 108 CFU/mL. N. mucosa was adjusted to the ODeoo value
determined in the preceding section, corresponding to a target concentration of
1 x 107 CFU/mL. The suspensions were then serially diluted and viable counts
were determined using the drop plate method. The results (Figure 4.3) show the
concentration of viable bacteria, expressed as logio CFU/mL, present in the

suspensions used for biofilm culture.

For N. mucosa and P. gingivalis, the colony counts fell outside the preferred
range of 50-200 colonies per spot at the dilutions tested. Although these values
were retained in the final CFU/mL calculations, the resulting viable count
estimates should be interpreted with caution. Estimated viable counts were
3.33x108 + 1.62x108 CFU/mL and 4.43x10® + 8.5x107 CFU/mL, respectively. No

visible colonies were detected for P. intermedia under the conditions used for
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Miles and Misra plating. In this single experiment, viable counts for the
remaining bacterial suspensions ranged from 1.73 x 10° + 5.69 x 10 CFU/mL for
F. nucleatum subsp. polymorphum to 1.88 x 108 + 5.86 x 10% CFU/mL for

S. intermedius, despite adjustment to the target optical density.

Viable count [log,,(CFU/mL)]

Figure 4.3 Enumeration of standardised bacterial suspensions. Planktonic monocultures of

S. intermedius, S. mitis, S. oralis, N. mucosa, R. dentocariosa, V. dispar, F. nucleatum subsp.
polymorphum, F. nucleatum subsp. vincentii, A. actinomycetemcomitans, P. gingivalis, and

P. intermedia were cultured in appropriate broths and adjusted in PBS to target concentrations
of 1 x 108 CFU/mL, except for N. mucosa, which was adjusted to 1 x 10’ CFU/mL. Viable bacteria
were quantified using the Miles and Misra drop plate method. Hash symbols (¥) indicate species
(N. mucosa and P. gingivalis) for which colony counts fell below the preferred range of 50-200
colonies per spot at the dilutions tested, but were retained in the final CFU/mL calculations.

ND denotes no visible colonies detected for P. intermedia. Viable counts were expressed as
CFU/mL and calculated using the following formula:

CFU/mL = average no. of colonies per spot x DF / volume plated (mL). Data represent mean * SD
of logio-transformed CFU/mL values from technical triplicates in a single experiment (n = 1),
with individual technical replicate values shown as symbols. DF, dilution factor.

4.3.1.4 Optimisation and evaluation of qPCR standard curves

The endpoint composition of all bacterial biofilms following freezing and revival
was examined using SYBR-based gPCR. Initially, two standard curves were
generated for each species to compare bacterial load with DNA recovery and
subsequent quantification. The bacterial standard curve was generated from a
ten-fold dilution series of bacterial suspensions, whereas the DNA standard curve
was derived from ten-fold dilutions of DNA extracted from the highest-
concentration bacterial suspension. Both dilution series were analysed by gPCR

to obtain Cq values.
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Initial standard curves were generated by plotting Cq values against
logio-transformed CFE/mL values and then optimised using iterative residual-
based linear regression with sequential removal of outlying data points (Figure
S1). In the A. naeslundii bacterial dilution series, this process resulted in only
two data points remaining; thus, an additional alternative analysis was
performed in which data points for 102, 103 and 10* CFE/mL dilutions were
removed first due to the flattened shape of the curve. In this single experiment,
the first simple linear regression yielded higher R? values for dilution series
obtained directly from the DNA extracts compared with those generated from
DNA extracted from bacterial suspension dilution series. This may reflect a
possible reduction in DNA extraction efficiency at lower CFE/mL concentrations
and/or reduced amplification efficiency. The performance of both final gPCR
standard curves generated by simple linear regression (Figure 4.4) was further
evaluated by assessing their linear dynamic range and amplification efficiency
(see Table S10 and Table S11). The curves obtained from the dilution series of
DNA extracts were then used to determine the composition of all bacterial

biofilms.
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Figure 4.4 Generation of species-specific and genus-level gPCR standard curves. Planktonic
monocultures of S. intermedius, S. mitis, S. oralis, N. mucosa, R. dentocariosa, A. naeslundii,

V. dispar, F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii,

A. actinomycetemcomitans, P. gingivalis, and P. intermedia were cultured in appropriate broths
and adjusted in PBS to target concentrations of 1 x 108 CFE/mL, except for N. mucosa, which
was adjusted to 1 x 107 CFE/mL. Bacterial suspensions were serially diluted ten-fold before DNA
extraction. Additional sets of ten-fold dilutions were prepared from the DNA extracts obtained
from the highest-concentration bacterial suspensions. Both dilution series were analysed using
gPCR. Standard curves were generated by plotting Cq values against logio-transformed CFE/mL
values and fitted using simple linear regression, with iterative residual-based removal of outlying
data points. R? values indicate the goodness of fit of the final optimised regression models. For
V. dispar, the first SLR also met the final acceptance criteria and no data points were removed
from any dilution series. For A. naeslundii, sequential optimisation of the bacterial dilution
series yielded only two remaining data points; therefore, an additional alternative analysis,
denoted by an asterisk (*), was performed in which the 102, 10° and 10* CFE/mL data points were
removed first due to the flattened shape of the curve. For each species, two dilution series were
run on a single occasion (n = 1) in duplicate on the same plate under identical conditions, with a
single shared set of NTCs (4 wells). Additional genus-level standard curves and corresponding
NTC values were generated for Streptococcus spp. from the mean Cq values of S. intermedius,

S. mitis, and S. oralis, and for Fusobacterium spp. from the mean Cq values of F. nucleatum
subsp. polymorphum and F. nucleatum subsp. vincentii. A dotted line on each graph denotes the
mean Cq value for the NTCs. NTC, no-template control; SLR, simple linear regression.

4.3.2 Developing /n vitro bacterial biofilm models associated with

periodontal health and disease

4.3.2.1 Evaluation of 5-species biofilm seeding protocols

Multiple variants of a 5-species biofilm protocol were evaluated to identify the
optimal configuration for generation of a health-associated 5-species biofilm
model. Seven different configurations of bacteria seeding timelines were used to
produce the initial set of 5-species biofilms. The composition of all
configurations was then examined using qPCR (Figure 4.5 and Table 4.2). The
biofilms are labelled according to the order in which the bacteria were seeded.
For example, S+N+R denotes that S. intermedius, S. mitis and S. oralis were
seeded first, followed by N. mucosa 24 hours later, and R. dentocariosa a further
24 hours later (see Table 2.3). Across the biofilm variants examined here,
Streptococcus spp. was the most abundant component, with absolute abundance
between 1.54 x 107 + 8.66 x 10° and 3.13 x 108 + 8.16 x 10’ CFE/mL and relative
abundance between 93.39% and 99.95%. The second most prevalent component
was N. mucosa, with absolute abundance ranging from 1.99 x 10* + 1.74 x 10°to
4.03 x 10° + 7.43 x 10° CFE/mL and relative abundance from 0.01% to 4.39%.

R. dentocariosa showed the lowest abundance, with absolute abundance of

3.01 x 10* + 3.25 x 10* to 1.06 x 10° + 3.50 x 10° CFE/mL and relative abundance
of 0.04% to 2.22%.
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Figure 4.5 Compositional analysis of an initial set of the 5-species biofilms. Panel A shows
absolute abundance, expressed as logio(CFE/mL), with data shown as mean * SD of technical
triplicates from a single experiment (n = 1); individual technical replicate values are shown as
symbols. Panel B shows relative abundance, expressed as a percentage calculated from the same
gPCR-derived values. S, Streptococcus spp.; N, N. mucosa; R, R. dentocariosa.

Table 4.2 Compositional analysis of an initial set of 5-species biofilms using gPCR.

Absolute [CFE/mL] and relative [%] abundance of each bacterial species or
genus in the 5-species biofilms
Streptococcus spp-

Combination (S. intermedius, N. mucosa R. dentocariosa
S. mitis, S. oralis)

SR 1.54 x 10" +£8.66 x 10°® | 1.28 x 10°+ 6.68 x 10* | 3.01 x 10* + 3.25 x 10*
(98.99%) (0.82%) (0.19%)

NR+S 1.72 x 10" £1.27 x 107 | 8.08 x 10°+5.17 x 105 | 4.09 x 10° + 1.88 x 10°
(93.39%) (4.39%) (2.22%)

N+R+S 1.75x 108+ 1.84 x 108 | 3.55x 10%+5.12 x 105 | 5.23 x 10° + 6.04 x 10°
(97.72%) (1.99%) (0.29%)

REN4S 1.34 x 108+ 3.14 x 10’ | 5.85 x 10°+ 6.86 x 10* | 3.87 x 10° + 5.17 x 10*
(99.28%) (0.43%) (0.29%)

S+NR 2.06 x 108 +9.26 x 10" | 1.24 x 10+ 1.21 x 10° | 1.13 x 10° +5.98 x 10*
(99.35%) (0.60%) (0.05%)

SEN+R 2.27x108+1.71 x 10" | 4.03 x 10%+7.43 x 10° | 1.06 x 10° + 3.50 x 10°
(97.80%) (1.74%) (0.46%)

S+REN 3.13x108+8.16 x 10" | 1.99 x 10*+ 1.74 x 10° | 1.21 x 10° £ 6.73 x 10*
(99.95%) (0.01%) (0.04%)

Absolute abundance values are shown as mean + SD of technical triplicates from a single
experiment (n = 1), with corresponding relative abundance values shown alongside as

percentages (%).

4.3.2.2 Compositional analysis of the 5-species NR+S and S+NR biofilms

Following the preliminary comparison of the different 5-species seeding

protocols, two variants, NR+S and S+NR, were chosen for further
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characterisation. Their composition was assessed across samples from three
independent batches to evaluate the reproducibility of the initial findings. All
species added were detected (Figure 4.6), although in the second batch of both
variants a strong deviation towards R. dentocariosa load in their composition
was observed, therefore it was excluded from further analysis. Mean values
(Figure 4.7) indicated lower absolute and relative abundances of Streptococcus
spp. in NR+S biofilms than in S+NR biofilms (1.12 x 107 + 8.49 x 10° (94.36%) vs.
6.17 x 10% £ 5.52 x 108 (99.42%)). Absolute abundances of N. mucosa (4.14 x 10°
+5.57 x 10° vs. 2.48 x 10° + 2.19 x 10°) and R. dentocariosa (2.54 x 10°

+2.19 x 10° vs. 1.13 x 10° + 1.03 x 10°) were also lower in NR+S biofilms,
although their relative abundances were higher (3.49% vs. 0.40% and 2.14% vs.

0.18%, respectively). Data are summarised in Table 4.3 and Table 4.4.
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Figure 4.6 Compositional analysis of the 5-species NR+S and S+NR biofilms at the individual coverslip level. Absolute abundance values, determined using qPCR,
are shown as logio(CFE/mL) (A, B), with corresponding relative abundance values shown as percentages (%) (C, D). Each x-axis tick label corresponds to an individual
biofilm sample grown on a single coverslip.
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Figure 4.7 Compositional analysis of the 5-species NR+S and S+NR biofilms at the batch and
grand mean level. Absolute abundance values, determined using gPCR, are shown as
logio(CFE/mL) (A, B, C, D), with corresponding relative abundance values shown as percentages
(%) (E, F, G, H). For absolute abundance, values are shown as mean + SD at the batch level (A, B)
and grand mean level (C, D), whereas relative abundance values are shown as mean percentages
at the batch level (E, F) and grand mean level (G, H). Batch-level values were calculated from
technical replicates within each batch (3, 4 or 8 per batch), with individual technical replicate
values indicated by symbols on the batch-level absolute abundance graphs (A, B); grand mean
values were calculated from batch means after exclusion of the second batch, with batch means
indicated by symbols on the grand mean absolute abundance graphs (C, D).



Table 4.3 Compositional analysis of the 5-species NR+S biofilms.

120

Bacterial species or genus

Absolute [CFE/mL] and relative [%] abundance of each bacterial species or genus in the 5-species NR+S biofilm

Batch 1 (3)

Batch 2 (4)

Batch 3 (8)

Grand mean

Streptococcus spp.
(S. intermedius, S. mitis, S. oralis)

1.72 x 107 + 1.27 x 107
(93.39%)

7.92 x 10° + 1.36 x 107
(9.53%)

5.18 x 10° + 3.44 x 10°
(97.74%)

1.12 x 107 + 8.49 x 10°
(94.36%)

N. mucosa

8.08 x 105 + 5.17 x 10°
(4.39%)

5.25 x 105 + 4.22 x 10°
(0.63%)

2.05 x 10% + 1.27 x 10*
(0.39%)

4.14 x 10° + 5.57 x 10°
(3.49%)

R. dentocariosa

4.09 x 10° + 1.88 x 10°
(2.22%)

7.46 x 107 + 5.09 x 107
(89.83%)

9.92 x 10% + 1.09 x 10°
(1.87%)

2.54 x 105 + 2.19 x 10°
(2.14%)

Absolute abundance values were determined using gPCR and are expressed as CFE/mL, with corresponding relative abundance values (%) shown in the same cells.
For the batch columns, absolute abundance is shown as mean + SD of technical replicates within each batch (number shown in the column heading), while relative

abundance is shown as a mean percentage. Grand mean values were calculated from the corresponding batch-level values after excluding the second batch.

Table 4.4 Compositional analysis of the 5-species S+NR biofilms.

Bacterial species or genus

Absolute [CFE/mL] and relative [%] abundance of each bacterial species or genus in the 5-species S+NR biofilm

Batch 1 (3)

Batch 2 (4)

Batch 3 (8)

Grand mean

Streptococcus spp.
(S. intermedius, S. mitis, S. oralis)

2.27 x 108 + 1.71 x 107
(97.80%)

1.11 x 10° + 4.60 x 10°
(0.61%)

1.01 x 10° + 4.00 x 108
(99.79%)

6.17 x 108 + 5.52 x 10°
(99.42%)

N. mucosa

4.03 x 10° + 7.43 x 10°
(1.74%)

9.05 x 10° + 8.97 x 10°
(0.49%)

9.30 x 105 + 5.13 x 10°
(0.09%)

2.48 x 10° + 2.19 x 10°
(0.40%)

R. dentocariosa

1.06 x 105 + 3.50 x 10°
(0.46%)

1.81 x 108 + 6.92 x 107
(98.90%)

1.21 x 105 + 1.90 x 10°
(0.12%)

1.13 x 105+ 1.03 x 10°
(0.18%)

Absolute abundance values were determined using gPCR and are expressed as CFE/mL, with corresponding relative abundance values (%) shown in the same cells.
For the batch columns, absolute abundance is shown as mean + SD of technical replicates within each batch (number shown in the column heading), while relative

abundance is shown as a mean percentage. Grand mean values were calculated from the corresponding batch-level values after excluding the second batch.
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4.3.2.3 Compositional analysis of the 10-species biofilms

Prior to its use in subsequent experiments, the 10-species biofilm was assessed
to determine whether its composition was consistent with the expected profile
(Brown, 2020, Millhouse, 2015). Data were examined on a per-sample basis, at
the batch level and as a grand mean. At the sample level (Figure 4.8), all added
species and genera were detected. While variability between biofilms within and
between batches was observed, the overall composition appeared broadly
similar across biofilms, with A. naeslundii and Streptococcus spp. being the most
abundant components. Batch-level variation was most apparent in the
abundance values for V. dispar and A. actinomycetemcomitans (Figure 4.9A and
C), with lower values observed in batch 3 (4.92 x 10% + 1.42 x 103 CFE/mL;
0.0002% and 3.05 x 10° + 2.80 x 10° CFE/mL; 0.02%, respectively) than in batch 1
(3.56 x 107 + 2.50 x 10" CFE/mL; 3.18% and 6.20 x 10°® + 7.75 x 10° CFE/mL;
0.55%, respectively) and batch 2 (1.75 x 107 + 1.72 x 10’ CFE/mL; 1.80% and
3.44 x 10° + 5.49 x 108 CFE/mL; 0.35%, respectively). At the grand mean level
(Figure 4.9B and D), the most abundant species was A. naeslundii at 9.67 x 108
+4.32 x 108 CFE/mL (70.98%), followed by Streptococcus spp. at 3.45 x 108
+1.34 x 108 CFE/mL (25.30%). The combined F. nucleatum subspecies accounted
for 2.85 x 107 + 2.15 x 107 CFE/mL (2.09%), while V. dispar was present at

1.77 x 107 £ 1.78 x 10" CFE/mL (1.30%). Bacterial species added last comprised
the remainder of the biofilm composition: A. actinomycetemcomitans (3.31 x 10°
+2.95 x 108 CFE/mL; 0.24%), P. gingivalis (1.10 x 10°® + 5.88 x 10° CFE/mL;
0.08%) and P. intermedia (1.03 x 10* + 8.07 x 10° CFE/mL; 0.0008%). Results at
the batch and grand mean levels are summarised in Table 4.5.
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Table 4.5 Compositional analysis of the 10-species biofilms.
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Bacterial species or genus

Absolute [CFE/mL] and relative [%] abundance of each bacterial species or genus in the 10-species biofilm

Batch 1 (12)

Batch 2 (4)

Batch 3 (4)

Grand mean

Streptococcus spp.
(S. intermedius, S. mitis, S. oralis)

3.00 x 108 + 2.45 x 10°
(26.76%)

2.39 x 108 + 1.12 x 108
(24.59%)

4.96 x 10°® + 9.30 x 107
(24.83%)

3.45 x 108 + 1.34 x 10°
(25.30%)

F. nucleatum
(subsp. polymorphum and vincentii)

4.72 x 107 + 5.33 x 107
(4.21%)

5.01 x 10° + 6.13 x 10°
(0.52%)

3.32 x 107 + 4.028 x 107
(1.66%)

2.85 x 107 + 2.15 x 107
(2.09%)

A. naeslundii

7.30 x 108 + 4.72 x 10°
(65.14%)

7.05 x 108 + 5.03 x 10°
(72.63%)

1.47 x 10° + 7.35 x 108
(73.46%)

9.67 x 108 + 4.32 x 10°
(70.98%)

V. dispar

3.56 x 107 + 2.50 x 107
(3.18%)

1.75 x 107 + 1.72 x 107
(1.80%)

4.92 x 10° + 1.42 x 10°
(0.0002%)

1.77 x 107 + 1.78 x 107
(1.30%)

A. actinomycetemcomitans

6.20 x 10° + 7.75 x 10°
(0.55%)

3.44 x 10° + 5.49 x 10°
(0.35%)

3.05 x 10° + 2.80 x 10°
(0.02%)

3.31 x 10° + 2.95 x 10°
(0.24%)

P. gingivalis

1.74 x 105 + 1.32 x 106
(0.16%)

9.73 x 105 + 4.92 x 10°
(0.10%)

5.82 x 10° + 2.06 x 10°
(0.03%)

1.10 x 10° + 5.88 x 10°
(0.08%)

P. intermedia

1.67 x 10* £ 2.13 x 10*
(0.001%)

1.29 x 10* + 2.11 x 10*
(0.001%)

1.21 x 103 + 5.27 x 10?2
(0.00006%)

1.03 x 10* + 8.07 x 10
(0.0008%)

Absolute abundance values were determined using gPCR and are expressed as CFE/mL, with corresponding relative abundance values (%) shown in the same cells.
For the batch columns, absolute abundance is shown as mean + SD of technical replicates within each batch (number shown in the column heading), while relative

abundance is shown as a mean percentage. Grand mean values were calculated from the corresponding batch-level values.
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4.3.2.4 Quantification of P. gingivalis in mono-species biofilms

To provide a negative control for the nitrate reduction Griess assay, a mono-
species P. gingivalis biofilm was grown, as P. gingivalis is not a known nitrate-
reducing species (Dahlén et al., 2007). In addition, this model enabled
evaluation of P. gingivalis characteristics in the absence of other bacterial
species from the 10-species biofilm. gPCR analysis (Figure 4.10) showed that, on
average, the mono-species biofilms contained 9.58 x 10* + 7.66 x 10* CFE/mL,

which was lower than the values observed in the 10-species biofilms.
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Figure 4.10 Quantification of bacteria in mono-species P. gingivalis biofilms. Absolute
abundance values were determined using gPCR and are shown as logio(CFE/mL). Individual
technical replicates from a single batch are shown separately (A) and summarised as mean = SD
(B), with symbols indicating each replicate value.

4.3.2.5 Assessment of biofilm microarchitecture and structure with scanning

electron microscopy

Scanning electron microscopy was used to qualitatively assess biofilm formation
and architecture. Following revival, biofilms were processed and imaged by SEM.
Images were taken from high-, medium- and low-density areas selected as
representative of the observed fields within each coverslip (Figure 4.11). The
two types of 5-species biofilms had strikingly different morphologies. The
surface of the NR+S biofilm at 18x magnification appeared heterogenous (Figure
4.11A) with modest upward growth and a structure resembling desiccated and
fragmented moss at 500x magnification (Figure 4.12). At 5000x magnification,
clustered microstructures composed of entangled chains of cocci and diplococci

were visible, with distinguishable high-, medium- and low-density regions. The
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latter showed the presence of extracellular matrix in central parts of branching
bacterial aggregates. The S+NR biofilm was very densely packed and had a
homogeneous appearance at 18x magnification (Figure 4.11B). Examination at
500x magnification (Figure 4.13) revealed the presence of a surface with a
cracked, desiccated appearance resembling polygonal cracking in dried mud or
clay, with three morphologically different areas: one with sparse, wide cracks;
one with more numerous, narrower cracks; and one with a dense network of fine
cracks. When viewed under 5000x magnification, all areas showed dense
aggregation of cocci, with extracellular matrix content difficult to distinguish
due to the density of the biofilm. Additionally, sparse elongated bacteria were
present. At 18x magnification, the 10-species biofilm showed a distinct, highly
heterogeneous surface composed of patches varying in size and distribution; in
some regions, the patches formed larger and vertically overlapping structures,
while in others they were smaller and dispersed (Figure 4.11C). Under 500x
magnification, the aggregates showed a complex fibrous morphology (Figure
4.14). Observation at 5000x magnification revealed a mixture of single and
chained cocci, rods and distinctive spindle-shaped bacteria. The abundance of
the latter was lower in low-density regions of the biofilm. Biofilm inoculated
only with P. gingivalis was flattened and showed relatively uniform distribution
at 18x and 500x magnifications (Figure 4.11D and Figure 4.15, respectively),
although it was still possible to distinguish areas with different growth densities.
High-density areas were densely populated by short rods with occasional spaces
between them. Pronounced accumulation of thread-like extracellular matrix was
observed. In medium-density areas, bacterial cells were uniformly scattered and
held together by the extracellular matrix. Low-density areas, on the other hand,
displayed a combination of individual bacterial cells and clusters connected by

long filaments of the extracellular matrix.
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(A) 5-species N+RS biofilm (B) 5-species S+NR biofilm (C) 10-species biofilm (D) P. gingivalis biofilm
(5 days in CO) (5 days in CO2) (1 day in COz + 6 days in AnO2) (4 days in AnOz)

18x

Figure 4.11 Scanning electron microscopy images of 5-species NR+S (A) and S+NR (B), 10-species (C) and mono-species P. gingivalis (D) biofilms. Following growth
on 13 mm Thermanox coverslips in RPMI:THB (1:1) under conditions shown above each image, biofilms were frozen and revived before being processed for SEM.
Specimens were viewed using a JEOL 1T100 scanning electron microscope operated at 15.0 kV at 18x magnification. Images were captured using JEOL InTouch Scope
software version 1.05. One coverslip containing a mature biofilm of each type was processed. HDA, high-density area; MDA, medium-density area; LDA, low-density

area.
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Figure 4.12 Scanning electron microscopy images of a 5-species NR+S biofilm. Following growth on a 13 mm Thermanox coverslip in RPMI:THB (1:1) for 5 days under
aerobic (5% COz) conditions, the biofilm was frozen and revived before being processed for SEM. The specimen was viewed using a JEOL IT100 scanning electron
microscope operated at 15.0 kV at 500x and 5000x magnifications. Images were captured using JEOL InTouch Scope software version 1.05. One coverslip containing a
mature biofilm was processed. ECM, extracellular matrix.
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Figure 4.13 Scanning electron microscopy images of a 5-species S+NR biofilm. Following growth on a 13 mm Thermanox coverslip in RPMI:THB (1:1) for 5 days under
aerobic (5% CO2) conditions, the biofilm was frozen and revived before being processed for SEM. The specimen was viewed using a JEOL IT100 scanning electron
microscope operated at 15.0 kV at 500x and 5000x magnifications. Images were captured using JEOL InTouch Scope software version 1.05. One coverslip containing a
mature biofilm was processed. EB, elongated bacteria.
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Figure 4.14 Scanning electron microscopy images of a 10-species biofilm. Following growth on a 13 mm Thermanox coverslip in RPMI:THB (1:1) for 1 day under
aerobic (5% CO2) and 6 days under anaerobic conditions (85% N2, 10% CO2 and 5% Hz), the biofilm was frozen and revived before being processed for SEM. The specimen
was viewed using a JEOL IT100 scanning electron microscope operated at 15.0 kV at 500x and 5000x magnifications. Images were captured using JEOL InTouch Scope

software version 1.05. One coverslip containing a mature biofilm was processed.
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Figure 4.15 Scanning electron microscopy images of a mono-species P. gingivalis biofilm. Following growth on a 13 mm Thermanox coverslip in RPMI:THB (1:1) for
4 days under anaerobic conditions (85% Nz, 10% COz and 5% H), the biofilm was frozen and revived before being processed for SEM. The specimen was viewed using a

JEOL IT100 scanning electron microscope operated at 15.0 kV at 500x and 5000x magnifications. Images were captured using JEOL InTouch Scope software version
1.05. One coverslip containing a mature biofilm was processed.
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4.3.2.6 Evaluation of nitrate reduction capacity of biofilms

To evaluate nitrate reduction capacity, mono- and multi-species biofilms were
revived under appropriate conditions. Biofilms were incubated with added

100 puM nitrate (treated) or without added nitrate (untreated) for 1 hour at

37 °C, 5% CO.. The supernatants were then collected and replaced before a
further 24-hour incubation under the same conditions. Supernatant nitrite (NO2")

levels were measured using the Griess diazotisation reaction (Figure 4.16).

Overall, nitrite levels in supernatants collected from the S+NR and NR+S biofilms
and media-only control coverslips revived under the same conditions appeared
broadly comparable between the nitrate-treated and untreated control groups.
At 1 hour, nitrite levels in S+NR biofilm supernatants from both groups were
below the lower limit of detection (LOD) of the assay (1.0 uM). In the NR+S
untreated group, the mean nitrite level was also below the assay LOD, although
not all readings were below this limit. Measurable nitrite concentrations were
observed in NR+S biofilm supernatants from the treated group (1.31 £ 0.23 pM)
and in control coverslip supernatants from both treated and untreated groups
(1.33£0.19 yM and 1.29 £ 0.06 pM, respectively). After 24 hours, nitrite
concentrations in supernatants were 8.11 + 3.58 yM and 6.35 + 1.52 pyM in S+NR,
3.23+£0.15 yM and 4.98 + 0.84 pM in NR+S, and 1.67 £ 0.39 uM and 1.64

+ 0.17 pM in control coverslips, respectively, for the treated and untreated

groups.

Supernatants collected from the 10-species and mono-species biofilms and
media-only control coverslips revived under the same conditions showed
different nitrite accumulation patterns. Some values exceeded the upper LOD of
the assay (100 pM) and are therefore reported as extrapolated estimates and
interpreted cautiously. At 1 hour, 10-species biofilm supernatants had a higher
estimated nitrite concentration in the treated group (306.47 £+ 40.54 pyM)
compared to the untreated group (227.45 £ 136.96 pM). These concentrations
decreased after 24 hours to an estimated 151.10 + 4.53 pM (treated group) and
99.65 + 37.58 uM (control). In contrast, supernatants collected at 1 hour from
the P. gingivalis mono-species biofilms contained 3.21 + 0.28 pM nitrite in the
treated group and 3.18 + 1.18 pM in the untreated group. These values increased
after 24 hours to estimated concentrations of 334.83 + 12.29 yM and 311.53
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+ 14.99 uM, respectively. Supernatants from the media-only control coverslips in
this group showed slightly higher nitrite concentrations than their counterparts
revived in 5% CO». At 1 hour, nitrite levels were 2.15 + 0.67 pM and 2.62

+ 0.96 pM, increasing at 24 hours to 3.44 £ 0.22 pM and 3.78 £ 2.36 uM in the

treated and untreated groups, respectively.
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Figure 4.16 Nitrite accumulation in biofilm supernatants evaluated through the Griess
diazotisation reaction. Biofilms were incubated in RPMI:THB (1:1) with added 100 yM nitrate
(Treated) or without added nitrate (Control) for 1 hour and then for a further 24 hours at 37 °C,
5% CO.. Data are shown as mean * SD from one experiment (n = 1) with three technical
replicates. Individual technical replicate values are shown as symbols. The green and red dotted
lines denote the lower and upper limits of the standard curve, respectively. Samples outside the
limits of the standard curve were extrapolated where possible; values below the lower limit that
could not be extrapolated were assigned a value of 0 before calculation of the mean.

< LOD, below the lower limit of detection; S+NR, 5-species biofilm initiated with Streptococcus
spp-; NR+S, 5-species biofilm initiated with N. mucosa and R. dentocariosa; 10 spp., 10-species
biofilm; Pg, mono-species P. gingivalis biofilm; Media only, control coverslip.
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4.3.2.7 Assessment of biofilms biomass

Following assessment of the nitrate reduction capacity, the remaining biofilms
were reused in a crystal violet assay to assess their biomass. At the macroscopic
level, there were no visible differences between biofilms treated with nitrate
and untreated controls. 5-species S+NR and 10-species biofilms showed strong
dye retention, however, notable variations were observed in the uptake pattern
(Figure 4.17A). S+NR biofilms appeared to be more uniformly stained, which
contrasted with 10-species biofilms that had a heterogeneous morphology with
confluent patches caused by colony coalescence. 5-species NR+S biofilms
exhibited moderate dye retention with the presence of patches that were
heterogeneous in size and shape. In P. gingivalis mono-species biofilms, on the
other hand, only faint staining was observed, although this was still
distinguishable from the control coverslips. Colorimetric analysis of the released
crystal violet dye showed that both nitrate-treated and untreated control
biofilms had similar biomass within the same biofilm types (Figure 4.17B). The
highest OD values were observed among 10-species biofilms, with values of 2.48
+ 0.22 and 2.44 + 0.38 for treated and control groups, respectively. This was
followed by S+NR biofilms, with ODs7o values of 1.98 + 0.41 (treated) and 1.82

+ 0.41 (control) and NR+S biofilms with 1.40 + 0.33 (treated) and 1.17 + 0.28
(control). The lowest biomass was observed in P. gingivalis mono-species
biofilms, with values of 0.45 + 0.02 and 0.45 £ 0.07 (treated and control,

respectively).
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Figure 4.17 Crystal violet biomass assessment of biofilms following the Griess diazotisation
reaction. (A) Biofilms stained with crystal violet; (B) crystal violet biomass assessment. Images
and data are from a single experiment (n = 1) performed in technical triplicate. Data represent
mean + SD, with individual technical replicate values shown as symbols. S+NR, 5-species biofilm
initiated with Streptococcus spp.; NR+S, 5-species biofilm initiated with N. mucosa and

R. dentocariosa; 10 spp., 10-species biofilm; Pg, mono-species P. gingivalis biofilm; Media
only, control coverslip.

4.4 Discussion

This chapter presents the process of development and validation of the first
multispecies in vitro biofilm model associated with periodontal health that goes
beyond mimicking a supragingival plague or being a baseline for the growth of a
periodontitis model. While the biofilm was built on a previously developed 3-
species Glasgow model containing S. intermedius, S. mitis and S. oralis, it
additionally incorporated two health-associated species - N. mucosa and

R. dentocariosa. Using a 10-species periodontitis model for comparative

evaluation suggested differences between 5- and 10- species biofilm models.



136

4.4.1 Optimisation of culture quantification and analytical
methods

Preliminary characterisation of N. mucosa growth kinetics (Figure 4.1) was
performed solely to identify the optimal culture incubation time point for Miles
and Misra plating (Figure 4.2), and to correlate OD with viable CFU counts. These
experiments therefore represented a methodological optimisation step rather

than a biological endpoint.

In the subsequent experiment, viable counts appeared to differ from the
expected values for species used in biofilm seeding (Figure 4.3), despite
adjustment of each bacterial suspension to its predefined target OD. This
observation should be interpreted in light of the limitations of both OD-based
standardisation and CFU/mL-based viable count estimation. Single-point OD
measurements provide an indirect estimate of bacterial suspension density based
on light scattering, but do not distinguish between single cells and aggregates,
viable and non-viable cells, or cells in different physiological states. Therefore,
OD adjustment alone may not reliably predict the viable bacterial load
expressed as CFU/mL (Mira et al., 2022). CFU/mL measurements also have
limitations as an estimate of viable bacterial numbers in the initial suspension.
Colony counts assume that each visible colony arises from one colony-forming
unit, which may not correspond to a single bacterial cell, and that colonies are
sufficiently separated to be distinguished accurately (Sutton, 2012). These
measurements may also be affected by the physiological state of cells and

differences in the ability to initiate colony growth after plating (Davey, 2011).

In line with this, viable count estimates for N. mucosa and P. gingivalis appeared
higher than the intended seeding targets, particularly for N. mucosa. However,
as these estimates were derived from colony counts outside the preferred range
of 50-200 colonies per spot, the exact CFU/mL values should be interpreted
cautiously. These findings suggest that, in this experiment, adjustment to
predefined OD values may not have produced the intended viable bacterial
loads. The lack of visible colonies for P. intermedia may in part reflect failure to
recover culturable cells under the conditions used, potentially due to oxygen
exposure during droplet drying. Despite the observed variability, the Miles and

Misra assay was useful in confirming the presence of viable culturable bacteria in
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the stored stocks, although recovery was not observed for all species.
Furthermore, it provided an approximate indication of the extent to which OD-
based standardisation corresponded to viable CFU counts across species. As this
optimisation experiment was conducted on a single occasion (n = 1), these
findings should be interpreted with caution and regarded as preliminary

observations rather than definitive quantitative comparisons between species.

In addition to culture-based quantification, qPCR standard curve optimisation
(Figure S1) was performed to support downstream assessment of biofilm
composition. Small differences were observed between the two versions of the
gPCR standard curves generated for each species or genus (Figure 4.4), which
may be consistent with the presence of qPCR inhibitors. Such inhibitors may
arise from residual media components, bacterial cell material, or extracellular
polymeric substances within the biofilm matrix (Schrader et al., 2012). This
introduces a possibility of reduced DNA extraction efficiency or co-purification
of inhibitory substances with the DNA samples, thereby potentially altering the
Cq values obtained from the assigned CFE/mL standards. Further investigation
would be required to determine the exact nature of the inhibition mechanism,
as amplification may improve when inhibitory effects are reduced by dilution or
worsen if inhibitory substances are co-purified and concentrated within the
sample (Huggett et al., 2008). This could be assessed by adding a known
guantity of external DNA to a biofilm sample before DNA extraction (also known
as a ‘spike-in’) to assess the entire workflow, or employing an internal
amplification control (IAC) to detect inhibition in already extracted biofilm DNA
samples. Nolan et al. (2006) developed a quantitative TagMan-based version of
IAC called a ‘SPUD’ assay that uses a synthetic DNA template derived from the
phyB gene region of the potato species Solanum tuberosum. Similarly, Kavlick
(2018) described a TagMan-based method in which a fully synthetic universal
exogenous internal positive control could be customised. These techniques
would require validation with SYBR Green-based qPCR. Once the underlying
mechanism of amplification inhibition has been identified, an appropriate
method for PCR inhibitor removal should be selected (Schrader et al., 2012). The
better performance of the DNA-derived standard curves is likely attributable to
the fact that serial dilutions were prepared directly from a single extracted DNA

stock in ultrapure water, thereby minimising variability associated with repeated
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extraction steps and dilution of potential inhibitory substances. While this
method provided a consistent basis for gPCR quantification, it cannot fully
account for variability introduced during DNA extraction from low biomass
samples. Consequently, quantification of biofilm samples may still be influenced
by extraction-related variability not captured by these standard curves. It is
important to note, however, that each standard curve was based on a single
serial dilution series assessed in technical duplicate. Therefore, the results
demonstrate consistency within the assay but do not capture variability between
independently prepared standard curves, and the reported curve performance
should be interpreted as assay-specific. Despite these limitations, the selected
gPCR standard curves remained appropriate for comparative assessment of

bacterial abundance across all biofilm samples.

4.4.2 Development and compositional characterisation of health-

associated biofilms

The next part of the chapter was to determine the order of introduction of
species during the seeding phase of biofilm growth. All tested modifications of
the seeding protocol resulted in the added species being detected, with notable
dominance of Streptococcus spp. (that included S. intermedius, S. mitis and

S. oralis) observed across all conditions (Figure 4.5), which may be consistent
with antagonistic interactions with the remaining species. Based on these
findings, the NR+S and S+NR, were selected for further characterisation and

assessment of reproducibility across three independent batches.

Compositional analysis showed similar patterns in batches 1 and 3 for both
biofilm combinations, with Streptococcus spp. being the most abundant
component. This contrasted with the marked predominance of R. dentocariosa
in batch 2 at both the individual coverslip level (Figure 4.6) and batch level
(Figure 4.7). Although the cause remains unclear, one unplanned variation in the
protocol was noted. During the preparation phase, Thermanox coverslips were
placed in the plate; however, seeding with bacterial suspensions was delayed by
4 days for logistical reasons. Thermanox coverslips are made of a proprietary
polyester film with a surface treatment that confers hydrophilicity and thereby

promotes cell adherence. Evidence from studies on plasma-treated PET, a type
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of polyester, suggests that exposure to air may result in partial hydrophobic
recovery, particularly within the first few days (Vesel et al., 2020). Altered
surface properties may therefore have promoted differential attachment of
bacterial cells from the seeding suspensions. R. dentocariosa has been reported
to show greater affinity for a hydrophobic silicone rubber surface than the other
bacterial strains included, although the comparison set was limited (Rodrigues et
al., 2007). This raised the possibility that the observed dominance of

R. dentocariosa was influenced by unintended changes in surface properties, and
the batch was therefore excluded from further analysis. This highlights the
importance of strict adherence to the protocol and of validating the composition

of each batch before use in downstream assays.

4.4.2.1 Comparison of /n vitro biofilm composition with ex vivo biofilms

Although the human oral microbiome encompasses over 700 species and around
150 genera (Escapa et al., 2018), it appears that the majority of both supra- and
subgingival plaque in periodontally healthy volunteers is composed of a
relatively small number of genera. For example, in one study, around 80-85% of
the sequences identified in ex vivo plaque from healthy volunteers were
accounted for by around 13 genera, including Streptococcus, Rothia and
Neisseria (Mark Welch et al., 2016). The composition of a health-associated
subgingival microbiome is less well defined than that associated with
periodontitis. As discussed in Chapter 3, findings are highly variable between
studies, and no single health-associated profile can be defined. Nevertheless, a
review of 20 next-generation sequencing association studies identified
Streptococcus and Rothia as the genera most strongly associated with
periodontal health (Feres et al., 2021). A reanalysis of publicly available
datasets from 10 studies likewise identified Streptococcus and Rothia taxa
among the dominant members of health-associated communities (Abusleme et
al., 2021). The taxon with the highest mean relative abundance in health was
the aggregated Streptococcus HMT 423 mitis/pneumoniae group, although this
classification could not distinguish S. mitis, Streptococcus pneumoniae and
Streptococcus sp. HMT 423. R. dentocariosa was also among the most abundant
taxa in health. Nonetheless, compared with the 5-species in vitro biofilms
generated in the present study (Figure 4.7), the most abundant taxa reported in

health-associated in vivo communities comprised a broader range, including
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additional Streptococcus (S. sanguinis and Streptococcus sp. HMT 064), Rothia
(R. aeria) and Neisseria (Neisseria flava) taxa, as well as Corynebacterium,
Lautropia, Actinomyces, Fusobacterium, Veillonella, Capnocytophaga and
Haemophilus. Notably, the mean relative abundance of individual taxa did not
exceed 20%. The current work provides a foundation for future studies to

incorporate a broader range of species.

4.4.2.2 Role of included species in initial colonisation and early biofilm
development

The final selected 5-species biofilm variant (S+NR) was initiated with
Streptococcus spp., an approach commonly used in previous Glasgow 3-, 7- and
10-species biofilm models (Brown et al., 2023, Millhouse, 2015). This was
consistent with the fact that Streptococcus spp. are the most abundant
colonisers of virtually all sites of the oral cavity and possess a variety of
mechanisms ensuring successful adhesion to different surfaces. These include
adhesins, matrix-interacting proteins and pili (Bloch et al., 2024, Nobbs et al.,
2015). S. mitis and S. oralis are among pioneer colonisers that adhere directly to
the surface providing a foundation for attachment and growth of early colonisers
such as S. intermedius through cell-to-cell interactions. This sequence is
essential for subsequent colonisation by bridging species and the late colonisers
such as members of the red complex (Kolenbrander et al., 2010, Rosan and
Lamont, 2000). The role of early colonisers in biofilm structure and composition
In vitro was demonstrated through delayed addition or complete removal of

S. oralis, S. anginosus, and A. oris from the Zurich subgingival 10-species biofilm
model (Ammann et al., 2013). While there were no significant differences in
total bacterial counts, species-specific shifts were observed accompanied by
looser biofilm structure and more homogenous bacterial distribution.
Furthermore, a study on in vivo biofilm development on enamel chips in

3 healthy human subjects provided evidence that streptococci comprised from
66 to 80% of genera present in newly formed biofilm samples (Diaz et al., 2006).
At the species level, a group consisting of S. oralis and S. mitis was dominant at
4- and 8-hour time points. A similar study utilising hydroxyapatite discs in

10 healthy volunteers also indicated Streptococcus as the most abundant genus,
reaching > 20%, but only up to the 16-hour time point (Wake et al., 2016). Its

numbers started declining at 24 hours and constituted less than 5% after
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96 hours. These somewhat contradicting results could be explained by different
methods employed in both studies: 16S rRNA gene cloning and Sanger sequencing
accompanied by FISH (Diaz et al., 2006) vs. lon Torrent PGM sequencing of the
V5-V6 region of the 16S rRNA gene (Wake et al., 2016). The latter is a modern
next-generation sequencing method that can better detect rare and low-
abundance taxa. Further studies of the in vitro biofilms described in this chapter
could employ such more sophisticated methods of Streptococcus spp.
discrimination. However, for the current work the benefits of these approaches

were not deemed.

Although Rothia spp. are less dominant in subgingival plaque than Streptococcus
spp., R. dentocariosa was found to be the most abundant species in health-
associated subgingival plague (Abusleme et al., 2013). Studies on in vivo-formed
biofilms collected at a 6-hour time point, either using polyvinylidene difluoride
membrane swabs in 11 healthy subjects (Heller et al., 2016) or from
hydroxyapatite discs placed in the mouth in 74 healthy subjects (lhara et al.,
2019), indicated that R. dentocariosa is involved in early plaque formation. Its
potential role was indicated in a study that mapped specific interbacterial
adhesion networks in early (4- and 8-hour) in vivo biofilms grown on human
enamel chips through FISH combined with confocal microscopy. Rothia spp.
(which included R. dentocariosa and R. mucilaginosa) formed distinct islands
within the biofilm, indicating a potential role as a nucleation point for bacterial
interactions. Of note, R. dentocariosa isolates coaggregated mainly with
streptococci (Palmer et al., 2017). In another study, R. dentocariosa isolated
from dental plaque was identified as a coadhesion partner of S. oralis strain 34
(Ruhl et al., 2014). Interestingly, 2-day old R. dentocariosa monospecies biofilms
were shown to form only moderate biofilms with ODsgg values ranging between
0.2 and 0.3 (Alshatti et al., 2023).

Neisseria spp. are abundant in health-associated subgingival plaque (Feres et al.,
2021, Meuric et al., 2017). Analysis of the oral metagenomes obtained from the
Human Microbiome Project dataset revealed that the gingival plaque was
populated mainly by N. sicca, N. mucosa and N. elongata (Donati et al., 2016).
Neisseria spp. were indicated as early colonisers; in the aforementioned study by
Wake et al. (2016) they comprised more than 20% of the biofilm population from

4 hours until the final study endpoint at 96 hours. It has also been described that
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Neisseria spp. form islands within the biofilm similarly to Rothia spp. (Palmer et
al., 2017).

4.4.2.3 Possible mechanisms underlying antagonistic interactions within
health-associated biofilms

The predominance of Streptococcus spp. in the 5-species health-associated
biofilms may partly reflect antagonistic interactions with other community
members. In addition to directly competing for binding sites and nutrients in the
medium, oral streptococci can also modify the surrounding environment and
inhibit growth of other bacteria through production of antimicrobial compounds,
e.g. organic acids lowering pH (Assinder, 1995, Mashimo et al., 1985) and
hydrogen peroxide introducing oxidative stress (Herrero et al., 2016, Okahashi et
al., 2014, Redanz et al., 2018).

4.4.2.3.1 pH

Streptococci isolated from different tooth surfaces are capable of lowering pH in
broth to as low as 4.2 (van Houte et al., 1996). Furthermore, of the three
Streptococcus species used in the health-associated biofilm, S. oralis is known
for its remarkably high acid tolerance even at pH as low as 3.5 (Boisen et al.,
2021). There is no specific data available on pH range tolerated by

R. dentocariosa and N. mucosa, however, both species have been reported to be
isolated from initial carious lesions alongside other cariogenic bacteria,

suggesting they can survive low pH environments (Bizhang et al., 2011).

4.4.2.3.2 Hydrogen peroxide

Hydrogen peroxide (H20?) is produced by nearly all oral Streptococcus species. It
serves a variety of roles in the microbial community and thus provides
competitive advantage for their producers during the early stages of biofilm
development. H>0: is generated from superoxide anions inside the bacterial cells
and diffuses into the external environment, where it is quickly reduced to highly
reactive hydroxyl radicals that induce DNA damage (Redanz et al., 2018).
Several oral commensals can prevent this H202-induced cytotoxicity through
production of catalase that neutralises H202 to H20 and O, and this comprises

most Neisseria spp. (including N. mucosa) (Tgnjum and van Putten, 2017), some
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Rothia spp. (with most R. dentocariosa strains (Ergin et al., 2002)), and some

A. naeslundii strains (Ellen, 1976, Jakubovics et al., 2008). Interestingly,
streptococci do not express catalase, indicating that effects of H.O> might
provide them with a better competitive advantage (Redanz et al., 2018).
Indeed, H-O, was reported to cause extracellular release of streptococcal DNA,
thus promoting genetic transformation (Itzek et al., 2011). Furthermore, based
on studies on other species, it has been suggested that extracellular DNA may
enhance aggregation and initial adhesion in oral commensal streptococci (Zhu
and Kreth, 2012). Activity of the main pathway responsible for H>O. production
in oral streptococci, pyruvate oxidase SpxB, yields yet additional benefits for its
host by producing adenosine triphosphate (ATP) in addition to other metabolites
from the oxidative decarboxylation of pyruvate (Redanz et al., 2018). At later
stages of biofilm development, when biofilm biomass increases and oxygen
becomes less available, H.0, production decreases, allowing for growth of H20,-
sensitive periopathogens such as A. actinomycetemcomitans, P. intermedia and
P. gingivalis (Herrero et al., 2016). If subsequent experiments confirm that

a high initial H.O, concentration in 5-species biofilms is detrimental to

N. mucosa and R. dentocariosa, this could potentially be mitigated by
introducing more catalase-positive species that are still associated with
periodontal health, either to counteract oxidative stress or to provide a physical

or diffusion barrier.

4.4.2.3.3 Polysaccharide foraging

Palmer et al. (2017) suggested the presence of a potentially interesting
interaction between oral streptococci and R. dentocariosa. The latter expresses
polysaccharide in its cell wall that consists of fructose (contributing to the
majority of its dry weight), glucose, galactose and ribose (Hammond, 1970).
Some streptococci are either predicted to have fructosidases on their cell
surface, e.g. S. gordonii and S. sanguinis (Lombard et al., 2014), or to express
soluble fructan-hydrolising enzymes and utilise fructan as an energy source, e.g.
S. salivarius (Takahashi et al., 1983, Takamori et al., 1985). Early colonisers of
dental plaque, A. viscosus and S. gordonii, were found to use fructans in
adhesion in vitro (Rozen et al., 2001). It was therefore hypothesised that
streptococci can use R. dentocariosa as a carbon source at the expense of their

contribution to the biofilm biomass (Palmer et al., 2017).
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4.4.3 Compositional characterisation of previously established
periodontitis-associated and mono-species biofilm models

Both 10-species and mono-species P. gingivalis biofilms were grown as described
previously, providing reference models for comparison with the 5-species
biofilms. The qPCR assay suggested minor differences in the composition of the
10-species biofilms (Figure 4.9) and in the abundance of P. gingivalis in mono-
species biofilms (Figure 4.10) compared to the previously reported data (Brown,
2020, Millhouse, 2015). This could, at least in part, be explained by the use of
different culture media, with THB:RPMI (1:1) used here and artificial saliva used

previously.

The 10-species biofilm model was reproduced from an established protocol
(Brown et al., 2023) rather than developed de novo in the present study. Its
composition can be considered in the context of naturally occurring dysbiotic
subgingival biofilms. The model includes species indicated as strongly associated
with periodontitis - P. gingivalis and P. intermedia (Feres et al., 2021).
Similarly, F. nucleatum subsp. vincentii and F. nucleatum subsp. polymorphum
are reported to have high relative abundance in periodontitis (Abusleme et al.,
2021) and are also included in the model. Nevertheless, the model lacks several
taxa frequently associated with periodontitis, including T. forsythia,

T. denticola and F. alocis. Notably, T. forsythia and T. denticola have been
incorporated into the Zurich 10-species biofilm model, indicating that their
absence from the Glasgow 10-species consortium reflects simplification of
community composition rather than an absolute technical barrier. In addition,
the Glasgow 10-species biofilm contains high proportions of Streptococcus spp.
and A. naeslundii, taxa more typically associated with health or gingivitis than

with periodontitis in clinical microbiome studies (Abusleme et al., 2021).

Taken together, this model biofilm is better viewed as a simplified, disease-
associated model with periodontitis-related features rather than a full
representation of dysbiotic periodontal plaque. This level of simplification was
appropriate for the present study, in which the established 10-species biofilm
(Brown et al., 2023) was used primarily as a comparator against the newly

developed 5-species health-associated biofilm.



145

4.4.4 Limitations of biofilm compositional analysis

4.4.4.1 gPCR-related limitations

The first challenge relates to recovery of bacterial DNA from biofilm samples,
which are more structurally and chemically complex than bacterial suspensions
(Jakubovics et al., 2021). Although sonication of the biofilm-coated coverslips
prior to extraction improves dispersion of the biofilm biomass and partially
mitigates this issue, extracellular matrix components would still have been
present during DNA extraction and may have contributed to variability in DNA
recovery. In addition, the complexity of biofilm-derived samples may have
increased the likelihood of carryover of substances capable of inhibiting gPCR,
which could have further contributed to underestimation of CFE/mL values.
Methods for detection and removal of gPCR inhibitors have already been
discussed in detail in Section 4.4.1. A further limitation of using qPCR is that
these assays amplify target sequences regardless of bacterial viability and
therefore cannot determine which species were alive at the endpoint of biofilm
maturation. This limitation could be addressed by utilising a live/dead gPCR
assay, where samples are pre-treated with propidium monoazide to prevent
amplification of DNA in dead cells (Nocker et al., 2006). This method has been
successfully utilised to assess viability of bacterial species in oral biofilms
(Alvarez et al., 2013, Loozen et al., 2011). Finally, while specific abundance
values were presented for each biofilm model, these should be interpreted as
gPCR-derived quantitative estimates rather than exact absolute counts, given

the methodological limitations discussed in Section 4.4.1.

4.4.4.2 Potential effects of freezing and revival on biofilm composition

Freezing and subsequent revival were used pragmatically to facilitate
preparation of the biofilm models in larger batches and to ensure sample
availability for downstream analyses. However, the effect of this approach on
biofilm composition and post-thaw metabolic recovery was not assessed in the
present study. Freezing may cause structural injury to bacterial cells and reduce
viability, with the extent of damage varying between species (Guo et al., 2020,
Ray and Speck, 1973). In cells that survive, freezing may also result in metabolic

injury and impaired recovery, although such damage can be at least partly
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reversible under appropriate post-thaw conditions (Postgate and Hunter, 1963,
Ray and Speck, 1972). In multispecies biofilms, these effects may differ from
those observed in planktonic cultures, as the biofilm matrix and community
context could influence both freezing injury and subsequent recovery. Previous
work has shown that the composition of the Glasgow 3-, 7- and 10-species
biofilm models was not significantly affected by freezing and revival, as
measured by qPCR (Brown et al., 2019). Similarly, in the 10-species Zurich
model, only minor differences in culture-based species enumeration were
observed following freezing, thawing and revival (Guggenheim et al., 2009).
Together, these findings support the use of this approach. Nevertheless, a
potential impact of freezing and revival on the relative abundance of individual
species within the health-associated biofilm was not directly assessed in this
study and therefore cannot be fully excluded. However, because all comparable
biofilm samples were subjected to the same freezing, revival, and compositional
analysis workflow, any bias introduced by this step would be expected to affect

those samples consistently.

Cryoprotective additives, or cryoprotectants, such as glycerol and DMSO, have
long been used for the storage of individual bacterial isolates (Hubalek, 2003). In
addition, 20% glycerol has been used for the storage of plaque-derived oral
microbiome microcosms prior to re-propagation (Zhou et al., 2022). To the
author’s knowledge, the use of cryoprotectants has not been reported for intact
model oral biofilms. Their application during biofilm freezing may therefore be
explored as a potential means of improving the preservation of viability and
species composition. However, this would require validation, as the effects of
different cryoprotectants may vary across bacterial species and formulations
(Alessandri et al., 2024), with potential consequences for post-thaw recovery

and downstream analyses, particularly in co-culture with mammalian cells.

4.4.5 Structural characterisation of biofilm models by SEM

In vitro biofilm models cannot fully replicate the structural complexity of
biofilms occupying gingival sulci and periodontal pockets. Nevertheless, some
morphological features of the 10-species in vitro biofilms (Figure 4.14) appeared
to be broadly consistent with those reported for ex vivo subgingival biofilms

imaged on extracted teeth from periodontitis patients (Friedman et al., 1992,
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Holliday et al., 2015). These included the presence of mixed bacterial
morphologies and evidence of matrix formation. However, spirochaete-like
forms reported in ex vivo periodontitis-associated biofilms were not observed in
the present in vitro model, as no spirochaete species were included in its
composition. The bacterial morphology observed in the health-associated NR+S
(Figure 4.12) and S+NR (Figure 4.13) biofilms was much more homogeneous than
that reported in healthy ex vivo specimens. However, both in vitro and ex vivo

health-associated biofilms shared a predominance of cocci.

While SEM provides high-resolution morphological data, it cannot assess viability
or metabolic activity. Furthermore, the desiccated appearance of the NR+S
biofilm (Figure 4.12) suggests it underwent structural changes during processing,
such as loss of the extracellular matrix, despite the use of alcian blue in the
fixative (Erlandsen et al., 2004). Alternative imaging modalities could be
explored, such as fluorescence confocal microscopy, with all bacteria labelled
with the same fluorophore or different labels used for each species. Previous
experience in the group suggests that autofluorescence of the biofilms can be

extremely challenging to manage.

4.4.6 Nitrate reduction assay

Detected nitrite levels were comparable between the nitrate-treated and
untreated groups (Figure 4.16). This may indicate that the addition of nitrate to
the culture media did not produce a measurable effect on net nitrite
accumulation under the conditions tested. In the 5-species biofilms, low nitrite
accumulation was detected throughout the experiment. This may reflect the low
abundance of the nitrate-reducing species N. mucosa and R. dentocariosa. In
addition, aerobic conditions may have been less favourable for nitrate-reducing
activity, as nitrate reduction in oral bacteria and Neisseria has been described or
assessed under anaerobic conditions (Barth et al., 2009, Doel et al., 2005).
Extensive optimisation of the culture conditions would be required to assess the

effect of exogenous nitrate addition more fully.

Commercially available nitrate reduction assays are a widely used method in
nitrite level determination in biological samples; however, this technique has

several limitations. It assesses only the total amount of nitrite present at a
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chosen endpoint, without the ability to account for further reduction to NO or
re-oxidation to nitrate, which may occur in a biological setting. Moreover, false-
positive and false-negative results may arise for several reasons. Nitrate may not
be able to penetrate deeper layers of biofilm or it could be sequestered or
retained within the biofilm environment. Conversely, the RPMI:THB media mix
used in the experiment contains components that might have interfered with the
assay reagents. Similarly, oxidative stress markers released from anaerobic
bacteria that were moved to an aerobic atmosphere also could have interfered
with nitrite measurement. Furthermore, appropriate sample processing and
storage are critical, and the requirement to handle samples quickly and at low
temperatures was technically demanding. These limitations could have been
explored further by testing bacterial suspensions alongside intact biofilms. In
addition, performing the assay on freshly prepared biofilms without a freezing
and revival step may have helped determine whether sample preservation
influenced nitrate-reducing activity or assay performance. A potential approach
to detect and mitigate problems related to the inability to directly detect
nitrate and the presence of compounds interfering with the Griess reaction could
be the use of a complementary nitrite/nitrate detection method such as high-
performance liquid chromatography or ion chromatography, which allows
separation of the components of the sample and measures the concentration of
analytes of interest (Bryan and Grisham, 2007).

4.4.7 Crystal violet biomass assessment

Biofilms used for the 1-hour and 24-hour nitrate reduction capacity assays were
subsequently repurposed for the crystal violet biomass assay. Although staining
revealed variations in macroscopic structure (Figure 4.17A), no notable
differences were observed between the multi-species biofilms in the assay
(Figure 4.17B). The crystal violet biomass assay is widely used in biofilm
characterisation, despite several potential sources of bias and error. Crystal
violet has limited sensitivity to detect small differences between samples, is
prone to experimental handling variations and may underestimate biomass in
biofilms that are prone to detachment (Kragh et al., 2019). While experimental
handling variation was reduced by processing all samples simultaneously, it was

noted that the 5-species biofilms, especially the NR+S variant, were more prone
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to detachment in patches a few millimetres in size during washing, introducing

the risk of biomass loss before staining and measurement.
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4.5 Summary and findings

1. Can we design and develop an in vitro biofilm that reflects the key
characteristics of a subgingival biofilm associated with a healthy oral

barrier such as:
a. composition?

e There are bacterial genera and species more abundant in a healthy
subgingival biofilm, and they were successfully incorporated into an

in vitro model.
b. microarchitecture and structure?

e Similar to in vivo conditions, health-associated in vitro biofilm
models had a more homogenous surface, less complex structure
and exhibited lower biomass than a periodontitis-associated biofilm
model. This may reflect the smaller number of species in the
health-associated biofilm. Nonetheless, this could be considered to
reflect the reduced microbiome diversity observed in healthy

gingival sites compared with periodontitis sites.
c. metabolism (nitrate reduction capacity)?

e More studies are needed to determine the conditions where nitrate
reduction capacity contributes to the maintenance of the healthy

oral barrier.

These findings supported the hypothesis that there are key differences between
health- and periodontitis-associated subgingival biofilms. Further studies are
needed to evaluate how these different biofilms influence oral barrier integrity

in an in vitro model.
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4.6 Publications

Work from this chapter has been presented at the following

conferences/symposia:

e Haleon Symposium, January 2025, Weybridge

e University of Glasgow School of Medicine, Dentistry and Nursing IEE Day
Away, April 2025, Glasgow

e Oral Microbiology and Immunology Group ECR Meeting, May 2025,

Glasgow.
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5 Investigating host cell lines for use in an /n vitro
model of neutrophil migration into the gingival

sulcus

5.1 Introduction

5.1.1 Available models of neutrophil transepithelial migration

In vitro

Previous studies report attempts at reconstructing junctional epithelium in vitro
using a combination of different epithelial and fibroblast cell types (Gavriiloglou
et al., 2024). However, to date, only one study has described development of an
in vitro model of neutrophil transepithelial migration into the gingival sulcus.
The authors developed a system consisting of the ‘oral’ epithelial KB cells
seeded onto the basolateral side of the transwell insert membrane and
SICr-labelled primary neutrophils. Neutrophil transepithelial migration was
assessed in the context of a prior infection of the epithelial layer with

P. gingivalis (Madianos et al., 1997). The KB cell line employed in this study was
initially misidentified as oral epidermoid carcinoma, but it was later attributed
as Hela or cervical adenocarcinoma (Vaughan et al., 2017). Comparable in vitro
setups employing apical-to-basolateral migration have been utilised to model
bacterial infection-induced neutrophil transepithelial migration in other organs
such as intestines (Chu et al., 2017), lungs (Kusek et al., 2014) and brain (Wewer
et al., 2011).

5.1.2 Choosing components of an /17 vitro model of neutrophil

migration through the junctional epithelium

In this thesis, a novel 3D in vitro model was developed to mimic neutrophil
migration through the junctional epithelium. The components intended to
constitute the host part of the model, together with their spatial arrangement,
are shown in Figure 5.1. The inverted transwell setup, with the epithelial cells

seeded on the basolateral side, was retained because of its physiological



153

relevance. In vivo, neutrophils first cross the basement membrane and then
traverse the epithelial cell layer. A pore size of 3 um was chosen to allow for
active migration of neutrophils that have a diameter of 8.3 um, while preventing

their passive passage (Downey et al., 1990).

Primary junctional epithelial cells are challenging to isolate and culture, and
have a limited proliferative capacity (Matsuyama et al., 1997). Thus, employing
an established immortalised cell line was deemed the most suitable approach.
The candidate epithelial cell line for the in vitro model was the TR146 cell line,
a buccal mucosa squamous cell carcinoma cell line isolated from a metastatic
lesion in a cervical lymph node of a 67-year-old female (Rupniak et al., 1985). It
has been extensively used in oral barrier property studies (Bierbaumer et al.,
2018) and is known to form permeable multilayers (Jacobsen et al., 1995,
Jacobsen et al., 1999). It constitutively expresses IL-8 (CXCL-8) (Molero-Abraham
et al., 2019) and has been shown to increase IL8 gene expression in response to

stimulation with multi-species bacterial suspensions (Brown et al., 2019).

Primary human neutrophils are used extensively in in vitro studies. However,
they are short lived (hours to days) and as terminally differentiated cells, they
do not divide (Rosales, 2018). It is recommended that they are used for
functional assays within 24 hours following isolation. Their long-term storage in
liquid nitrogen is not advised as it significantly compromises their chemotactic
and polarisation responses (Avci et al., 2019). There are several established
alternatives to the use of primary neutrophils in in vitro models. The most
widely used are immortalised myeloid cell lines of leukaemic origin, such as
HL-60, PLB-985, NB4 and, less often, Kasumi-1 (Blanter et al., 2021). All of
them, with the exception of the last one, are comparable to the promyelocyte
stage of neutrophil development in the bone marrow (see Figure 5.2). Kasumi-1
is more closely associated with the myeloblast stage of myeloid differentiation.
The most commonly used is the HL-60 cell line that was originally isolated from
a 36-year-old Caucasian female with acute promyelocytic leukaemia (Collins et
al., 1977, Gallagher et al., 1979). It can be differentiated into neutrophil-like
cells using a wide range of treatments including DMSO and ATRA, among others
(Blanter et al., 2021, Manda-Handzlik et al., 2018). These two treatments allow
for differentiation into neutrophil-like cells that are more responsive to IL-8
(CXCL-8)-induced chemotaxis than the untreated HL-60 cells (Sham et al., 1995).
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Figure 5.1 Intended spatial orientation of host components in an /n vitro model of neutrophil
migration through the junctional epithelium. TR146 epithelial cells are seeded on the
basolateral side of a porous transwell insert membrane to mimic the in vivo orientation of the
junctional epithelium, where the basement membrane is adjacent to the connective tissue and
the outermost epithelial layers face the sulcus. In this configuration, neutrophils migrate from
the apical transwell compartment, representing the connective tissue side, towards the
basolateral compartment, representing the gingival sulcus, in response to a chemokine gradient.
They first cross the porous membrane, representing the basement membrane underlying the
junctional epithelium, and then move through the epithelial layers towards the sulcular-facing
surface. Figure created with BioRender.com.
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Figure 5.2 Granulopoiesis. Neutrophils develop in the bone marrow from granulocyte-
monocyte progenitor cells originating from haematopoietic stem cells. Neutrophil precursors
progress through different stages of development with distinct phenotypes. The promyelocyte
stage is marked by the development of primary (azurophilic) granules and the ability to divide,
which is lost by the metamyelocyte stage. Other types of granules appear during later stages of
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granulopoiesis. Once a neutrophil matures, it is released into the blood. The HL-60, PLB-985 and
NB4 cell lines are comparable to the promyelocyte stage of development, while the Kasumi-1
cell line is analogous to the myeloblast stage. Figure adapted and modified from Blanter et al.
(2021). ATRA, all-trans retinoic acid; DMSO, dimethyl sulfoxide. Figure created with
BioRender.com.

5.1.2.1 Cell line identity and provenance considerations

Careful identification and assessment of incorporated components and methods
involved in developing any in vitro model is crucial to maintain credibility,

reproducibility of the work and its relevance to in vivo systems.

A 2017 study using the International Cell Line Authentication Committee
database identified 32,755 articles based on misidentified cell lines (Horbach
and Halffman, 2017). Version 13 of the register lists 593 cell lines from various
species that were either misidentified or cross-contaminated (International Cell
Line Authentication Committee, 2024). The HelLa cell line, reported as the
contaminant in 145 other cell lines, is the most notable example. Among the
known Hela cross-contaminants is the KB subline initially thought to be an oral
epidermoid carcinoma (Masters, 2002, Vaughan et al., 2017). Interestingly, this
KB cell line was used in the only other known attempt to model neutrophil
transepithelial migration into the gingival sulcus in vitro (Madianos et al., 1997),
described in more detail in Section 5.1.1. The candidate cell lines investigated in
this chapter, TR146 and HL-60, were not listed in the database and were
obtained from the ECACC, a cell culture collection that routinely authenticates

the identity of human cell lines using STR profiling (Culture Collections, n.d.-b).
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5.2 Hypothesis and research questions

Hypothesis: Certain cell types and lines can be used as components of an in vitro

model of neutrophil migration at the junctional epithelium.
The following research questions were posed to test the hypothesis:

1. Can TR146 epithelial cells be grown on the basolateral side of a porous

transwell insert membrane?

2. What are the differences between primary peripheral blood neutrophils

and HL-60 cells differentiated into neutrophil-like cells with respect to:
a. expression of surface receptors?
b. responsiveness to relevant stimulants?

Question 2 sought to validate the suitability of differentiated HL-60 cells for use

in the proposed model system.
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5.3 Results

Preliminary experiments were undertaken to determine whether

TR146 epithelial cells could be grown on the basolateral side of porous transwell
insert membranes, with the aim of establishing an in vitro epithelial layer
suitable for modelling neutrophil migration through the junctional epithelium.
The experiments first assessed methods for quantifying cell number, comparing
manual haemocytometer counts and automated cell counter measurements
against expected values calculated from serial dilutions. Subsequent
experiments evaluated TR146 cell attachment, metabolic activity and layer
formation on different transwell insert membranes using the CCK-8 assay and
H&E histology. The effect of membrane pre-coating with CaClz, FBS or type |
collagen was also explored. Lucifer yellow permeability assays were then used to
assess whether epithelial layer formation altered membrane permeability over
time. Based on the initial findings, further optimisation was performed using a

higher seeding density and selected membrane conditions.

The second part of this chapter aimed to characterise primary neutrophils and
HL-60 cells differentiated with either DMSO or ATRA towards a neutrophil-like
phenotype, and to optimise readouts relevant to the planned neutrophil
transepithelial migration model. Surface expression of CD45, CD11b, CD14 and
CD15 was first compared between primary neutrophils and DMSO- or ATRA-
differentiated HL-60 cells by flow cytometry to assess whether either treatment
generated cells with a neutrophil-like phenotype, as previously reported. The
functional responsiveness of primary neutrophils and ATRA-differentiated HL-60
cells was then explored by measuring IL-8 release following stimulation with
fMLF and LTB4, two rapid neutrophil-activating mediators. Primary neutrophil
responses were further assessed following stimulation with fMLF, G-CSF, GM-CSF
or PMA across selected concentration ranges and incubation periods, with IL-18,
IL-6, IL-8 and TNF-a measured by ELISA. Finally, several methods for quantifying
neutrophil number as a migration-related readout were evaluated, including
manual and automated cell counting using trypan blue and erythrosin B dyes, as
well as standard curves generated using the CCK-8 and BacLight assays for

indirect cell quantification.
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5.3.1 Epithelial cell layer grown on transwell insert membrane

5.3.1.1 Assessment of quantification methods for TR146 cells

To determine if TR146 epithelial cells could be grown on the basolateral side of
a porous transwell insert membrane, methods were sought to quantify the cells
forming the epithelial layer. There are various methods of cell counting,
including use of a manual haemocytometer and an automated cell counter. In
order to compare these two methods, freshly passaged TR146 cells were used to
prepare serial dilutions of cell suspensions at 1, 2, 4, and 8 x 10° cells/mL. Cells
were then quantified with a trypan blue exclusion assay using a Neubauer
haemocytometer and a Luna Il Automated Cell Counter. Obtained data (two
technical replicates per method obtained from a single biological sample) were
used to generate standard curves (Figure 5.3). Following nonlinear regression
(straight line), extra-sum-of-squares F-tests revealed that both methods yielded
curves comparable in shape (F(2,12) = 0.5329, p = 0.6002) but positioned below
the expected curve. Furthermore, the dataset obtained with the Luna Il
Automated Cell Counter suggested higher variability and lower R? values (0.6581)

compared to manually counted cells (R? = 0.9810).
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Figure 5.3 Cell counts of TR146 cells using a haemocytometer and an automated cell
counter. Cell counts were performed on a set of dilutions (1, 2, 4, 8 x 10° cells/mL) using a
Neubauer haemocytometer or a Luna Il automated cell counter. Cells were stained with

0.4% trypan blue. Expected cell counts were calculated using the initial haemocytometer count
and serial dilution factors. Data are presented as mean * SD from technical duplicate
measurements obtained in one experiment (n = 1). TB, trypan blue.
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In the subsequent cell counting experiment, a different set of dilutions

(6.25 x 10%, 1.25, 2.5 and 5 x 10° cells/mL) was prepared to target lower
concentrations. Trypan blue was used either at its original stock concentration
of 0.4% or as a 1:10 dilution (0.04%) to reduce background staining. Among the
standard curves generated (Figure 5.4), only the one representing manually
counted cells stained with stock trypan blue shared its parameters with the
expected standard curve (F(2,8) = 1.140, p = 0.3668), although it had the lowest
R? value (0.8114), indicating a poorer fit of the data. This was considered a valid
compromise. Therefore, the manual cell counting method using stock

0.4% trypan blue was selected as the method of choice for quantifying TR146
cells in suspension, to ensure an accurate estimate of the number of cells

seeded onto membranes in each experiment.
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Figure 5.4 Cell counts of TR146 cells using a haemocytometer and an automated cell
counter. Cell counts were performed on a set of dilutions (6.25 x 10* and 1.25, 2.5,

5 x 10° cells/mL) using a Neubauer haemocytometer (A, B) or a Luna Il automated cell counter
(C, D). Cells were stained with 0.4% trypan blue (A, C) or 0.04% trypan blue (B, D). Expected cell
counts were calculated using the initial haemocytometer count and serial dilution factors. Data
are presented as mean + SD from technical duplicate measurements obtained in one experiment
(n=1). TB, trypan blue.

The next step involved an attempt to quantify TR146 cells cultured on a
transwell insert membrane. However, even prolonged trypsinisation for

30 minutes (compared with 5-10 minutes used in routine culture), combined with
vigorous pipetting, was insufficient to detach the cells from the membrane.
Therefore, other methods were sought to quantify the cells attached to the

membrane.
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The CCK-8 assay measures the metabolic activity of cells, which is assumed to be
proportional to cell number. It is non-toxic and does not require cell
detachment, potentially preserving the epithelial layer structure and permitting
the use of the same transwells in subsequent assays. To evaluate the capacity of
the CCK-8 assay to enumerate TR146 cells, freshly passaged TR146 cells were
used to prepare serial dilutions (ranging from 6.125 x 10*to 1 x 10° cells per

700 pL well) in a 24-well plate. Plates were read in a FLUOstar Omega
Microplate Reader at 450 nm wavelength following incubation with CCK-8 for 1,
2, 3 and 4 hours. Initial visual inspection (Figure 5.5) and nonlinear analysis
(Figure S2) indicated saturation of the top OD values corresponding to

1 x 108 cells/well, which were excluded from further analysis. Subsequent
nonlinear regression and comparison of fits using the extra-sum-of-squares F-test
revealed that the curves within each time point (F(4,23-24) = 14.6-45.0,

p < 0.005) differed significantly, indicating that the 3 repeats could not be
described by one shared line. Therefore, the standard curves could not be used
to interpolate values obtained during the following CCK-8 assays performed with
transwell inserts seeded with TR146 cells. Instead, blank-corrected OD values
were reported in subsequent experiments, which are referred to as metabolic

activity assays.



A
All repeats (1 hr)
8.000
Repeat 1
6.000— Repeat 2
£
c
3 4.000 Repeat 3
N
[}
o
2.000—
0.000-, ————F———1—T—T—T—T7——
0 2x10°  4x105  6x10°  8x10°  1x10°
Cells/well
All repeats (2 hr)
8.000
Repeat 1
6.000— Repeat 2
€ ]
(=4
3 4.000] Repeat 3
N
a ]
o
2.000
0.000 4F%———F——————7——7———
0 2x10°  4x10°  6x105  8x10°  1x10°
Cells/well
E
All repeats (3 hr)
8.000—
Repeat 1
6.000— Repeat 2
Repeat 3

L

OD (450 nm)
S
o
o
T

2.000
0.000 4% ——F———F———7——7——
0 2x10°  4x10°  6x10°  8x10°  1x10°
Cells/well
All repeats (4 hr)
8.000
—®- Repeat 1
6.000 —#- Repeat 2
£
c
@ 4.000 —A— Repeat 3
a
o
2.000
0.000 4F—— T ———
0 2x10°  4x10°  6x10°  8x10°  1x10°

Cells/well

161

Mean of all repeats (1 hr)

8.000 Mean
6.000]
T ]
g
3 4.000
N
a J
o
2.000
0.000-, ———F———1———7—+—7——
0 2x10°  4x10°  6x10°  8x10°  1x10°
Cells/well
Mean of all repeats (2 hr)
8.000 Vean
6.000]
T ]
c
3 4.000
A
a J
(e}
2.000
0.000-¢—m—————T—T—T— 77—
0 2x105  4x10°  6x10°  8x10°  1x10°
Cells/well
Mean of all repeats (3 hr)
8.000 Mean
6.000
= ]
c
§4oooA
a J
[e)
2.000
0.000-4¢—————F———1—T—71———
0 2x105  4x10°  6x10°  8x10°  1x10°
Cells/well
Mean of all repeats (4 hr)
8.000 - Mean
6.000
£
<
§4.ooo
o
(o)
2.000
0.000¢—— T T T
0 2x10°  4x10°  6x10°  8x10°  1x10°
Cells/well

Figure 5.5 CCK-8 assay of serial dilutions of TR146 cell suspensions. Serial dilutions of TR146
cell suspensions were incubated with CCK-8 for 1 hour (A, B), 2 hours (C, D), 3 hours (E, F) and
4 hours (G, H). Data are presented as mean = SD of blank-corrected OD values from each of
three independent experiments (n = 3) performed in technical duplicate (A, C, E, G) and as
mean + SD from all experiments (B, D, F, H) for each time point. For the 4-hour time point, the
OD values for the top concentration exceeded the plate reader’s measurable range and were

unavailable for analysis.
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5.3.1.2 Assessment of metabolic activity of TR146 cells forming

the epithelial cell layer

To explore if TR146 cells could attach to the basolateral side of the transwell
insert membrane and remain metabolically active, Corning and Millicell PET
transwells were seeded with 5 x 10 cells per transwell and incubated at 37 °C,
5% CO2 for 4 days. Additionally, three membrane pre-coating conditions were
included (0.24 M CaClz, FBS or type | collagen) to explore if these could improve
TR146 cell adhesion and layer formation. CCK-8 assay results (Figure 5.6)
suggested that cells grown on Millicell PET inserts achieved higher OD values
after 1-hour incubation, although there was considerable variability between the
technical replicates. After the 3-hour incubation, all Corning PET transwells
(except for those with untreated membranes) appeared to achieve higher
average OD values, but this was attributable to one technical replicate giving
higher readings. These pilot observations were exploratory and not designed to
support statistical inference. These data suggested that additional pre-coating
did not provide a measurable improvement in cell metabolic activity, as

measured by the CCK-8 assay.
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Figure 5.6 CCK-8 assay of TR146 cells seeded onto transwell insert PET membranes with or
without pre-coating with CaClz, type | collagen or FBS. Corning (A, C) and Millicell (B, D)
transwell inserts with PET membranes of 6.5 mm diameter and 3 pm pores were seeded with

5 x 10* cells per transwell and incubated for 4 days at 37 °C, 5% CO. Following incubation, the
metabolic activity of the TR146 epithelial cell layer on each transwell was evaluated with the
CCK-8 assay. Data are presented as mean + SD of blank-corrected OD values obtained after
either 1 hour (A, B) or 3 hours (C, D) of incubation with CCK-8 at 37 °C in 5% CO2. Each condition
was tested in a single experiment (n = 1) with two technical replicates represented as dots.
CaClz, calcium chloride; FBS, foetal bovine serum; PET, polyethylene terephthalate.
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5.3.1.3 Architecture of TR146 epithelial cell layers grown on transwell insert

membranes

The presence and morphology of the epithelial cell layers formed on transwell
insert membranes were assessed by histological examination of H&E-stained
sections. Membranes from the previous experiment were fixed in 10% neutral
buffered formalin (4% formaldehyde) overnight at 4 °C and then transferred to
PBS. Next, they were carefully excised, embedded in paraffin blocks, sectioned
and stained with H&E. The staining revealed heterogeneous cell distribution
both between and within membranes (Figure 5.7, Figure 5.8 and Figure S3).
None of the tested transwell insert brands or conditions produced a consistently

uniform epithelial coverage of the membranes.
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Parts with strongest growth Parts with average growth Parts with weakest growth

Cells only (A)

Cells only (B)

Figure 5.7 Histology of TR146 epithelial cell layers grown on Corning PET transwell insert membranes. Panels A and B show duplicate membranes, each seeded
with 5 x 10* cells without any pre-coating and incubated for 4 days at 37 °C, 5% CO.. Subsequently, they were fixed, excised, embedded in paraffin blocks, sectioned
and stained with H&E. Slides were scanned at 80x magnification. Each image is representative of a part of a single membrane showing the strongest, average or

weakest cell growth. Membrane thickness is 10 pm. PET, polyethylene terephthalate.
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Figure 5.8 Histology of TR146 epithelial cell layers grown on Millicell PET transwell insert membranes. Panels A and B show duplicate membranes, each seeded
with 5 x 10* cells without any pre-coating and incubated for 4 days at 37 °C, 5% CO.. Subsequently, they were fixed, excised, embedded in paraffin blocks, sectioned
and stained with H&E. Slides were scanned at 80x magnification. Each image is representative of a part of a single membrane showing the strongest, average or

weakest cell growth. Membrane thickness is 9-16 um. PET, polyethylene terephthalate.
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5.3.1.4 Permeability of the epithelial barrier

Permeability of the TR146 epithelial cell layer was assessed over the course of

7 days using Corning and Millicell transwell inserts with PET membrane. A 100 pL
solution of 100 pyg/mL Lucifer Yellow was added into the apical chamber of the
transwell inserts and the full setup was incubated for 1 hour in 37 °C, 5% COs.
Lucifer Yellow is a synthetic fluorescent dye with a low molecular weight that
has a capacity to diffuse through gaps in the cell layer and is commonly used to
assess paracellular permeability (Bierbaumer et al., 2018). Following incubation,
the fluorescence intensity was measured as its relative indicator. The results of
this single experiment (Figure 5.9) suggested that the permeability of the TR146
epithelial cell layer appeared similar to the unseeded membrane of the same
brand throughout the experiment, although unseeded Millicell membranes
displayed higher variability compared to Corning membranes. Seeded Corning
PET transwells maintained relatively stable levels of permeability over the
period of 7 days except for day 2 when it slightly decreased. Permeability of
seeded Millicell transwells showed a subtle reduction towards day 4, but then it
approached the initial levels by day 7. Blocked inserts, in which the porous
membrane was sealed with nail polish, produced positive raw fluorescence
values, but blank-correction and extrapolation below the lower end of the
standard curve resulted in calculated negative concentrations. These values
were recorded as below the extrapolatable range. A value of 0 was then used for

descriptive reporting and calculation of descriptive summary values.
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Figure 5.9 Lucifer Yellow permeability assay of TR146 cells seeded onto transwell insert
membranes. TR146 cells were seeded onto Corning or Millicell PET transwell insert membranes
at 5 x 10* cells per transwell and cultured for 1 day at 37 °C, 5% CO,. Unseeded transwells and
transwells blocked with nail polish were prepared as positive and negative controls, respectively.
Lucifer Yellow was added to the apical compartment of the transwell inserts, which were
incubated for 1 hour at 37 °C, 5% COz. Following incubation, the inserts were removed and the
fluorescence signal in the wells was measured using a plate reader. The permeability assay was
then performed daily for a further 6 days. Data are presented as mean = SD from a single
experiment (n = 1), with 4 technical replicates for blank-corrected values (A, B) and calculated
concentrations (C, D). Standards used to generate the standard curves for concentration
calculation (E, F) were run in duplicate and are also presented as mean = SD. Samples outside
the limits of the standard curve were extrapolated where possible. Values extrapolated below
zero were recorded as below the extrapolatable range and assigned a value of 0 before
calculation of descriptive summary values. PET, polyethylene terephthalate; RFU, relative
fluorescence units.

5.3.1.5 Assessment of metabolic activity of TR146 cells seeded at a higher
density

Initial experiments conducted at 5 x 10* cells per transwell did not show a clear

advantage of any brand or pre-treatment in the context of cell attachment and



169

metabolic activity. Therefore, an expanded set of transwell insert types
(including previously tested Corning and Millicell PET transwells and an
additional Corning PC transwell type; for further details see Table 2.7) was
tested using a substantially higher seeding density (1 x 10° cells per transwell),
under the assumption that this might enhance cell attachment and metabolic
activity. The incubation time was shortened to 2 days to prevent nutrient

depletion and waste build-up.

The following CCK-8 assay (Figure 5.10) suggested that cells growing on both
Corning transwell types generally showed a consistently low OD signal (0.250

1+ 0.032 and 0.139 = 0.061 for PC and PET membranes, respectively). By contrast,
cells growing on Millicell PET membranes appeared to produce higher OD values,
which varied more between transwells (0.725 + 0.281). Nevertheless, all
technical replicates of Millicell PET transwells showed a tendency to exceed the
maximum OD reached by the other transwells. Histological assessment of 3 out
of 4 transwells representing each tested brand and membrane type was
attempted. However, no epithelial layers were observed in the sections, which
contained occasional sparse individual cells or cell-free membranes (data not

shown).
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Figure 5.10 CCK-8 assay of TR146 cells seeded onto three different transwell insert types.
Corning PC and PET membranes alongside Millicell PET membranes were seeded with

1 x 106 cells per transwell and incubated for 2 days at 37 °C, 5% CO-. Following incubation, the
metabolic activity of the TR146 epithelial cell layer on each transwell was evaluated with the
CCK-8 assay. Data are presented as mean + SD of blank-corrected OD values obtained after a
2-hour incubation with CCK-8 at 37 °C, 5% CO.. Data are from a single experiment (n = 1) with
4 technical replicates represented as symbols. PC, polycarbonate; PET, polyethylene
terephthalate.
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5.3.1.6 Assessment of metabolic activity of TR146 cells seeded onto Millicell

PET transwell insert membranes

The Millicell PET transwell insert membranes were considered the most
promising due to their tendency to yield higher OD values in the CCK-8 assay and
were prioritised for further evaluation. Metabolic activity of TR146 cells grown
on Millicell membranes was assessed in three independent experiments at

4 different time points (Figure 5.11). The first and second experiments produced
comparable and relatively consistent OD values at each time point. Compared to
initial measurements obtained after the first hour, the signal seemed to
decrease at 2 hours, but then showed an increase towards the 4-hour time point.
By contrast, the third experiment appeared to produce higher OD values, while

variability between technical replicates remained relatively low.
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Figure 5.11 CCK-8 assay of TR146 cells seeded onto Millicell PET transwell inserts.
Membranes were seeded with 1 x 10° cells per transwell and incubated for 2 days at 37 °C,

5% CO2. Following incubation, the metabolic activity of the TR146 epithelial cell layer on each
transwell was evaluated with the CCK-8 assay. Data are presented as mean + SD of blank-
corrected OD values obtained after 1, 2, 3 and 4 hours of incubation with CCK-8 at 37 °C in

5% COz, using separate sets of transwells for each time point. The experiment was performed on
3 independent occasions (n = 3; shown as different bar colours) with 3 technical replicates
represented as symbols. PET, polyethylene terephthalate.

5.3.1.7 Architecture of TR146 epithelial cell layers grown on Millicell PET

transwell insert membranes

During the preparation of transwells for the final repeat of the previous

experiment, additional transwell inserts were seeded with TR146 cells for the
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purpose of histological analysis. H&E staining of the membranes revealed the
presence of a uniform multilayer of epithelial cells across all examined

specimens (Figure 5.12).

Figure 5.12 Histology of TR146 epithelial cell layers grown on Millicell PET transwell insert
membranes. Membranes were seeded with 1 x 10 cells per transwell and incubated for 2 days
at 37 °C, 5% CO2. Subsequently, they were fixed, excised, embedded in paraffin blocks,
sectioned and stained with H&E. Slides were scanned at 80x magnification. Each image is
representative of one of three seeded transwells from a single experiment (n = 1).

PET, polyethylene terephthalate.

5.3.2 Selection of an immune cell type

5.3.2.1 Expression of cell surface receptors

As a preliminary validation step, the suitability of differentiated HL-60 cells for
use in the proposed model system was assessed by comparing their cell surface
receptor expression with that of primary neutrophils (Blanter et al., 2021,
Manda-Handzlik et al., 2018). Primary neutrophils, undifferentiated HL-60 cells
and ATRA- and DMSO-differentiated HL-60 cells were stained with fluorochrome-
conjugated antibodies against CD45, CD11b, CD14 and CD15, together with a
viability dye, and analysed by flow cytometry. The gating strategy involved
gating all events based on forward scatter area (FSC-A) and side scatter area
(SSC-A) to identify cells (Figure 5.13A), which was followed by exclusion of
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doublets using forward scatter area (FSC-A) and forward scatter height (FSC-H).
Next, singlets were gated on CD45 and CD11b expression, indicative of
leukocytes and myeloid cells, respectively. Then, CD14* monocytic-like events
were excluded. The final gated population was displayed on a CD11b/CD15 dot
plot (Figure 5.13B). DMSO-differentiated cells were CD45*, CD11b*, CD14" and
CD157, while both primary neutrophils and ATRA-differentiated HL-60 cells
showed a phenotype consistent with the expected CD45*, CD11b*, CD14 and

CD15* profile and were therefore used in the subsequent experiments.

Primary neutrophils HL-60 HL-60 (+DMSO) HL-60 (+ATRA)

All events

A (SSC-A)

All events (FSC-A)

B CD11b

CD15

Figure 5.13 Comparison of primary neutrophils, undifferentiated HL-60 cells and DMSO- and
ATRA-differentiated HL-60 cells by flow cytometry. The cell types investigated are shown in
the column headings. Row A shows SSC-A/FSC-A profiles of all acquired events, with the cell
gates indicated. Row B shows CD11b/CD15 profiles of the final gated populations, with
CD11b-positive events in the upper quadrants and CD15-positive events in the right quadrants.
Each cell type was stained and acquired once; therefore, data are presented descriptively.
Values shown on the plots indicate the percentage of events within the corresponding gate or
guadrant. ATRA, all-trans retinoic acid; CD, cluster of differentiation; DMSO, dimethyl sulfoxide;
FSC-A, forward scatter area; SSC-A, side scatter area.

5.3.2.2 Pro-inflammatory cytokine production following neutrophil and

neutrophil-like cell stimulation

Release of pro-inflammatory mediators such as IL-8 is one of the effector

functions of neutrophils following activation by bacterial components such as
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fMLF or host mediators such as LTB4. Both fMLF and LTB4 are rapid G protein-
coupled receptor agonists and key molecules in neutrophil signalling
(Metzemaekers et al., 2020) and therefore were used to stimulate both
neutrophils and neutrophil-like cells to investigate if they produced comparable
levels of IL-8. After 24 hours, supernatants were collected and assessed for IL-8
concentration using an ELISA (Figure 5.14). It was observed that fMLF and LTB4
were associated with increased IL-8 release in primary neutrophils, with
concentrations of 73.174 + 23.496 and 50.113 + 15.051 pg/mL, respectively. By
contrast, fMLF- and LTBs-stimulated ATRA-differentiated HL-60 cells produced
on average 3.694 + 1.761 and 3.405 + 2.537 pg/mL of IL-8, which was below the
levels detected in the media-only control (17.681 + 2.884 pg/mL). This
suggested that ATRA-differentiated HL-60 cells did not appear to show increased
IL-8 release in response to well-characterised neutrophil agonists, and thus only

primary neutrophils were used in further experiments.
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Figure 5.14 IL-8 protein release from primary neutrophils and ATRA-differentiated HL-60
cells. Primary neutrophils and ATRA-differentiated HL-60 cells were stimulated for 24 hours with
fMLF or LTB4 at 37 °C, 5% CO.. IL-8 concentrations were measured by ELISA and are shown as
mean + SD from a single experiment (n = 1) with three technical replicates. The dotted line
denotes the lower limit of the standard curve. Samples outside the limits of the standard curve
were extrapolated where possible; one value below the extrapolatable range was assigned a
value of 0 before calculation of descriptive summary values. PMN, primary neutrophils;

HL-60 (+ATRA), ATRA-differentiated HL-60 cells; fMLF, N-formyl-methionyl-leucyl-phenylalanine;
IL-8, interleukin-8; LTB4, leukotriene Ba.

The aim of the next experiment was to investigate neutrophil responsiveness to
mediators and cytokines that could be utilised in the neutrophil transepithelial
migration model. Neutrophils were stimulated with a range of bacterial (fMLF
and LPS), host (G-CSF and GM-CSF) or synthetic (PMA) mediators at three
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different concentrations designated as minimum, medium and maximum based
on published literature (see Table 2.9), for 24 and 48 hours. Following
incubation, cell-containing supernatants were assessed for the concentrations of
IL-18, IL-6, IL-8 and TNF-a by ELISA (Figure 5.15). All cytokines except for IL-8
were detected at generally higher levels at the 24-hour time point compared to
48 hours. Across the mediators, LPS was associated with the highest release of
cytokines from neutrophils and was therefore used as the mediator of choice in

further experiments.
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Figure 5.15 IL-1B, IL-6, IL-8 and TNF-a protein release from primary neutrophils. Primary
neutrophils were stimulated for 24 and 48 hours at 37 °C in 5% CO2 with a range of bacterial,
host and synthetic mediators at three different concentrations designated as minimum, medium
and maximum. The minimum, medium and maximum concentrations were 0.4, 4 and 40 nM for
fMLF; 0.1, 1 and 5 ng/mL for G-CSF; 0.1, 1 and 5 ng/mL for GM-CSF; 0.042, 0.42 and 4.2 pM for
PMA; and 1, 10 and 50 pg/mL for LPS. Cytokine concentrations were measured by ELISA and are
shown as mean + SD from one experiment (n = 1) with three technical replicates. Individual
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technical replicate values are shown as symbols. Samples with insufficient volume were excluded
from analysis. The green and red dotted lines denote the lower and upper limits of the standard
curve, respectively. Samples outside the limits of the standard curve were extrapolated where
possible; values below the lower limit that could not be extrapolated were assigned a value of 0
before calculation of descriptive summary values. fMLF, N-formyl-methionyl-leucyl-
phenylalanine; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; IL, interleukin; LPS, lipopolysaccharide; PMA, phorbol 12-myristate 13-
acetate; TNF-a, tumour necrosis factor-a.

5.3.2.3 Neutrophil quantification

Migration efficiency is one of the primary measures of the cell transmigration
assay. It can be measured directly by counting the cells that migrated through
the porous membrane into the well, or those that remained within the transwell
insert apical compartment. For that purpose, manual and automated methods of
neutrophil quantification were assessed. A set of neutrophil suspensions at 0, 2,
4,6, 8 x 10° and 1 x 10° cells per mL were prepared and quantified using trypan
blue viability dye and either an improved Neubauer haemocytometer or a Luna Il
automated cell counter. Additionally, 0.4% trypan blue and erythrosin B were
used at two different dilutions (neat and 1:10) in the latter method. The
resulting curves were compared to a hypothetical reference curve. Following
nonlinear regression (straight line), extra sum-of-squares F-tests revealed that
none of the datasets (Figure 5.16) could be described by a single common curve
(all p-values < 0.0001). Nevertheless, the lowest F value of the dataset
generated using a manual haemocytometer (F(2, 20) = 18.92) suggested that it
was the closest match, although this was not accompanied by the best curve fit
(R? value = 0.9150 compared to the highest R? = 0.9467) achieved with Luna Il

and neat trypan blue.
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Figure 5.16 Cell counts of neutrophils using a haemocytometer and an automated cell
counter. Cell counts were performed on a set of dilutions (0, 2, 4, 6, 8 x 10° and

1 x 106 cells/mL) using a Neubauer haemocytometer (A) and a Luna Il automated cell counter (B,
C, D, E). Cells were stained with neat trypan blue (0.4%; A, B), trypan blue diluted 1:10 (0.04%;
C), neat erythrosin B (D) or erythrosin B diluted 1:10 (E). Expected values were calculated from
the initial haemocytometer count and serial dilutions. Data are presented as mean + SD from two
technical replicates obtained in one experiment (n = 1). TB, trypan blue; EB, erythrosin B.

Next, the same set of dilutions was used to evaluate if the CCK-8 assay could
generate a reliable standard curve after 1, 2, 3 or 4 hours in both 24- and 96-
well plates. Furthermore, a 30-minute membrane integrity-based BacLight
fluorescent assay was performed in parallel.

Results from the 96-well plate format (Figure 5.17) indicated that BacLight
standard curves displayed greater variability between technical replicates within
each biological repeat compared to CCK-8 standard curves, with mean intra-
assay CVs ranging from 25.13% to 47.96% compared with 2.94% to 5.44%,
respectively. Each dataset was then analysed by applying a second-order

polynomial nonlinear regression in log-space (Figure S4). Extra sum-of-squares
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F-tests showed that, within each assay and time point, biological repeats could

not be described by a single curve (p-value < 0.0001).
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Figure 5.17 BacLight and CCK-8 assays of serial dilutions of neutrophil suspensions in 96-well
plates. Serial dilutions of neutrophil suspensions were incubated in 96-well plates with BacLight
for 0.5 hours (A, B) or with CCK-8 for 1 hour (C, D), 2 hours (E, F), 3 hours (G, H) and 4 hours

(1, J) at 37 °C, 5% CO. Data are presented as mean + SD of blank-corrected fluorescence values
for the BacLight assay and blank-corrected OD values for the CCK-8 assay from each of

3 independent experiments (n = 3) performed in technical duplicate (A, C, E, G, 1), and as

mean + SD from all experiments (B, D, F, H, J) for each time point. RFU, relative fluorescence
units.

In a 24-well plate format (Figure 5.18), BacLight standard curves showed slightly
lower variability (CVs ranged from 9.36% to 20.71%) than in 96-well plates, while
the CCK-8 CVs increased, ranging from 1.46% to 14.10%. A second-order
polynomial nonlinear regression in log-space was applied to each dataset (Figure
S5). The extra sum-of-squares F-test results showed that, for each assay and
time point, biological repeats required separate curve fits (p-values ranging
from < 0.0001 to 0.0074).
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Figure 5.18 BacLight and CCK-8 assays of serial dilutions of neutrophil suspensions in 24-well
plates. Serial dilutions of neutrophil suspensions were incubated in 24-well plates with BacLight
for 0.5 hours (A, B) or with CCK-8 for 1 hour (C, D), 2 hours (E, F), 3 hours (G, H) and 4 hours

(1, J) at 37 °C, 5% CO. Data are presented as mean + SD of blank-corrected fluorescence values
for the BacLight assay and blank-corrected OD values for the CCK-8 assay from each of

3 independent experiments (n = 3) performed in technical duplicate (A, C, E, G, 1), and as

mean + SD from all experiments (B, D, F, H, J) for each time point. RFU, relative fluorescence
units.

5.4 Discussion

5.4.1 Assessment of methods used to quantify TR146 cells growing

on a transwell insert membrane

Haemocytometers are widely used for manual cell counting due to the ease of
use, versatility and affordability. However, this method may be time-consuming
for large sample sets and is susceptible to user-to-user variability. Automated
cell counters are claimed to offer a convenient alternative to manual cell
counting, providing higher reproducibility, as well as reduced analysis time and
operator bias. The disadvantages are inaccuracies at very low or very high cell
densities, presence of cell clumping or debris (Camacho-Fernandez et al., 2018,
Sarkar et al., 2017) and cell line-specific performance (Huang et al., 2010).
Results obtained in this chapter (Figure 5.3 and Figure 5.4) suggested that using
an improved Neubauer haemocytometer and 0.4% trypan blue may provide
better apparent accuracy, as measured values were closer to the expected cell
counts, but lower apparent precision, as variability between replicate
measurements was higher (Menditto et al., 2007). Reliability of results could be
improved by increasing the number of replicates. A pragmatic decision was
taken to use the method which appeared most reliable, rather than continuing
to pursue this line of enquiry. In addition, using serial dilution rather than
preparing each dilution independently may have propagated pipetting errors,
and the stability of the target cell sample was not assessed (Huang et al.,
2021b).

In the trypsinisation experiments TR146 cells did not fully detach from the
transwell insert membrane even after prolonged periods of trypsinisation and
vigorous pipetting. Therefore, other methods were sought to quantify the cells

attached to the membrane. The CCK-8 assay, which is based on the reduction of
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water-soluble tetrazolium salt-8 by metabolically active cells, has previously
been used to assess the viability of TR146 cells (Guo et al., 2022, Shin et al.,
2025). It is often preferred over other methods due to its non-toxicity. However,
it has been reported that it can interfere with the metabolic activity of the cells
and caution is advised when performing additional testing immediately after
CCK-8 assay (Fan et al., 2024). In this chapter, TR146 serial dilutions were
incubated with CCK-8 in 3 independent experiments, and OD values at 450 nm
were used to generate standard curves (Figure 5.5). Each standard curve was
fitted using nonlinear regression (straight line), and fits were compared using
extra-sum-of-squares F-tests. This was followed by exclusion of the outliers
caused by saturation, after which the analysis was repeated. Comparison of fits
revealed that the independently obtained standard curves should not be
averaged to generate a global fit used to interpolate results from unknown
samples. The differences between the curves’ parameters could have been
caused by variation in experimental conditions such as different passage number
or metabolic activity of the cells. To the author’s knowledge, no study has
reported generating standard curves using TR146 cell suspensions treated with
CCK-8 or other compounds such as XTT or MTT. One study reported using
standard curves to quantify the immortal human keratinocytes HaCaT growing in
wells, but authors did not include details of the standard curve validation (Baik
et al., 2014). Furthermore, freshly passaged TR146 cells seeded into wells may
have different metabolic activity compared to established TR146 layers growing

on a PET membrane.

5.4.2 TR146 epithelial layer grown on different transwell insert

membranes

The preliminary seeding experiments investigated whether TR146 cells could
attach to the basolateral side of porous transwell insert membranes. Basolateral
seeding is not a common approach for establishing an epithelial layer mimicking
the oral barrier. However, this orientation more closely mimics the in vivo
orientation of the junctional epithelium, where the basement membrane faces
the connective tissue and the outermost epithelial layers face the sulcus. In
contrast, most studies utilise the apical compartment of a transwell insert in

order to grow cells at the ALI upon reaching confluency. TR146 cells are typically
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cultured for 3-4 weeks to form stratified, multilayered epithelium with stable
transepithelial electrical resistance (TEER) and permeability parameters
(Bierbaumer et al., 2018, Keum et al., 2022, Lin et al., 2020, Shin et al., 2025).
In the standard apical seeding approach, cells settle onto the membrane under
the influence of gravity. Basolateral seeding, however, requires temporary
inversion of the transwell so that gravity can similarly promote cell attachment
to the membrane (Kusek et al., 2014, Madianos et al., 1997).

Pre-coating of membranes with CaClz, type | collagen and FBS to increase TR146
cell adhesion was explored. Addition of CaCl. to the cell culture medium was
reported during TR146 cell seeding onto transwell insert membranes (Lin et al.,
2020). Optimising calcium supplementation has been shown to improve TEER
values in human colonoid-derived epithelial cells (McClintock et al., 2020) and
Madin-Darby canine kidney (MDCK) epithelial cells (Gonzalez-Mariscal et al.,
1990) by improving desmosome formation or expression of tight junction
proteins, respectively. Type I collagen is used in scaffolds employed in various
in vitro oral mucosa models (Moharamzadeh et al., 2007) and to coat transwell
membranes, e.g. in primary airway epithelial cells (Ashraf and Bruce, 2025,
Bluhmki et al., 2020). Improved adhesion and spreading of epithelial cells on
type | collagen-coated surfaces is mediated through a2B8: integrins (Leitinger,
2011). FBS contains various adhesion proteins such as fibronectin or vitronectin
and is widely used in in vitro cell cultures as a medium supplement to improve
integrin-mediated cell attachment to culture surfaces (Piazza et al., 2024,
Wilson et al., 2005). In the pilot transwell experiment, TR146 cells were seeded
onto Corning and Millicell PET transwell membranes and then their metabolic
activity was assessed by a CCK-8 assay (Figure 5.6). The obtained results did not
suggest that the use of either brand or pre-coating protocol promoted metabolic
activity. This may have been due to the small number of transwells tested in
each group, which could have limited the ability to detect differences. Likewise,
histological assessment with H&E staining (Figure 5.7 and Figure 5.8) also did not

reveal any detectable differences.

Consistent with these findings, permeability testing using Lucifer Yellow
fluorescent dye (Figure 5.9) did not indicate a clear difference between TR146

cell-seeded and unseeded transwell membranes from either manufacturer. To
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the author’s knowledge, no study has reported the use of a Lucifer Yellow
permeability assay in this cell line. TEER assessment was attempted, but the
results were inconsistent and inconclusive (data not shown). Findings from other
tracer flux assays and TEER studies showed that the TR146 in vitro barrier is
more permeable than healthy epithelium (Mazzinelli et al., 2023) and much less
restrictive than Caco-2 and MDCK strain | in vitro barriers that are known to
form tight junctions (Bashyal et al., 2018). The TR146 cell line has been
reported to lack tight junctions (Jacobsen et al., 1995) and to show poor
expression of zonula occludens (Teubl et al., 2013). Taken together, these
reports suggest that TR146 cells may not be expected to form a highly restrictive
barrier in transwell culture. Therefore, the lack of a clear difference between
seeded and unseeded membranes in this experiment may be consistent with the

relatively permeable phenotype of this cell line.

Increased TR146 cell seeding concentration and decreased incubation time
(Figure 5.10 and Figure 5.11) appeared to reduce transwell-to-transwell
variability in metabolic activity as measured by a CCK-8 assay. Successful
histological processing of epithelial multilayers into H&E-stained sections (Figure
5.12) coincided with reducing the PFA fixation time from overnight to 3 hours.
Earlier failed attempts could have been caused or exacerbated not by prolonged
PFA exposure per se, but by the relative thinness of the epithelial multilayer
compared to typical specimens usually fixed overnight, which may have made it
more susceptible to fixation-induced shrinkage (Kiser et al., 2018). An
alternative explanation could be that in previous experiments, TR146 cells
directly attaching to the membrane were less adherent, which led to their
detachment during membrane processing. Furthermore, a study on epithelial
monolayers has shown that they maintained intrinsic tension via the acto-myosin
cytoskeleton, which was balanced by the substrate, but once this tension was no
longer opposed, the monolayer curled (Fouchard et al., 2020). Similar curling
could potentially happen during the excision of the membrane from the

transwell.
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5.4.3 Comparison of neutrophils and ‘neutrophil-like’ cells

Several different protocols have been published for HL-60 differentiation, and
these are reported to generate cells with varying neutrophil-like features. The
extent of this methodological heterogeneity was highlighted in a recent
systematic review, which identified 71 studies published between 2020 and 2025
that used 41 distinct protocols for HL-60 neutrophil-like differentiation (Cazares-
Preciado et al., 2025). Nonetheless, the potential benefits of using a cell line in
the model, compared with using primary cells, meant that the use of HL-60 cells
was deemed worth exploration. In the flow cytometry validation experiment
(Figure 5.13), only ATRA-differentiated HL-60 cells appeared to be
predominantly CD15-positive, suggesting they may have acquired a neutrophil-
like phenotype, while DMSO-differentiated HL-60 cells remained CD15-negative.
This is in contrast to the results reported in the literature, in which both
treatment groups showed CD15 expression (Cazares-Preciado et al., 2024,
Manda-Handzlik et al., 2018, Trayner et al., 1998).

A possible explanation is that the DMSO-differentiated cells may have reached
their maximum maturity stage earlier than anticipated by the protocol, and
initiated apoptosis-driven reorganisation of the cell surface, similar to one seen
in primary neutrophils cultured in vitro, marked by a 78% reduction in CD15
expression (Hart et al., 2000).

Nevertheless, there is a consensus that HL-60 differentiation with ATRA,
compared to DMSO, leads to a more mature phenotype reflected by higher
NADPH oxidase activity, higher phagocytic efficacy, and a more frequent later-
stage nuclear morphology, including banded or segmented forms (Manda-
Handzlik et al., 2018, Martin et al., 1990). This could be due to the different
mechanisms of action of the two differentiation agents. ATRA binds to retinoic
acid receptor-a, a nuclear receptor, and activates the mitogen-activated protein
kinase (MAPK) and phosphoinositide 3-kinase/Akt pathways that lead to growth
arrest and cytoskeletal reorganisation, which are essential for differentiation.
Additionally, it suppresses c-Myc transcription through a receptor-independent
mechanism (Blanter et al., 2021). Interestingly, ATRA is used successfully in

treatment regimens for acute promyelocytic leukaemia, a subtype of acute
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myeloid leukaemia (Johnson and Redner, 2015, Nguyen et al., 2020). By
contrast, DMSO induces HL-60 differentiation via multiple indirect routes. It
arrests transcriptional elongation of the c-Myc gene, inhibits its splicing and
eliminates its amplicons. DMSO also upregulates Ras and protein kinase C (PKC),
initiating the MAPK pathway (Blanter et al., 2021). Of note, it was recently
reported that the combination of ATRA and DMSO produces a synergistic effect
on HL-60 differentiation (Hornstein and Unfried, 2025).

ATRA-differentiated HL-60 cells were chosen for further experiments to compare
their responsiveness to bacterial and host mediator stimulation with that of
primary neutrophils. Results from the fMLF- and LTB4-stimulation assay (Figure
5.14) suggested that only primary neutrophils released IL-8 in response to
stimulation. The observed results in primary neutrophils were in line with the
literature (Hidalgo et al., 2015, McCain et al., 1994). It has been reported that
compared to primary neutrophils, ATRA-differentiated HL-60 cells exhibited poor
migration towards fMLF, LTB4 and IL-8. The same study confirmed the expression
of LTB4 receptors and secretion of LTB4 (Babatunde et al., 2021). Another study
found that retinoic acid differentiation impaired fMLF but not LTBs signalling in
HL-60 cells (Erbeck et al., 1993). Nevertheless, both cell types can secrete IL-8
in response to TLR2 stimulation (Wen et al., 2021). There was no obvious
explanation for the lack of response in ATRA-differentiated HL-60 cells, nor for
the observation that IL-8 levels in the stimulated conditions were below those in
the media-only condition. However, IL-8 release was low across all three
conditions. As these cells did not seem to function as required or expected, and
the primary neutrophils appeared to behave as predicted in this experiment, a
decision was made to progress with the model using primary cells to minimise

further loss of time and resources.

Responsiveness of primary neutrophils to bacterial, host and synthetic mediators
was evaluated further (Figure 5.15). These cells produced detectable levels of
IL-18, IL-6, IL-8 and TNF-a, which was in line with the literature (Tecchio et al.,
2014). IL-8 appeared to show a differential release pattern with higher levels
detected after 48 hours, whereas the remaining cytokines were detected at
increased concentrations at the 24-hour time point. This may reflect differences

in cytokine release kinetics, with early pro-inflammatory mediators such as IL-18
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and TNF-a potentially contributing to later IL-8 production as part of a sustained
chemokine response following stimulation (DeForge et al., 1992, Strieter et al.,
1992). However, this was not directly tested in this experiment. Alternatively,
the lower detected concentrations of some cytokines at 48 hours may reflect
differences in cytokine stability, cellular uptake, receptor binding or adsorption
to the well surface. LPS was associated with the release of the highest levels of
all cytokines at both time points and was therefore used in further experiments

as the main stimulus for primary neutrophils.

5.4.4 Neutrophil quantification

Results obtained in this chapter suggested that using the improved Neubauer
haemocytometer and 0.4% trypan blue provided better accuracy than the Luna Il
automated cell counter (Figure 5.16). In contrast to TR146 quantification
experiments, each neutrophil dilution was prepared independently, thus
preventing the propagation of pipetting errors. Similar to the TR146 findings, a
decision was taken to use the method which appeared most reliable. Because
the stability of the target cell sample was not assessed, potential effects of cell
settling, aggregation or time-dependent changes in viability on the measured

counts cannot be excluded (Huang et al., 2021b).

Two indirect methods of neutrophil quantification were evaluated: BacLight
staining, measured using SYTO 9-associated fluorescence, and the CCK-8
colorimetric assay, which is based on cellular metabolic activity and therefore
generates a readout that correlates with the number of viable cells. BacLight-
based standard curves displayed higher technical variability than CCK-8 curves
prepared in 96-well plates (Figure 5.17) but were comparable in 24-well plates
(Figure 5.18). Furthermore, neither method yielded a dataset in which all
biological repeats could be represented by one global curve fit, highlighting the
need to prepare individual curves for each assay. This did not pose a technical
limitation, as neutrophils are non-adherent cells and curves can be established

simultaneously with the assay.

Overall, this chapter highlights the technical difficulties of reproducibly and
reliably working with small cell numbers within individual wells or transwell

inserts used in in vitro model systems. It also emphasises the need to consider



189

the sensitivity and limitations of different cell counting methods to achieve
reasonable reliability in these model systems. Nonetheless, the methods devised
showed that primary human neutrophils and the TR146 epithelial cell line could

be combined into a model system.
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5.5 Summary and findings

1. Can TR146 epithelial cells be grown on the basolateral side of a porous

transwell insert membrane?

e TR146 epithelial cells could be grown on the basolateral side of a porous

transwell insert membrane and remain metabolically active.

2. Can HL-60 cells be differentiated into neutrophil-like cells that display

a phenotype consistent with primary neutrophils including:
a. expression of surface receptors?
b. responsiveness to stimulants?

e HL-60 cells could be differentiated with ATRA into neutrophil-like cells
that expressed surface markers characteristic of primary neutrophils, as
previously reported, but these cells did not mimic primary neutrophil

responsiveness to stimuli, contrary to the results of earlier studies.

These findings supported the hypothesis that certain cell types and lines can be
used as potential components of an in vitro model of neutrophil migration at the

junctional epithelium.
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6 Development of an /n vitro 3D co-culture model

of the oral barrier at the gingival sulcus

6.1 Introduction

The oral barrier at the gingival sulcus is a biologically active and adaptive
interface, where complex host systems interact with complex bacterial biofilms.
The key characteristic, central to this chapter, is the responsiveness of the
junctional epithelium to bacterial challenge that results in dynamic migration of
neutrophils into the gingival sulcus, both as a steady-state surveillance
mechanism and in inflammation-driven recruitment. These processes were

described in detail in Section 1.1.3.1.1 and Section 1.1.3.2.1, respectively.

An in vitro model of the oral barrier at the gingival sulcus should therefore
reflect not only the in vivo presence of various components but also its structure
(e.g. how epithelial cells are organised into layers), spatiality (how these cells
rest on the membrane, facing the biofilm), temporality (e.g. arrival of
neutrophils at the site), and directionality of host processes, such as the
movement of neutrophils through the epithelium towards the microbial trigger.
In other words, the model of the barrier should not merely represent a static
material condition or structure, but rather a directed, dynamic process that the

various structures and mobile elements afford.

As already described in detail in Section 4.1.2, our group has previously
developed a set of 3-, 7- and 10-species bacterial biofilms associated with
health, gingivitis and periodontitis, cultured on either 13 mm Thermanox
coverslips or directly on the 24-well plate surface (Brown, 2020, Millhouse,
2015). An earlier 4-species periodontitis biofilm model, comprising S. mitis,

F. nucleatum, P. gingivalis and A. actinomycetemcomitans, had also been
cultured on coverslips or hydroxyapatite discs (Anto, 2013). These biofilms were
subsequently used in various co-culture model systems. For example, the 4- and
10-species periodontitis biofilms were co-cultured with a monolayer of
OKF6/TERT-2 cells, an immortalised oral keratinocyte cell line, to mimic
interactions at the biofilm-epithelium interface (Anto, 2013, Millhouse, 2015).
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This model was created in two alternative versions, with one component
cultured at the bottom of the well and the other grown on a Thermanox
coverslip that was fixed with Vaseline to a transwell insert scaffold (Figure 6.1A
and B). In the 4-species biofilm co-culture model, a hydroxyapatite disc was
used instead of a Thermanox coverslip (Anto, 2013). All components were fully
submerged throughout the entire culture period (4 and 24 hours at 37 °C,

5% CO2) (Millhouse, 2015). In later studies, the wells were seeded with the TR146
cells instead of the OKF6/TERT-2 cells and incubated with the biofilm for 20
hours (Brown, 2020). A further advancement of the model was the incorporation
of immune cells and a double-transwell setup (Figure 6.1C). In this system,
either peripheral blood mononuclear cells (PBMCs), CD3* T cells or CD14*
monocytes were added to the well of a 12-well plate. Subsequently, a
commercially obtained 0.5 cm? insert with primary human gingival epithelium
was placed in the well, followed by the addition of artificial saliva and a
smaller, 0.33 cm? insert with a biofilm coverslip facing the epithelium. The
whole construct was incubated for 20 hours at 37 °C, 5% CO.. This setup
modelled early innate and adaptive immune responses in the outer gingiva
rather than at the gingival sulcus. While these models proved effective in
studying the biofilm-epithelium interactions, their orientation would not allow
for modelling neutrophil transepithelial migration. Specifically, the
arrangements shown in Figure 6.1A and B lacked a porous membrane supporting
the epithelial layer, whereas immune cells in the configuration shown in Figure
6.1C were not expected to detach and migrate upwards through the porous

membrane and the overlying epithelium.
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Biofilm (3-, 7-, or 10-species)

Biofilm (4-species) OKF6/TERT-2 cells

TR146 cells or primary
gingival epithelium tissue

OKF6/TERT-2 cells Biofilm (3-, 7-, or 10-species) Dbt
e / D / 77777777777 PBMCs, CD3* T cells or
oo Vo eV e Vo Vo) He Re R Hs Re K Rs Re 00000000000 CD14* monocytes

(Anto, 2013) (Millhouse, 2015) (Brown, 2020)

Figure 6.1 /n vitro co-culture models previously developed by the group. Three model configurations are shown, each incorporating different components and
spatial arrangements: (A) OKF6/TERT-2 cells grown at the bottom of the well and challenged with a 4-species biofilm* grown on a hydroxyapatite disc mounted to the
transwell insert. Figure adapted from Anto (2013); (B) OKF6/TERT-2 cells grown on a Thermanox coverslip mounted to the transwell insert and challenged with a
3-species biofilm**, 7-species biofilm***, or 10-species biofilm**** grown at the bottom of the well. Figure adapted from Millhouse (2015); (C) PBMCs, CD3* T cells or
CD14* monocytes added to the bottom of the well, accompanied by either TR146 cells or primary gingival epithelium grown on the membrane of the lower transwell
insert. The model was challenged with a 3-species biofilm**, 7-species biofilm***, or 10-species biofilm**** grown on a Thermanox coverslip mounted to the upper
transwell insert. Figure adapted from Brown (2020).

*4-species biofilm included S. mitis, F. nucleatum, P. gingivalis and A. actinomycetemcomitans.

**3-species biofilm included S. intermedius, S. mitis and S. oralis.

***7-species biofilm included S. intermedius, S. mitis, S. oralis, A. naeslundii, F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii and V. dispar.
***x10-species biofilm included S. intermedius, S. mitis, S. oralis, A. naeslundii, F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii, V. dispar,

A. actinomycetemcomitans, P. intermedia and P. gingivalis.

OKF6/TERT-2, an immortalised oral keratinocyte cell line; PBMCs, peripheral blood mononuclear cells. Figure created with BioRender.com.
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6.2 Proposed model design

Drawing on the earlier approaches described above, a conventional transwell-
based system and Thermanox coverslips were retained as supports in the
proposed model (Figure 6.2). However, there were a few key differences.
Bacterial biofilms were positioned at the bottom of the well, but in order to
increase the versatility of the plate setup, they were grown on coverslips. The
fully submerged biofilm-epithelium interface was still used, but the TR146 cells
were seeded directly onto the basolateral side of the transwell membrane to
mimic the in vivo orientation of the junctional epithelium, where the basement
membrane is adjacent to the connective tissue while the outermost epithelial
layers face the sulcus. The 3 um membrane pore size was chosen to allow for
active migration of neutrophils, which have a diameter of 8.3 um, while
preventing their passive passage (Downey et al., 1990). Finally, to simulate a
timely, directed influx of neutrophils as early immune responders, epithelial
cells were first stimulated with biofilms for 1 hour before neutrophils were
added, allowing time for the release and accumulation of epithelial-derived

mediators.
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Figure 6.2 Proposed design of an /n vitro 3D co-culture model of the oral barrier at the
gingival sulcus. The proposed model utilised a conventional transwell-based system and
Thermanox coverslips as supports for modelling neutrophil transepithelial migration into the
gingival sulcus. The biofilm-epithelium interface was created by placing bacterial biofilms grown
on coverslips at the bottom of the well, with the TR146 cell-seeded transwell insert membrane,
which had 3 pm pores, positioned directly above. The epithelial layer was maintained fully
submerged throughout both its formation and the co-culture period. Neutrophils were added to
the transwell insert with a 1-hour delay relative to the rest of the setup to simulate a directed
influx of neutrophils from the connective tissue, through the epithelium, and into the gingival
sulcus. Figure created with BioRender.com.
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6.3 Hypothesis and research questions

Hypothesis: There are certain components and properties of the oral barrier at

the gingival sulcus that can be combined to model it in vitro.
The research questions raised to examine this hypothesis included:

1. In the proposed in vitro model system, can biofilms induce a response in

the epithelial cell layer that will result in:
a. IL-8 response from neutrophils and epithelial cells?

b. neutrophil migration through the epithelial layer towards the bacterial

biofilm?
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6.4 Results

The experiments in this chapter sought to develop a proof-of-concept 3D in vitro
model of neutrophil transepithelial migration at the junctional epithelium. To
achieve this, the neutrophil transwell migration assay setup was iteratively
refined through the progressive incorporation of components previously
validated in Chapters 4 and 5:

e primary neutrophils;

e a TR146 epithelial cell multilayer grown on a transwell insert membrane;
and

e 5-and 10-species biofilms associated with periodontal health and disease.

The assay was developed through four exploratory configurations of increasing
complexity. As these experiments were conducted as preliminary proof-of-
concept assays and were limited to a single independent experiment per
configuration, the findings are presented descriptively and used to inform
subsequent model development. The initial assay configuration was used to
estimate baseline neutrophil movement through the unseeded porous transwell
membrane following stimulation with soluble LPS in the well. Migration was
assessed by recovering neutrophils from the wells and counting them using a
haemocytometer. The next step involved introducing a TR146 cell-seeded
membrane to mimic the presence of the junctional epithelium. At this stage,
IL-8 measurement by ELISA was added as a readout and retained in later
iterations to assess inflammatory mediator release in response to stimulation.
Because direct haemocytometer counting was limited by poor recovery of
migrated neutrophils from the wells, a CCK-8 assay was subsequently adopted as
an indirect readout of viable cells within the migration system. The protocol was
then modified to introduce an LPS gradient, with the aim of modelling
directional stimulation more effectively. Finally, 5- and 10-species bacterial
biofilms were incorporated as more biologically relevant stimuli to better reflect
in vivo conditions. The final experiment was designed to compare neutrophil

migration in response to the 5- and 10-species biofilm models. As the presence
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of biofilms interfered with CCK-8 measurements in the wells, only transwell
CCK-8 readouts were performed. A crystal violet assay was also performed to

assess adherent biomass in the wells after completion of the migration assay.

6.4.1 Neutrophil transwell migration assay following stimulation
with soluble LPS

Transwell inserts with porous membranes are commonly used in vitro tools to
study neutrophil migration. In order to allow only active neutrophil movement,
membranes with pores 3 um in diameter were chosen for all experiments. The
initial experiment was used to estimate baseline neutrophil movement through
these unseeded membranes - in the absence of any epithelial cell layer. During
the initial transwell migration assay, 1 x 10® neutrophils were added to each PC
Corning transwell insert, which was placed in a well containing either HBSS(+)
with LPS at 20 pg/mL or HBSS(+) alone. LPS was derived from E. coli O111:B4,
which is reported to bind TLR4 on neutrophils, resulting in their activation (Evani
et al., 2020) and enhanced motility (Boribong et al., 2019). Following a 2-hour
incubation, inserts were removed and neutrophils that migrated into the wells
were quantified with a haemocytometer. The total number of neutrophils
detected in the wells containing LPS (9.75 x 10° + 1.58 x 10%) did not appear
markedly different from that observed in the control wells, where 8.95 x 10°

+ 3.97 x 10* cells were recorded (Figure 6.3).
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Figure 6.3 Quantification of neutrophils in the transwell migration assay following
stimulation with soluble LPS. Transwell inserts with porous PC membranes were placed in wells
containing HBSS(+) alone (CTRL) or HBSS(+) with LPS (20 pg/mL; LPS). Next, 1 x 10° neutrophils
suspended in 100 pL HBSS(+) were added to each insert and incubated for 2 hours at 37 °C,

5% CO2. Following incubation, neutrophils that migrated into the wells were quantified using an
improved Neubauer haemocytometer. Data represent mean + SD of technical triplicates from a
single experiment (n = 1). Individual technical replicate values are shown as symbols.

HBSS(+), Hanks’ balanced salt solution with calcium and magnesium; LPS, lipopolysaccharide;
PC, polycarbonate.

6.4.2 Neutrophil transepithelial migration assay following
stimulation with soluble LPS

The next phase of the in vitro model development involved the introduction of
the TR146 cell-seeded membrane to mimic the presence of the junctional
epithelium. This dual-cell setup will also be referred to hereafter as PMN/Epi.
For the purpose of this experiment, Millicell PET transwell inserts were seeded
with 5 x 10* TR146 cells per transwell and incubated for 2 days at 37 °C, 5% CO..
During the migration assay, transwells were placed in wells containing RPMI
medium with or without LPS (20 ug/mL). Immediately afterwards, 1 x 10°
neutrophils were added to each transwell insert and the full setup was incubated
for either 2 or 24 hours. Following the incubation at 37 °C in 5% CO, recovery of
neutrophils was attempted from both the wells and the apical compartments of
the transwell inserts, but it did not exceed 7% of the initial input (data not
shown). IL-8 ELISA analysis of supernatants retrieved from the wells suggested
that stimulation of the PMN/Epi setup with LPS may have been associated with
higher measured concentrations of IL-8, reaching 42.06 + 43.83 pg/mL after

2 hours and 3058.87 + 1928.23 pg/mL after 24 hours (Figure 6.4A and B).
However, the calculated concentration for one technical replicate contributing

to the 24-hour mean was extrapolated beyond the ELISA standard curve range
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and should therefore be treated as an estimate. This estimated value was
4422 .34 pg/mL, compared with 1695.41 pg/mL for the other replicate. IL-8 was
also detected in the unstimulated dual-cell setup after 24 hours, although at a

substantially lower measured concentration (157.65 + 51.57 pg/mL).
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Figure 6.4 IL-8 release during the neutrophil transepithelial migration assay following
stimulation with soluble LPS. Transwell inserts with porous Millicell PET membranes were
seeded with 5 x 10* TR146 cells per transwell (PMN/Epi) or left unseeded (PMN only) and
incubated for 2 days at 37 °C, 5% CO2. Following incubation, transwells were placed in wells
containing RPMI alone (CTRL) or RPMI with LPS (20 pg/mL; LPS). Next, 1 x 10° neutrophils
suspended in 100 pL RPMI were added to each insert and incubated for (A) 2 hours or (B) 24 hours
at 37 °C, 5% COz. Following incubation, supernatants from the wells were retrieved and
evaluated for IL-8 concentrations by ELISA. Data represent mean + SD of technical duplicates
(seeded transwells) or an individual measurement (unseeded control) from a single experiment
(n =1). Individual technical replicate values are shown as symbols. The red dotted line denotes
the upper limit of the standard curve. The samples exceeding this limit were diluted 1:8 and re-
tested, with the final concentrations adjusted for the dilution factor. One sample still exceeded
the limit, but further testing at different dilutions was precluded by insufficient sample volume.
Therefore, this value was extrapolated beyond the ELISA standard curve range and treated as an
exploratory estimate only, and is denoted by a dagger (") on the graph. IL-8, interleukin-8;

LPS, lipopolysaccharide; PET, polyethylene terephthalate; PMN, polymorphonuclear neutrophil;
PMN/Epi, dual-cell setup comprising PMNs and TR146 epithelial cells; RPMI, RPMI 1640 medium
modified with L-glutamine and phenol red.

Histological analysis of the cells present on the transwell insert membranes was
consistent with epithelial layer formation in all of the samples to which TR146
cells were added. Neutrophils, however, were detected only in the specimens
obtained following the 2-hour incubation (Figure 6.5) and in PMN-only setups
from the 24-hour incubation (data not shown).
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Furthermore, at the 2-hour time point, neutrophils appeared to exhibit different
distributions depending on whether membranes were TR146-seeded or
unseeded. When exposed to the epithelial layer, neutrophils appeared to form
clusters on the apical side of the membrane (more evident following LPS
stimulation), while in the absence of TR146 cells, they were observed on both

sides of the membrane as more evenly dispersed single cells.

PMN/Epi PMN only

CTRL

LPS

Figure 6.5 H&E-stained Millicell PET membranes from the neutrophil transepithelial
migration assay following stimulation with soluble LPS. Transwell inserts with porous Millicell
PET membranes were seeded with 5 x 10* TR146 cells per transwell (PMN/Epi) or left unseeded
(PMN only) and incubated for 2 days at 37 °C, 5% COz. Following incubation, transwells were
placed in wells containing RPMI alone (CTRL) or RPMI with LPS (20 pg/mL; LPS). Next,

1 x 108 neutrophils suspended in 100 uL RPMI were added to each insert and incubated for

2 hours. Following incubation, transwell membranes were fixed in 10% neutral buffered formalin
overnight at 4 °C, paraffin-embedded, sectioned, and stained with H&E. Slides were scanned at
20x magnification. The experiment was performed on a single occasion (n = 1). For each
condition, there were two technical replicates for PMN/Epi setups and one sample for PMN-only
setups. One representative image is shown for each experimental condition.

LPS, lipopolysaccharide; PET, polyethylene terephthalate; PMN, polymorphonuclear neutrophil;
PMN/Epi, dual-cell setup comprising PMNs and TR146 epithelial cells; RPMI, RPMI 1640 medium
modified with L-glutamine and phenol red.

6.4.3 Neutrophil transepithelial migration assay following
stimulation with surface-bound LPS

The transwell migration experiment protocol was further modified to better
model directional guidance provided by the LPS gradient. LPS (100 ng/mL) was
adsorbed onto the well surface pre-coated with a 1% fibrinogen solution to allow
for desorption during the assay. An additional control was incorporated using a
transwell insert seeded with TR146 cells, without added neutrophils, to assess

the contribution of TR146 cells to IL-8 secretion. This condition also served as an
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experimental negative control for the CCK-8 assay, allowing assessment of
whether viable TR146 cells alone produced a detectable CCK-8 signal and
whether this signal appeared to vary between stimulated and unstimulated
conditions. Next, transwells were pre-incubated in the test plate for 1 hour to
allow for release and accumulation of epithelial-derived IL-8 before introduction
of neutrophils, consistent with reports that TR146 cells constitutively secrete
IL-8 (Molero-Abraham et al., 2019) and that IL-8 release can increase following
LPS exposure (Tetyczka et al., 2021). This maintained the overall stimulation
period for the epithelial cells, while shortening the main incubation time for
neutrophils to 1 hour due to concerns about reduced survival over longer
periods. The CCK-8 assay was then carried out immediately following the
incubation period to provide an estimate of viable neutrophils that remained in
the apical compartment of the transwell insert and those that migrated into the
well. The results of this preliminary experiment suggested that fewer
neutrophils were detected in the transwell insert when its membrane was
seeded with TR146 cells (Figure 6.6A). In the PMN/Epi setup, 4.00 x 10*

+5.04 x 10° neutrophils were detected in the transwell under LPS conditions
compared to the media-only control with 5.02 x 10* + 2.86 x 10* neutrophils.
When the epithelial layer was not present, higher neutrophil counts were
observed in the transwells - 6.27 x 10* £ 2.26 x 10° and 8.64 x 10* + 3.74 x 10* in
the presence and absence of LPS, respectively. While an opposing pattern was
observed in the wells (Figure 6.6B), the combined counts from both sides did not
fully account for the initial input cell number (1 x 108 neutrophils per insert).
Neutrophil counts in the PMN/Epi setup wells reached 5.91 x 10° + 1.09 x 10° and
4.23 x 10° + 3.74 x 10* under LPS and control conditions, respectively. Setups
without the epithelial cell layer yielded lower neutrophil counts in wells, with
1.48 x 10° + 3.94 x 10* when stimulated with LPS and 7.86 x 10* + 2.34 x 10*
under media control conditions. Within the TR146-only setup, the CCK-8 signal
appeared comparable in the presence and absence of LPS, both in the transwells
and the corresponding wells.
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Figure 6.6 Quantification of neutrophils in the transepithelial migration assay following
stimulation with surface-bound LPS. Transwell inserts with porous Millicell PET membranes
were seeded with 5 x 10* TR146 cells per transwell (PMN/Epi and TR146 only) or left unseeded
(PMN only) and incubated for 2 days at 37 °C, 5% COz. Following incubation, transwells were
placed in RPMI-containing wells pre-treated with dPBS(-) alone (CTRL) or with LPS (100 ng/mL;
LPS) and incubated for 1 hour at 37 °C, 5% CO2. Next, 1 x 10° neutrophils suspended in 100 uL
RPMI were added to each insert in the PMN/Epi and PMN-only conditions, while 100 pL RPMI
alone was added to inserts in the TR146-only condition. All setups were then incubated for

1 hour at 37 °C, 5% COz. Following incubation, cell suspensions in (A) the transwell inserts and
(B) the wells were analysed using the CCK-8 assay. Data represent mean + SD of technical
duplicates from a single experiment (n = 1). Individual technical replicate values are shown as
symbols. dPBS(-), calcium- and magnesium-free Dulbecco’s phosphate-buffered saline;

LPS, lipopolysaccharide; PET, polyethylene terephthalate; PMN, polymorphonuclear neutrophil;
PMN/Epi, dual-cell setup comprising PMNs and TR146 epithelial cells; RPMI, RPMI 1640 medium
modified with L-glutamine and phenol red.

Supernatants recovered from the wells were assessed for the presence of IL-8 by
ELISA (Figure 6.7). For this assay, only one replicate from the 1:10 dilution was
available for analysis; therefore, the data are presented descriptively as single
concentration values. PMN/Epi setups were associated with the highest
measured IL-8 concentrations, reaching 1834.39 and 1426.15 pg/mL for LPS-
stimulated and unstimulated setups, respectively. This was followed by the
TR146-only setups with 1134.31 pg/mL (under LPS conditions) and 317.29 pg/mL
(media control). The lowest IL-8 concentrations were detected in PMN-only
setups, with values of 210.54 pg/mL under LPS conditions and 78.93 pg/mL in
the absence of LPS.
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Figure 6.7 IL-8 release during the neutrophil transepithelial migration assay following
stimulation with surface-bound LPS. Transwell inserts with porous Millicell PET membranes
were seeded with 5 x 10* TR146 cells per transwell (PMN/Epi and TR146 only) or left unseeded
(PMN only) and incubated for 2 days at 37 °C, 5% COz. Following incubation, transwells were
placed in RPMI-containing wells pre-treated with dPBS(-) alone (CTRL) or with LPS (100 ng/mL;
LPS) and incubated for 1 hour at 37 °C, 5% CO2. Next, 1 x 10° neutrophils suspended in 100 uL
RPMI were added to each insert in the PMN/Epi and PMN-only conditions, while 100 puL RPMI
alone was added to inserts in the TR146-only condition. All setups were then incubated for

1 hour at 37 °C, 5% COz. Following incubation, supernatants from the wells were retrieved and
evaluated for IL-8 levels by ELISA. Data represent individual measurements from a single
experiment (n = 1), with one technical replicate from the 1:10 dilution available for analysis.
Individual values are shown as symbols. The red dotted line denotes the upper limit of the
standard curve. Both neat and diluted samples were analysed. The 1:10 dilution was required to
fit the samples within the standard curve range, with the final concentrations adjusted for the
dilution factor. Further testing of the second replicate at different dilutions was precluded by
insufficient sample volume. IL-8, interleukin-8; LPS, lipopolysaccharide; PET, polyethylene
terephthalate; PMN, polymorphonuclear neutrophil; PMN/Epi, dual-cell setup comprising PMNs
and TR146 epithelial cells; RPMI, RPMI 1640 medium modified with L-glutamine and phenol red.

Histological analysis of the specimens obtained during the experiment was not
possible due to cell detachment from the membrane in several specimens,

resulting in sparse cell retention or empty slides (data not shown).

6.4.4 Neutrophil transepithelial migration assay following
stimulation with 5- and 10-species biofilms

The transepithelial migration assay was advanced by incorporation of 5- and 10-
species bacterial biofilms, described in detail in Chapter 4, to better reflect

In vivo conditions. The final experiment was designed to compare neutrophil
migration in response to these two biofilm models. Multispecies biofilms stored
at -80 °C were revived overnight under appropriate conditions (see Section
2.1.1.9). Clean coverslips were processed in parallel with each biofilm condition

using the same overnight protocol and were used as an exploratory feasibility
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platform to assess whether neutrophils could be recovered from both transwell
compartments. Aside from replacing surface-bound LPS with 5- or 10-species
biofilms grown on Thermanox coverslips and increasing TR146-seeding density
from 5 x 10% to 1 x 10° cells per transwell, the migration assay was conducted as

described in the previous section.

The CCK-8 assay carried out on cell suspensions retrieved from the transwells
(Figure 6.8) suggested that transwell retention of neutrophils was lower
following 5-species biofilm stimulation than 10-species biofilm stimulation in
both the PMN/Epi setup (3.18 x 10* + 2.39 x 10% vs. 1.12 x 10° + 2.68 x 10* cells,
respectively) and the PMN-only setup (2.94 x 10* + 1.52 x 103 vs. 8.16 x 10*
+1.86 x 10* cells, respectively). Among coverslip-only conditions, neutrophil
retention in the PMN-only setup (1.42 x 10° + 6.83 x 10* cells) appeared higher
than in the PMN/Epi setup (5.34 x 10* + 2.07 x 10* cells). The PMN-only setup
under this condition also showed both the highest apparent cell retention and
the greatest variability among the transwell CCK-8 readouts in this experiment.
Within the TR146-only setup, the CCK-8 signal in the transwells appeared
comparable across all experimental conditions. The assay readout was limited to
cell suspensions retrieved from transwells due to interfering signals produced by

coverslips and biofilms in the wells.
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Figure 6.8 Quantification of neutrophils in the transepithelial migration assay following
stimulation with 5-species* and 10-species** bacterial biofilms. Transwell inserts with porous
Millicell PET membranes were seeded with 1 x 10% TR146 cells per transwell (PMN/Epi and TR146
only) or left unseeded (PMN only) and incubated for 2 days at 37 °C, 5% CO2. Following
incubation, transwells were placed in RPMI-containing wells with revived 5-species or 10-species
biofilms, or with clean coverslips processed in parallel for each biofilm type using the same
overnight protocol. Transwells were then incubated for 1 hour at 37 °C, 5% CO.. Next, 1 x 106
neutrophils suspended in 100 uL RPMI were added to each insert in the PMN/Epi and PMN-only
setups, while 100 pL RPMI alone was added to inserts in the TR146-only setup. All setups were
then incubated for 1 hour at 37 °C, 5% COz. Following incubation, cell suspensions in the
transwell inserts were analysed using the CCK-8 assay. Data represent mean = SD from a single
experiment (n = 1). Biofilm conditions were assessed using technical duplicates, while coverslip-
only data were pooled within each experimental setup. The pooled coverslip-only conditions
included four technical replicates for PMN/Epi and TR146-only setups, and three technical
replicates for the PMN-only setup. One PMN-only sample was excluded prior to analysis due to
suspected technical error during the assay. Individual technical replicate values are shown as
symbols.

*5-species biofilms included S. intermedius, S. mitis, S. oralis, N. mucosa and R. dentocariosa.
**10-species biofilms included S. intermedius, S. mitis, S. oralis, A. naeslundii, F. nucleatum
subsp. polymorphum, F. nucleatum subsp. vincentii, V. dispar, A. actinomycetemcomitans,

P. intermedia and P. gingivalis.

PET, polyethylene terephthalate; PMN, polymorphonuclear neutrophil; PMN/Epi, dual-cell setup
comprising PMNs and TR146 epithelial cells; RPMI, RPMI 1640 medium modified with L-glutamine
and phenol red.

Additionally, macroscopic visual inspection after the experiment showed visible
material in the coverslip-only wells in the PMN/Epi setup and, to a lesser extent,
in the PMN-only setup. Subsequent examination under a light microscope showed
small, rounded cells attached to the coverslip surface in these wells (data not

shown).
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Histological analysis of the transwell insert membranes was attempted,;
however, the cells detached from the membrane during processing, resulting in

sparse cell retention or empty slides (data not shown).

Next, IL-8 concentrations in well supernatants were measured by ELISA (Figure
6.9). Stimulation with a 5-species biofilm in the PMN/Epi setup appeared to be
associated with a higher mean IL-8 concentration (58.99 £ 49.05 pg/mL)
compared to the 10-species biofilm and coverslip-only conditions (42.23

+ 21.84 pg/mL and 45.08 + 17.86 pg/mL, respectively), although variability was
also greater. By contrast, in the TR146-only setup, 5-species biofilm stimulation
appeared to be associated with a lower mean IL-8 concentration (20.58

+ 0.34 pg/mL) and lower variability than 10-species biofilm stimulation (38.44
+ 54.36 pg/mL) or the coverslip-only condition (30.48 + 30.64 pg/mL). Overall,
IL-8 concentrations in the PMN/Epi and TR146-only setups appeared broadly
comparable across conditions. Notably, IL-8 was undetectable in supernatants

retrieved from PMN-only setups, regardless of stimulation conditions.
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Figure 6.9 IL-8 release during the neutrophil transepithelial migration assay following
stimulation with 5-species* and 10-species** bacterial biofilms. Transwell inserts with porous
Millicell PET membranes were seeded with 1 x 10% TR146 cells per transwell (PMN/Epi and TR146
only) or left unseeded (PMN only) and incubated for 2 days at 37 °C, 5% CO2. Following
incubation, transwells were placed in RPMI-containing wells with revived 5-species or 10-species
biofilms, or with clean coverslips processed in parallel for each biofilm type using the same
overnight protocol. Transwells were then incubated for 1 hour at 37 °C, 5% CO.. Next, 1 x 108
neutrophils suspended in 100 pL RPMI were added to each insert in the PMN/Epi and PMN-only
conditions, while 100 pL RPMI alone was added to inserts in the TR146-only condition. All setups
were then incubated for 1 hour at 37 °C, 5% CO2. Following incubation, supernatants from the
wells were retrieved and evaluated for IL-8 levels by ELISA. Data represent mean + SD from a
single experiment (n = 1). Biofilm conditions were assessed using technical duplicates, while
coverslip-only data were pooled within each experimental setup. The pooled coverslip-only
conditions included four technical replicates for PMN/Epi and PMN-only setups, and three
technical replicates for the TR146-only setup. One TR146-only sample was excluded prior to
analysis due to suspected technical error during ELISA duplicate measurement. Individual
technical replicate values are shown as symbols.

*5-species biofilms included S. intermedius, S. mitis, S. oralis, N. mucosa and R. dentocariosa.
**10-species biofilms included S. intermedius, S. mitis, S. oralis, A. naeslundii, F. nucleatum
subsp. polymorphum, F. nucleatum subsp. vincentii, V. dispar, A. actinomycetemcomitans,

P. intermedia and P. gingivalis.

IL-8, interleukin-8; PET, polyethylene terephthalate; PMN, polymorphonuclear neutrophil;
PMN/Epi, dual-cell setup comprising PMNs and TR146 epithelial cells; RPMI, RPMI 1640 medium
modified with L-glutamine and phenol red.
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Following completion of the transwell migration assay, the 24-well plate with
coverslips was dried and utilised for crystal violet staining (Figure 6.10) to
enable macroscopic visualisation of cells that had migrated and attached under
the coverslip-only conditions and to assess adherent biomass in the wells.
Macroscopic inspection of the coverslip-only wells in the PMN/Epi setup after
crystal violet staining showed circular stained areas corresponding to the
footprint of the transwell insert membrane, with additional stained material
extending beyond this area (Figure 6.10A). In the PMN-only setup, the footprint
was less distinct, with weaker overall staining and a few more intensely stained
punctate areas within the footprint. In the TR146-only setup, the footprint area
was largely unstained, with only minimal staining outside this region. Strong
crystal violet staining was observed on biofilm-containing coverslips. The 5-
species biofilms appeared to be more uniformly stained, whereas the 10-species
biofilms showed a more heterogeneous staining pattern. On these coverslips, the
transwell footprint remained visible mainly as a lighter peripheral rim. After
macroscopic imaging, retained crystal violet was solubilised and absorbance was
measured as the biomass readout. The biomass appeared broadly comparable
between wells with 5- and 10-species biofilms when considered across all setups,
as the mean OD values were 2.019 + 0.368 and 2.081 + 0.3784, respectively,
with corresponding CV values of 18.23% and 18.18% (Figure 6.10B). Biomass in
the coverslip-only conditions appeared substantially lower than that of the
biofilm-containing wells (Figure 6.10C). Nevertheless, biomass in the coverslip-
only wells incubated with the PMN/Epi setup seemed slightly higher (0.1778

+ 0.025, CV = 14.34%) than in those incubated with the PMN-only setup (0.053

+ 0.02, CV = 30.16%). While it should be noted that these values are very small
and should therefore be interpreted cautiously, they appeared consistent with

the macroscopic appearance of the wells (Figure 6.10A).
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Figure 6.10 Crystal violet biomass assessment of a post-migration plate after neutrophil
transepithelial migration following stimulation with 5-species* and 10-species** bacterial
biofilms. Transwell inserts with porous Millicell PET membranes were seeded with 1 x 10°
TR146 cells per transwell (PMN/Epi and TR146 only) or left unseeded (PMN only) and incubated
for 2 days at 37 °C, 5% CO2. Following incubation, transwells were placed in RPMI-containing
wells with revived 5-species or 10-species biofilms, or with clean coverslips processed in parallel
for each biofilm type using the same overnight protocol. Transwells were then incubated for

1 hour at 37 °C, 5% CO2. Next, 1 x 10° neutrophils suspended in 100 pL RPMI were added to each
insert in the PMN/Epi and PMN-only conditions, while 100 uL RPMI alone was added to inserts in
the TR146-only condition. All setups were then incubated for 1 hour at 37 °C, 5% COz. Following
incubation, the plate containing coverslips was retrieved, dried and used for the crystal violet
biomass assay. (A) Post-migration plate stained with crystal violet, (B) crystal violet biomass
assessment showing the full OD range, (C) crystal violet biomass assessment showing an
expanded low-OD range. Image and data are from a single experiment (n = 1) performed in
technical duplicate. Data represent mean + SD, with individual technical replicate values shown
as symbols.

*5-species biofilms included S. intermedius, S. mitis, S. oralis, N. mucosa and R. dentocariosa.
**10-species biofilms included S. intermedius, S. mitis, S. oralis, A. naeslundii, F. nucleatum
subsp. polymorphum, F. nucleatum subsp. vincentii, V. dispar, A. actinomycetemcomitans,

P. intermedia and P. gingivalis.

PET, polyethylene terephthalate; PMN, polymorphonuclear neutrophil; PMN/Epi, dual-cell setup
comprising PMNs and TR146 epithelial cells; RPMI, RPMI 1640 medium modified with L-glutamine
and phenol red.
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6.5 Discussion

This chapter describes the stepwise development of a 3D in vitro model of the
oral barrier at the gingival sulcus. The components used in the model were
previously validated in Chapters 4 and 5 and included 5- and 10-species biofilms
associated with periodontal health and disease, a TR146 epithelial cell
multilayer grown on a transwell insert membrane, and primary neutrophils.
These components were progressively incorporated into the setup, in
configurations of increasing complexity, resulting in the development of the
proof-of-concept model of neutrophil migration across the junctional epithelium.
The assays were exploratory, with one independent experiment performed per

configuration to assess feasibility and guide further model development.

6.5.1 LPS-stimulated transwell migration assays

The initial transwell migration assay provided an estimate of baseline neutrophil
migration through the unseeded porous transwell membrane following
stimulation with soluble LPS in the well (Figure 6.3). Soluble LPS did not appear
to enhance neutrophil migration under the conditions tested. The comparable
recovery of neutrophils from LPS-containing and control wells may reflect
substantial unstimulated baseline migration through the porous membrane. This
is consistent with transwell-based neutrophil chemotaxis assays in which
spontaneous migration is measured as a background component of the assay
(Thunstrom Salzer et al., 2018). The similar recovery between conditions may
also have been influenced by the relatively long incubation time, which could
have allowed neutrophils in the control condition to migrate to a similar extent.
In addition, the finding may reflect the context-dependent nature of LPS effects
on neutrophil migration. Although LPS has been reported to act as a direct
chemoattractant for human neutrophils at high concentrations (Creamer et al.,
1991), other studies have reported that LPS alone does not induce neutrophil
chemotaxis, with migration instead occurring in response to mediators released
by LPS-stimulated cells (Jung et al., 2013).

In the subsequent experiment, TR146 cells were used to seed the transwell
insert membrane to generate an epithelial multilayer intended to mimic the

junctional epithelium. Neutrophil recovery was low across all conditions (data
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not shown). Histological assessment of H&E-stained membrane sections showed
neutrophils at the 2-hour time point (Figure 6.5). In the PMN-only setup, these
cells were more evenly dispersed on both sides of the membrane under both
control and LPS-stimulated conditions. In contrast, neutrophils present in the
PMN/Epi setup appeared to form aggregates, which may be consistent with
increased activation, as activated neutrophils are known to increase adhesion
molecule expression, promoting cell-cell aggregation (Kienle and LAmmermann,
2016). This may have been influenced by epithelial cell-derived signals. The
absence of neutrophils in the PMN/Epi setup at 24 hours could be consistent with
loss of detectable cells following prolonged or strong activation, potentially
involving apoptosis or NETosis (Hsu et al., 2025, Perez-Figueroa et al., 2021).
However, as apoptosis and NETosis were not directly assessed, this
interpretation remains speculative. IL-8 was detected in well supernatants, with
higher measured concentrations in PMN/Epi setups stimulated with LPS at both
time points (Figure 6.4). TR146 cells have been reported to release IL-8, with a
modest increase following LPS stimulation (Hosokawa et al., 2017, Tetyczka et
al., 2021). This may suggest that the presence of TR146 cells contributed to the
IL-8 response under these conditions, although a synergistic interaction between

neutrophils and TR146 cells could not be excluded at this stage.

The next iteration of the model used surface-bound LPS in the wells with the
aim of generating a more spatially restricted source of stimulation than soluble
LPS in the well medium. Additionally, temporal control was introduced by
delaying the addition of the neutrophil suspension. At this stage, the CCK-8 assay
was employed because direct haemocytometer counting had been limited by
poor recovery of migrated neutrophils from the wells in the previous

experiment. This enabled estimation of viable neutrophil numbers in both the
transwell insert apical compartments and the wells (Figure 6.6). As CCK-8
provides an indirect readout based on cell metabolic activity rather than a direct
cell count, these estimates should be interpreted as approximate viable cell
numbers. The data suggested that the presence of an epithelial layer, even
when unstimulated, was associated with increased apparent neutrophil
migration. Additionally, CCK-8-derived estimates in the wells appeared higher
under LPS-stimulated conditions than under the corresponding control conditions

in both neutrophil-containing setups. However, because this was based on a
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single independent experiment with technical duplicates, this pattern should be
interpreted descriptively rather than as evidence of a robust difference. The
corresponding transwell readouts showed lower overall cell numbers than the
well readouts and did not appear to show a clear condition-dependent pattern.
Nevertheless, the estimated viable cell counts did not account for the full
neutrophil input added to the transwell inserts, suggesting incomplete recovery
and/or loss of detectable viable cells during the assay. This may reflect cells
adhering to or remaining within the membrane or epithelial layer, cell death, or
the indirect, viability-dependent nature of the CCK-8 assay in this setup. The
CCK-8 readout from TR146 cells alone did not appear to differ markedly between
LPS-stimulated and unstimulated conditions, suggesting that LPS did not
substantially alter the viable cell signal from the epithelial component under the
conditions tested. IL-8 concentrations were also measured in well supernatants
from the same experimental setup (Figure 6.7). Across conditions, the IL-8
pattern appeared to align with the CCK-8-derived neutrophil counts in the
corresponding wells, with higher apparent neutrophil migration accompanied by
higher measured IL-8 concentrations. However, this possible relationship should
be interpreted very cautiously, as one IL-8 technical replicate could not be
guantified reliably. Both neat samples exceeded the upper detection limit, but
following 1:10 dilution, only one replicate fell within the quantifiable range,

while the other was below the lower limit of quantification.

This apparent alignment between migration and IL-8 readouts may reflect
epithelial-neutrophil crosstalk within the PMN/Epi setup, although the direction
of this relationship cannot be resolved from this experiment alone. One possible
explanation is that TR146 cells constitutively release soluble mediators and
express adhesion-associated molecules that may support neutrophil migration,
with these responses potentially being further altered following LPS stimulation.
IL-8 is a plausible contributor, although other inflammatory mediators or
adhesion-associated molecules, such as IL-18, IL-6, or ICAM-1, may also have
contributed (Hagio-lzaki et al., 2018, Tetyczka et al., 2021). Further
experiments would be required to measure additional epithelial-derived
mediators and test whether blocking candidate signals alters neutrophil

migration.
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Another consideration relates to the interpretation of neutrophil counts obtained
from setups with and without the epithelial cell layer, as these conditions may
reflect distinct biological and assay-related processes. In the absence of the
epithelial cell layer, increased migration through the membrane cannot be
assumed to reflect classical chemotaxis, as the effects of LPS on neutrophil
migration appear to depend on dose, timing and assay format. For example, LPS
has been reported to act as a stop signal at higher concentrations in an under-
agarose chemotaxis assay (Wang et al., 2017), whereas LPS pre-priming
increased spontaneous migration of differentiated HL-60 cells in a microfluidic
chemotaxis assay (Boribong et al., 2019). Therefore, the apparent LPS-
associated migration observed in the PMN-only setup may reflect altered basal
motility, neutrophil-derived mediator production, or assay-specific effects
rather than a simple chemoattractant response. One possible indirect
mechanism is LPS-induced IL-8 production by neutrophils, which could be
amplified through autocrine or paracrine signalling (Evani et al., 2020, Kaiser et
al., 2021). However, LPS desorption from the coated surface was not assessed,

and the formation of an LPS or IL-8 gradient in this system remains speculative.

6.5.2 Biofilm-stimulated transwell migration assay

The concluding modification to the in vitro system involved substitution of the
surface-bound LPS with coverslip-grown multispecies biofilms, allowing
assessment of biofilm-associated IL-8 responses and neutrophil migration in the
developing model. The final experiment was designed to compare responses to
the 5- and 10-species biofilm models.

The CCK-8 analysis was limited to cell suspensions retrieved from the transwells
only, due to interfering signals produced by coverslips and biofilms in the wells.
Within the constraints of this readout, fewer neutrophils were retained in the
transwells following exposure to 5-species biofilms than to 10-species biofilms,
both in the presence and absence of epithelial cells (Figure 6.8). This pattern
may indicate reduced neutrophil migration towards 10-species biofilms
compared with 5-species biofilms. As the readout was indirect and the data were
based on a single independent experiment, this finding should be interpreted
cautiously and would require confirmation in additional experiments. If this

pattern is confirmed, one possible explanation to explore is that differences in
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bacterial composition between the biofilm models may have altered neutrophil
chemotaxis through proteolytic activity or other virulence mechanisms. For
example, P. gingivalis is known to disrupt IL-1B, IL-6 and IL-8 signalling through
the proteolytic activity of its gingipain proteases (Sochalska and Potempa, 2017,
Stathopoulou et al., 2009). A. actinomycetemcomitans employs its outer
membrane components to sequester inflammatory mediators; LPS captures IL-8
(Ahlstrand et al., 2019), while bacterial interleukin receptor | binds IL-6 and IL-8
and internalises IL-18 (Ahlstrand et al., 2017).

IL-8 was measured as a readout of neutrophil and epithelial cell responses in the
in vitro model (Figure 6.9). It was detected in the PMN/Epi and TR146-only
setups, but was undetectable in PMN-only setups, suggesting that neutrophils
were unlikely to be the main source of IL-8 under these experimental conditions.
Instead, IL-8 detected in conditions containing TR146 cells may have partly
reflected epithelial-derived IL-8, as TR146 cells have been reported to
constitutively secrete IL-8, with secretion increasing only modestly under
bacterial stimulation (Molero-Abraham et al., 2019). When considered in relation
to the proposed bacterial disruption of cytokine signalling, however, the IL-8
concentrations in well supernatants did not show the reduction that would be
expected if substantial sequestration or degradation had occurred. This does not
exclude the possibility that other cytokines may still be relevant to this
response, as these were not measured in this experiment. Overall, the IL-8 ELISA
results were not sufficient to determine whether IL-8 influenced neutrophil
migration. In addition, biofilm stimulation did not appear to clearly modulate
the IL-8 response under these conditions. Further optimisation of the model
conditions is required to assess potential changes in cytokine production by the

model components under different experimental conditions.

The data also suggested that neutrophils could migrate through the transwell
insert in the absence of biofilm; however, this response appeared highly variable
and difficult to interpret (Figure 6.8). This coverslip-only condition provided an
exploratory feasibility platform to assess whether neutrophils could be
recovered from both transwell compartments. Microscopic inspection of the

PMN/Epi and PMN-only wells revealed small, rounded cells attached to the
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coverslip surface, with a morphology that appeared more consistent with

neutrophils than epithelial cells.

This observation was consistent with neutrophil adhesion to the coverslip.
Thermanox coverslips are hydrophilic, cell-culture-treated polyester surfaces
designed to support cell attachment, and may also retain assay-derived
molecules. Potential neutrophil adhesion at this surface could therefore be
promoted by interactions with host-derived mediators or biofilm medium-
derived components adsorbed to the coverslip. CD11b/CD18-dependent adhesion
described for plastic surfaces may also have contributed (Yakubenko et al.,
2002). Where present, IL-8 released during the assay could further contribute to
inside-out activation of CD11b/CD18, increasing integrin affinity and avidity
(Detmers et al., 1990). Subsequent integrin engagement and clustering on the
neutrophil membrane could then reinforce outside-in signalling, adhesion and
activation (Bouti et al., 2021).

Crystal violet biomass assessment did not appear to show clear differences
between 5- and 10-species biofilms across the different experimental setups
(PMN/Epi, PMN-only and TR146-only). Biomass detected in coverslip-only wells
appeared to constitute only a fraction of that detected in wells containing
biofilm-covered coverslips and was therefore low relative to the biofilm-
associated signal (Figure 6.10B). As these coverslip-only wells did not contain
biofilm, the low-level crystal violet staining in these wells may instead reflect
non-specific dye binding to adherent cellular material, including neutrophils,
neutrophil-derived debris and/or extracellular DNA/NET-like material retained
on the coverslip surface. Although some OD values were very low (Figure 6.10C),
they corresponded to the macroscopic staining pattern of the wells (Figure
6.10A). However, as crystal violet staining provides a semi-quantitative estimate
of adherent biomass and may be insufficiently sensitive to resolve subtle
differences, particularly in complex multispecies biofilms, these findings should
be interpreted with caution (Azeredo et al., 2017, Castro et al., 2022, Kragh et
al., 2019). The exact nature of the stained material could not be confirmed
without more targeted staining approaches, such as immunostaining for
neutrophil- or NET-associated markers (Allen, 2014, Pilchova et al., 2025).

Therefore, the staining pattern and previous microscopic observations were
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consistent with, but not confirmatory of, neutrophil-associated material in the

coverslip-only wells.

NET-associated signal was also assessed in well supernatants; however, the
signal detected in the samples was very low and therefore did not provide clear
evidence of NET formation in this experiment. Although the 1-hour period
following neutrophil addition exceeded the minimum onset time for NETosis
reported in some in vitro studies (van der Linden et al., 2017), other reports
indicate that full NET release may require 180-240 minutes, depending on the
stimulus (Inozemtsev et al., 2023). Importantly, only well supernatants were
analysed. NETs are surface-associated extracellular DNA-protein structures and
may have remained attached to the coverslip or epithelial cell layer rather than
being efficiently recovered in the supernatant. Therefore, supernatant analysis
may have underestimated NET formation in this assay.

Overall, neutrophil quantification and evaluation of migration in this system
remained challenging, and further work is required to enable reliable neutrophil
tracking in this model. Nevertheless, the combined evidence from CCK-8-derived
cell estimates, macroscopic and microscopic observations after the migration
assay, and macroscopic assessment after crystal violet staining suggested that
neutrophils could move through the transwell membrane in the presence or

absence of an epithelial cell layer and be detected in the well.

6.5.3 Model limitations and future optimisation

A major limitation of this chapter is that each assay configuration was performed
as a single independent experiment. Therefore, the findings are descriptive and
should not be interpreted as statistically robust evidence of differences between
conditions. Instead, the data support the practical feasibility of the model
components and identify methodological issues requiring optimisation in future

experiments.

Quantification of neutrophils that migrated into the wells would have provided
additional insight but was not technically feasible due to biofilm metabolic
interference with the CCK-8 assay. Alternative approaches for future

experiments could include pre-labelling neutrophils with carboxyfluorescein
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diacetate succinimidyl ester (CFDA-SE) or calcein-acetoxymethyl ester (Calcein-
AM) before adding them to the transwell inserts, followed by fluorescence-based
imaging or quantification after migration (Cotter et al., 2001, Frevert et al.,
1998, Lammers et al., 2015). Another option would be quantification of human
DNA present in the wells as a proxy for cell number; this could involve targeting
single-copy nuclear genes such as ribonuclease P protein subunit p30 (RPP30) or
mitochondrial DNA (mtDNA) genes such as NADH dehydrogenase subunit 1
(MT-ND1) or cytochrome b (MT-CYB) (Castellani et al., 2020, Dyavar et al.,
2018). However, these DNA-based approaches would not distinguish intact cells
from extracellular DNA released during cell death or NET formation. In dual-cell

setups, detached epithelial cells could also contribute to the signal.

To address the non-specific adhesion observed under the coverslip-only
conditions, future optimisation could explore surface passivation of coverslips
through albumin-based blocking with human or bovine serum albumin, similar to
strategies used in ELISA plate blocking (Neubert et al., 2019), or by applying
non-protein anti-adhesive coatings used in biomedical devices, such as Pluronic
F-127 (Jackson et al., 2000, Treter et al., 2014), with the aim of reducing non-

specific neutrophil adhesion or activation at the coverslip surface.

A further technical challenge of this model system was the inability to perform
histological analysis of membranes with epithelial cell layers due to poor cell
retention in the specimens. As discussed in Chapter 5, this may be attributable
to the need for a reduced PFA fixation time due to the exceptional thinness of
the specimens. If this issue were resolved, a range of staining approaches could
be used to visualise neutrophils interacting with the transwell insert membrane

and the TR146 epithelial cell layer.

Despite these limitations, the sequential approach used in the development of
the in vitro model provided several advantages. It allowed assessment of
whether the model behaved in line with the intended design and helped
attribute observed outcomes to specific components or technical limitations.
This pilot proof-of-concept work supported the feasibility of the model and
provided the groundwork for future studies with sufficient replication for

statistical analysis.
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6.6 Summary and findings

1. In the proposed in vitro model system, can biofilms induce a response in

the epithelial cell layer that will result in:
a. IL-8 response from neutrophils and epithelial cells?

b. neutrophil migration through the epithelial layer towards the bacterial

biofilm?

In the in vitro model system developed in this chapter, the data are consistent
with the hypothesis that there are certain components and properties of the oral
barrier at the gingival sulcus that can be combined to model it in vitro, although
neutrophil quantification and evaluation of migration in this system were
challenging. The CCK-8 assay was identified as a potential means of neutrophil
guantification. Further work is needed for reliable neutrophil tracking in this

model.

IL-8 was detected in the dual-cell setup containing neutrophils and TR146
epithelial cells. However, in the current model setup there was no obvious
modulation of this response with biofilm stimulation. Further work is required to
optimise the model conditions for detecting changes in cytokine production by

components of the model under different experimental conditions.
6.7 Publications

Work from this chapter has been presented at the following

conferences/symposia:

e Haleon Symposium, January 2025, Weybridge

e University of Glasgow School of Medicine, Dentistry and Nursing IEE Day
Away, April 2025, Glasgow

e Oral Microbiology and Immunology Group ECR Meeting, May 2025,

Glasgow.
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7 General Discussion

The work described in this thesis shows the stepwise development of an in vitro
model of the oral mucosal barrier by incorporating key characteristics that
contribute to the maintenance of periodontal health. To the best of the author’s

knowledge, this is a novel model.

7.1 Summary of findings across chapters

7.1.1 ldentification of taxa present in subgingival plaque that are
associated with periodontal health

The narrative review comprising Chapter 3 provided a synthesis of microbiome
data reported in 42 original studies conducted across 20 countries between 2012
and 2021. Analysis of the reported taxa showed higher variability in the health-
associated microbiome compared to the periodontitis-associated microbiome
across studies, possibly due to the relatively recent development of open-ended,
high-throughput detection techniques and the historical focus on pathogens and
their role in disease, rather than the more contemporary emphasis on health-
associated taxa in the maintenance of health (Feres et al., 2021, Ma et al.,
2024). The most frequently reported taxa associated with health included
Actinobacteria, Proteobacteria and Firmicutes at the phylum level,
Corynebacterium, Actinomyces, Capnocytophaga, Streptococcus at the genus
level and Corynebacterium matruchotii, Cardiobacterium hominis,
Granulicatella adiacens, Haemophilus parainfluenzae, Rothia dentocariosa and
Streptococcus sanguinis at the species level. It is increasingly recognised that
different communities of bacteria may share similar functions. Therefore,
further valuable information could be obtained by complementing taxonomic
characterisation with assessment of microbial metabolic activity (Duran-Pinedo
et al., 2014, Jorth et al., 2014).

7.1.2 Development of periodontal health-associated /n vitro
biofilms

The work described in Chapter 4 focused on the development of a 5-species
in vitro biofilm to emulate periodontal health. The model design was based on a

previously developed 3-species Glasgow biofilm model (Brown et al., 2023), but
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it was expanded by incorporating two additional species: R. dentocariosa and

N. mucosa. Based on data from Chapter 3, R. dentocariosa was among the most
frequently reported species associated with health. Moreover, one study
concluded that the genus Rothia was most positively correlated with health,
with R. dentocariosa numerically dominating the health-associated communities
(Abusleme et al., 2013). R. dentocariosa has also been reported to reduce
nitrate (Rosier et al., 2020), and nitrate reduction has been suggested to support
oral homeostasis (Rosier et al., 2022). Neisseria species were consistently
represented in studies of health-associated biofilms; however, as different
members of this genus appeared in different studies, no single Neisseria species
featured heavily. N. mucosa was therefore selected as a representative Neisseria
species because it reduces nitrate (Barth et al., 2009) and inhibits P. gingivalis
invasion of gingival epithelial cells (Fukuda et al., 2024). These species were
added either before or after the incorporation of Streptococcus spp. during
biofilm preparation, to determine whether they could be successfully
incorporated into the developing model. Compositional analysis of the 5-species
biofilms showed that all species were successfully incorporated into both
variations of the 5-species model, with noticeable and consistent dominance of
Streptococcus spp. SEM-based comparison of the 5-species and previously
developed 10-species biofilm models (Brown et al., 2023) suggested differences
in microarchitecture and structure that partly resembled those reported
between health-associated and disease-associated ex vivo biofilms, including

surface homogeneity, structural complexity and biomass.

7.1.3 Investigating host cell lines for use in an /n vitro model

The TR146 cell line is widely used in oral barrier property studies (Bierbaumer et
al., 2018) and was used to seed transwell insert membranes to form an epithelial
multilayer. Different methods were explored to confirm its formation, among
which the CCK-8 assay was identified as the most reliable method to assess
intra-batch variability based on OD values. Absolute quantification of cells was
not possible due to technical constraints in the preparation of a reliable
reference curve. This is a known challenge associated with assessing 3D in vitro

structures (Temple et al., 2022).
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The immortality, relative ease of culture and theoretical reproducibility of
established cell lines make them an appealing alternative to primary cells, which
are harder to source, have limited proliferative capacity and lower survival
rates. Nonetheless, in the author’s experience, even established cell lines can
be challenging and show variability between stored batches in terms of

proliferative capacity and cell responsiveness.

Given the challenges associated with the use of primary neutrophils - namely,
the requirement for same-day venepuncture from a volunteer and the
subsequent variability among volunteers - immortalised promyelocytic cell lines
are often employed in in vitro studies as their substitutes. Two different
methods of HL-60 differentiation and maturation were tested here: DMSO and
ATRA stimulation (Blanter et al., 2021). Both differentiated cell types were
assessed alongside primary neutrophils using flow cytometry. ATRA-
differentiated cells displayed cell surface markers (CD11b*, CD15%) similar to the
primary neutrophils and were assessed further. However, when stimulated with
known neutrophil agonists, fMLF and LTBa4, their response appeared to be
attenuated. Therefore, primary neutrophils were used in the in vitro model

following successful optimisation of their quantification using the CCK-8 assay.

7.1.4 Stepwise development of a 3D /n vitro co-culture model

The three components evaluated in previous chapters were finally combined in
Chapter 6 to develop a pilot proof-of-concept 3D in vitro co-culture model of
neutrophil migration across the junctional epithelium. The final modification of
the model involved incorporation of multispecies bacterial biofilms. Enumeration
of neutrophils in this system was challenging. Following co-culture of the
PMN/Epi setup with 5- and 10-species biofilms, the CCK-8 assay was used to
determine the number of neutrophils remaining in the transwell insert. This
approach was employed because neutrophils in the well could not be quantified,
as the biofilms interfered with the CCK-8 assay. The data were inconclusive and
suggested variable migration of neutrophils. Nevertheless, the model forms the

basis for future studies.
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7.2 Distinctive features of the developed model

The developed co-culture model differs from previously published systems
through the integration of distinctive features within a single experimental
platform: a health-associated biofilm, an epithelial-biofilm spatial configuration
that enables gingival sulcus-like compartmentalisation, and the potential to

model directed transepithelial neutrophil migration towards the biofilm.

7.2.1 Distinct health-associated taxa

Most published oral biofilm models have focused on disease-associated species,
with periodontal health often treated as a baseline rather than a distinct
microbial state. The present model addresses this gap by expanding the previous
3-species Glasgow biofilm model through the incorporation of N. mucosa and

R. dentocariosa, selected to represent health-associated taxa. These species
were not included in the periodontitis-associated 10-species model, making their

incorporation a distinctive feature of the 5-species health-associated model.

7.2.2 Physiologically relevant compartmentalisation

Unlike the previously described models of the oral barrier, this model
incorporated a physiologically oriented epithelial-biofilm interface with the
potential for directed immune-cell migration. The epithelial multilayer was
formed by seeding TR146 cells on the basolateral side of a porous transwell
insert membrane with a pore size suitable for cell migration. As a result, the
superficial epithelial layers faced the biofilm, while the deepest epithelial layers
remained adjacent to the membrane and the upper chamber compartment. This
design created a compartmentalised system in which epithelial-biofilm
interactions could be maintained, while preserving the possibility of modelling a
directed immune-cell response through the addition of immune cells to the

transwell insert.

7.2.3 Transepithelial neutrophil migration

Although immune cells have been incorporated into some oral barrier models,
relatively few systems have specifically sought to model neutrophil

transepithelial migration, a key feature of gingival sulcus immune surveillance.
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One notable exception is the transwell model described by Madianos et al.
(1997), which was used to examine human neutrophil migration across a

P. gingivalis-infected KB cell epithelial layer. However, the relevance of this
model to the oral barrier is limited by the subsequent recognition that the

KB cell line was misidentified and is now considered to be HelLa-derived, rather

than a true oral epithelial cell line (Vaughan et al., 2017).

7.3 Technical optimisation, model validation and
limitations

The model was developed using an iterative, proof-of-concept approach, in
which individual components were used to establish feasibility and troubleshoot
their integration prior to formal validation. These preliminary runs were
therefore intended to identify observable trends, technical constraints and areas
requiring optimisation to guide model development, rather than to support
statistical inference or definitive comparisons between conditions. Accordingly,
apparent differences observed between conditions should be interpreted as
preliminary trends requiring confirmation in independent repeat experiments,
which are necessary to establish reproducibility and enable quantitative

validation of the model.

7.3.1 Future technical optimisation

Several practical considerations were identified across the biofilm component,
neutrophil-handling steps and downstream readouts. At the biofilm level, the
apparent dominance of Streptococcus spp. in the 5-species biofilm requires
confirmation using a viability-based method, such as live/dead gPCR, to
determine whether this signal reflects viable streptococci or residual DNA from
non-viable cells. If viable Streptococcus spp. dominance is confirmed, future
work could include adjustment of starting inoculum concentrations or further
expansion of species diversity in this model, for example by incorporating
species identified following the completion of the systematic review described in
Chapter 3.

The experimental setup also presented challenges, as neutrophils appeared to

adhere strongly to the coverslip surface. This could be addressed by exploring
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surface passivation strategies, including ELISA plate-blocking approaches or anti-
adhesive coatings developed for biomedical devices, provided that the surface

treatment itself does not activate neutrophils.

Further technical constraints were also identified in relation to model readouts.
The presence of the biofilms in the wells interfered with the CCK-8 assay. As
already discussed in Chapter 6, this could be resolved by applying additional
methods such as pre-labelling neutrophils with fluorescent dyes before they are
added to the transwell inserts and measuring fluorescence intensity, or
qguantifying their DNA in the wells using gPCR. A further limitation of the model
was the low volumes of supernatant that could be obtained after completion of
the experiment. This could be addressed with the use of high-plex platforms
such as Luminex or a proximity extension assay or, alternatively, using a 6-well
plate alongside appropriately sized transwells. Another technical limitation was
the difficulty of consistently capturing the epithelial layer on transwell inserts
for staining, possibly due to detachment during processing, indicating that

fixation protocols require further optimisation.

7.3.2 Logistical constraints

The setup of the final biofilm-containing iteration of the model was highly time-
sensitive. This was particularly relevant for primary neutrophils, which have a
short ex vivo lifespan and require careful handling before use. Potential
solutions would include growing biofilms directly in compatible plate formats or
adapting the model to an automated high-throughput screening system, provided
that readouts were standardised and automation-compatible. For example,
Corning offers robotics-friendly 24-well plates with transwell inserts, and
suggested applications include high-throughput screening of drug transport, cell
toxicity, and cell migration. In all cases, independent repeat experiments would

be required to assess reproducibility and support statistical analysis.

7.3.3 Model limitations and validation

Any in vitro model is inherently a reductionist system and therefore has
biological limitations. The model necessarily simplifies the complexity of the

gingival sulcus and cannot fully reproduce the periodontal immune response
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Iin vivo. The 5-species biofilm does not capture the full microbial diversity,
spatial organisation, metabolic activity or interspecies interactions of the in vivo
subgingival plaque. The epithelial content is also simplified, as TR146 cells do
not represent junctional epithelium. Similarly, the immune component was
limited to neutrophils, whereas the in vivo host response also involves immune
and stromal cell populations in the surrounding gingival tissues, whose soluble
mediators may contribute to the gingival sulcus environment (Hajishengallis and
Korostoff, 2017). Finally, cell culture medium does not reproduce gingival
crevicular fluid, including its nutrient and oxygen gradients, flow, pH and host
proteins. These limitations reflect the controlled and reductionist nature of the
model, rather than technical failure, and should be considered when
interpreting the biological relevance of the findings. The findings could be
contextualised by comparing results from the model with in vivo and ex vivo
human data, allowing the model to be interpreted accordingly and potential

modifications to be considered.

7.4 Further research and potential applications of the
model

Overall, an in vitro model such as the one proposed could help characterise
features of gingival health and identify targetable pathways to maintain gingival
health under challenge, such as exposure to a dysbiotic biofilm, environmental
irritants including those identified in electronic cigarettes, or inflammatory
mediators generated in response to aberrant local or systemic immune
responses. This could offer a different therapeutic strategy based on promoting
resilience in healthy tissues rather than on the traditional disease-blocking

approach, which targets disease-associated pathways.

The developed 3D in vitro co-culture model offers high versatility, as its
components can be easily modified and substituted. Each component of the
model - i) the coverslip, ii) the biofilm, iii) the epithelial cell-coated transwell
membrane, iv) the cells in suspension within the transwell insert and v) the
culture medium bathing the model - offers an opportunity to ask research
guestions. For example, at the level of the coverslip, a variety of host or
bacterial mediators could be used to coat the surface to study neutrophil

response to a specific surface-bound cue. This could provide a way to explore
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candidate compounds intended for local delivery within the gingival sulcus.
Gelatine chips, including PerioChip, are currently used to introduce
chlorhexidine at this site as an adjunct to periodontal treatment (Ma and Diao,
2020). Hypothetically, other compounds could be delivered in a similar way to
modulate inflammation. Alternatively, other coverslip-grown biofilm models
could be employed, including ex vivo subgingival biofilms obtained from healthy
and periodontitis patients. Biofilm modulation could be further studied by
adding antibodies that neutralise bacterial enzymes such as gingipains, or by
adding bacterial supernatants from probiotic strains, e.g. L. reuteri producing
the antibacterial compound reuterin (Iniesta et al., 2012, Jansen et al., 2021).
Similarly, biofilms could be grown with gene-deficient bacteria, such as the
RgpA/RgpB knockout P. gingivalis (Popadiak et al., 2007).

The transwell insert membrane could be modified by using either other
epithelial cell lines, or TR146 cell line knockouts generated, for example, with
genome editing tools such as clustered regularly interspaced short palindromic
repeats-CRISPR-associated protein 9. It would be interesting to target the serum
amyloid A-TLR axis, which has been reported to be involved in the first-line
defence against periodontal microbiota in junctional epithelium (Qian et al.,
2021). Using healthy patient-derived primary cells is challenging as these can
only routinely, reasonably and ethically be obtained from patients undergoing
elective minor surgical procedures involving gingival tissue, for example: implant
post exposure, surgical crown lengthening, or orthodontic extractions. Healthy
gingival tissue can be obtained by gingival biopsy of healthy volunteers but this
is invasive and can result in gingival recession, so is at best a limited source of
tissue. Patients with periodontitis are more likely to be undergoing procedures
from which epithelial tissues can, in theory, be obtained. However, growing
epithelial cells from such tissues is extremely challenging as the fibroblasts are

extremely difficult to eliminate and tend to outcompete the epithelial cells.

Peripheral blood neutrophils could be used with the ex vivo biofilms from the
same individuals, which could model personalised immune responses, aligning
with the concept of precision medicine. Combining a full model of neutrophils,
biofilm and epithelial cells from the same donor would require the patient to

return for a blood draw after the tissue collection procedure, as the neutrophils
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would need to be obtained several days later once the epithelium was already
established.

The in vitro model could be further expanded by incorporating more cell types
such as human umbilical vein endothelial cells (HUVECs) grown in an additional
insert or on top of fully modelled tissue together with human gingival fibroblasts
and collagen to study neutrophil extravasation, in addition to transepithelial
migration, or by including macrophages as a source of anti-inflammatory

cytokines to investigate resolution of inflammation (Huang et al., 2016).

The model could be used to demonstrate proof-of-concept for drug and non-drug
active agents suitable for incorporation into local delivery systems for the
periodontal pocket. Such agents could be incorporated into a solid formulation -
such as the gelatine chips mentioned above - or delivered in liquid or semi-solid
form as an irrigant, gel or even an oral rinse. Although an oral rinse is unlikely to
affect deep periodontal pockets, it may still have an effect at the gingival
margin. For example, an early clinical study suggested that BLXA4-ME, a host-
modulatory lipoxin analogue delivered as an oral rinse, could reduce gingival
inflammation (Hasturk et al., 2021b). Such agents could be designed to maintain
a homeostatic periodontal host response and promote its resilience under
challenge, or restore it under gingivitis- or periodontitis-associated conditions.
As a human-cell-based in vitro system, the model could also be used alongside

In vivo approaches, providing an initial platform to prioritise candidates for
subsequent animal-based testing and thereby support the 3Rs principles of

reduction and refinement.

The platform could be adapted for the development of patient-specific
functional assays. Patient-derived neutrophils could be combined with the

ex vivo biofilms and, potentially, gingival tissue collected during clinically
indicated procedures from the same individuals. This could allow personalised
immune responses to be modelled, aligning with the concept of precision
medicine. In the longer term, such assays could help assess individual responses
to selected active agents, including host-modulating compounds or microbiome-
modulating interventions. Such applications would depend on sample
availability, ethical approval and practical constraints related to sample

collection and processing.
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With further adaptation, the model could potentially be used for large-scale
compound screening, especially if implemented within an automated high-
throughput screening system rather than the current single-insert and coverslip
format, which is labour-intensive. However, this would require further
standardisation of the model and development of automation-compatible
readouts.
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7.5 Concluding remarks

This thesis aimed to develop an in vitro model of the oral mucosal barrier by
incorporating key characteristics that contribute to the maintenance of
periodontal health, with the goal of generating an easy-to-use and versatile

in vitro model that mimics in vivo conditions.
The key findings were:

e The subgingival microbiome associated with periodontal health differs
when compared to periodontitis at phylum, genus and species levels.

e Some of the key differences between health- and periodontitis-associated
subgingival biofilms, such as composition or microarchitecture and
structure, could be emulated in vitro. Further studies are needed to
evaluate how these different biofilms influence oral barrier integrity in an
in vitro model.

e TR146 cells grown on a porous transwell insert membrane could be used
to recreate an epithelial layer, modelling junctional epithelium in vitro.

e HL-60 cells could be differentiated with ATRA into neutrophil-like cells
that expressed surface markers characteristic of primary neutrophils,
consistent with previous reports, but these cells did not mimic primary
neutrophil responsiveness to stimuli under the conditions tested.

e Neutrophil quantification and the evaluation of migration in this system
were challenging. The CCK-8 assay was identified as a potential means of
neutrophil quantification. Further work is needed to enable reliable
neutrophil tracking in this model.
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Table S1 Equivalent bacterial strain identifiers across major microbial culture collections.
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Microorganism Type strain Strain designation Culture collection identifiers

ATCC 27335, BCCM/LMG 17840, CCUG 17827, CCUG 32759, CECT 803,

S. intermedius Yes VPI 3372A, 1877, SK 54 CIP 103248, DSM 20573, HAMBI 1571, JCM 12996, LMG 14510, LMG 17840,
NCDO 2227, NCFB 2227, NCTC 11324, VPI 3372-A, VPI 3372A
ATCC 49456, BCCM/LMG 14557, CCM 7411, CCUG 27308, CCUG 31611,

S. mitis Yes NS 51, SK 142 CCUG 35790, CIP 103335, DSM 12643, JCM 12971, KCTC 13047, KCTC 3556,
LMG 14557, NBRC 106071, NCIMB 13770, NCTC 12261
ATCC 35037, BCCM/LMG 14532, Carlsson LVG 1, CCUG 13229, CCUG 24891,

S. oralis Yes LVG/1, PB 182, SK 23 CCUG 25610, CECT 907, CIP 102922, DSM 20627, JCM 12997, KCTC 13048,
KCTC 3285, LMG 14532, NBRC 113011, NCDO 2680, NCTC 11427

N. mucosa Yes N 16 1959 ATCC 19696, CCUG 26877, CIP 59.51, DSM 17611, JCM 12992, NCTC 12978
ATCC 17931, CCM 7007, CCUG 35437, CDC X599, CIP 81.83, DSM 43762,

R dentocariosa ves YDIA. X599 DSM 46363, IAM 14816, IFM 1284, IFO 12531, IMET 11515, IMSNU 21309,

: ’ JCM 3067, KCC A-0067, KCTC 3204, NBRC 12531, NCTC 10917, NRRL B-8017,
PCM 2349, XD1A
. ATCC 19039, CCUG 35337, CDC X-600, CIP 100654, CIP 104837, CIP 82.9,

A. naeslundii No Bowden X600S-96, CS 1752, X-600 DSM 17233, DSM 43325, JCM 8350, WVU 447

F. nucleatum Yes 555A ATCC 10953, CCUG 9126, DSM 20482, JCM 12990, NCTC 10562

(subsp. polymorphum)

F. nucleatum Yes EM48 ATCC 49256, CCUG 37843, CIP 104988, DSM 19507, JCM 11023

(subsp. vincentii)

V. dispar Yes ERN AIP 10221, ATCC 17748, CCUG 54948, CIP 108002, DSM 20735, NCTC 11831
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Microorganism Type strain Strain designation Culture collection identifiers
P. gingivalis No W83 ATCC BAA-308, W83
A. actinomycetemcomitans No Y4 ATCC 43718, DSM 11123, JCM 8578
ATCC 25611, DATCC 25611, BCRC 14416, CCUG 24041, CIP 101222, CIP 103682,
P. intermedia Yes B422, Finegold B422

DSM 20706, JCM 11150, JCM 12248, JCM 7365, KCTC 15693, KCTC 3692,
NCTC 13070, VPI 4197

Culture collection identifiers were retrieved from ATCC (American Type Culture Collection), BacDive (Schober et al., 2025) and NCTC (National Collection of Type
Cultures) databases. Bacterial strains used by the author are indicated in bold.
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TEER measurements

Corning and Millicell transwells with PET membrane (see Table 2.7) were seeded
with TR146 cells at a total density of 5 x 10* cells/transwell as described in
Section 2.2.1.2 and incubated for 24 hours. Additionally, the following transwells
were included: transwells with cells seeded onto the apical side of the
membrane, and seeded or unseeded transwells pre-coated with poly-L-lysine
[Sigma-Aldrich, Merck, Darmstadt, Germany]. Following incubation and two
consecutive washes in dPBS(+), they were placed into a new 24-well plate. Wells
were filled with 600 pL of dPBS(+) and an additional volume of 400 pL of dPBS(+)
was added into each transwell chamber. Then, electrical resistance across the
epithelial layer was measured promptly using an EVOM Manual Meter System
consisting of an EVM-MT-03-01 TEER Measurement Meter and an STX4 electrode
[World Precision Instruments, Hitchin, Hertfordshire, UK]. Measurements were
performed three times for each transwell, for two consecutive days. Each
reading was acquired immediately upon probe placement and signal
stabilisation. Unseeded transwells served as a negative control. Additionally, on
day 4, a single set of measurements was performed before and after visibly

puncturing each membrane with a pipette tip.
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Table S2 Taxa associated with health and periodontitis: example entries from data extraction step.

Genera
Abundance: Actinomyces, Burkholderia, Corynebacterium, Rothia

Species
Relative abundance: Actinomyces gerencseriae OT 618, Actinomyces
sp. (Actinomyces sp. OT 170), Actinomyces sp. (Actinomyces
naeslundii OT 176), Actinomyces sp. (Actinomyces odontolyticus OT
701), Actinomyces sp. (Actinomyces sp. OT 169), Actinomyces sp.
(Actinomyces sp. OT 175), Actinomyces sp. OT 177 Porphyromonas
sp. (Porphyromonas catoniae OT 283), Burkholderia cepacia OT 571,
Rothia sp. (Rothia dentocariosa OT 587), Streptococcus sp.
(Streptococcus sanguinis OT 758), Veillonellaceae [G-1] sp.
(Veillonellaceae [G-1] sp. OT 155), unclassified Xanthomonadaceae,
unclassified Xanthomonadaceae
Highly prevalent and highly abundant: Actinomyces sp. OT 170,
Rothia dentocariosa OT 587*

Highly prevalent but present in low abundance: Actinomyces
gerencseriae OT 618, Actinomyces naeslundii OT 176
Moderately prevalent and present in low abundance: Actinomyces
odontolyticus OT 701, Actinomyces sp. OT 177, Burkholderia cepacia
OT 571, Porphyromonas catoniae OT 283, Streptococcus sanguinis OT
758, unclassified Xanthomonadaceae

Reference Taxa associated with periodontal health Taxa associated with periodontitis
(Abusleme et al., Phyla Phyla
2013) Relative abundance: Actinobacteria Relative abundance: Chloroflexi, Firmicutes, Spirochetes,

Synergistetes, Prevalence: Chloroflexi, Spirochetes, Synergistetes

Genera
Abundance: Bacteroidetes [G-1], Bacteroidetes [G-3], Bacteroidetes
[G-6], Chloroflexi [G-1], Desulfobulbus, Eubacterium [11] [G-1],
Eubacterium [11] [G-6], Eubacterium [11] [G-6], Filifactor,
Lachnospiraceae [G-4], Lachnospiraceae [G-8], Mogibacterium,
Mycoplasma, Parvimonas, Peptostreptococcaceae [11] [G-2],
Peptostreptococcaceae [11] [G-4], Peptostreptococcaceae [13] [G-1],
Peptostreptococcus, Porphyromonas, Pseudoramibacter,
Synergistestes [G-3], TM7 [G-5], Tannerella, Treponema,
Veillonellaceae [G-1]

Species
Relative abundance: Bacteroidetes [G-1] sp. OT 272, Bacteroidetes
[G-3] sp. OT 280, Bacteroidetes [G-6] sp. OT 516, Chloroflexi[G-1]
sp. OT 439, Desulfobulbus sp. OT 041, Eubacterium [11][G-6]
minutum OT 673, Eubacterium [11][G-6] nodatum OT 694,
Eubacterium [XI][G-3] brachy OT 557, Eubacterium [XI][G-5]
saphenum OT 759, Filifactor alocis OT 539, Filifactor alocis OT 539,
Johnsonella sp. OT 166, Lachnospiraceae [G-4] sp. OT 373,
Lachnospiraceae [G-8] sp. OT 500, Mogibacterium timidum OT 042,
Mycoplasma faucium OT 606, Parvimonas sp. (Parvimonas micra OT
111), Peptostreptococcaceae [X1] [G-2] sp. OT 091,
Peptostreptococcaceae [XII][G-1] sp. OT 113, Peptostreptococcaceae
[XI][G-4] sp. (Peptostreptococcaceae [XI][G-4] sp. OT 369),
Peptostreptococcus stomatis OT 112, Porphyromonas endodontalis
OT 273, Porphyromonas gingivalis OT 619, Pseudoramibacter
alactolyticus OT 538, Selenomonas sputigena OT 151, Streptococcus
constellatus OT 576, Streptococcus sp. (Streptococcus sp. OT 071),
Synergistetes [G-3] sp. (Synergistetes [G-3] sp. OT 360),
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Synergistetes [G-3] sp. (Synergistetes [G-3] sp. OT 362),
Synergistetes [G-3] sp. OT 363, Synergistetes [G-3] sp. OT 361, TM7
[G-1] sp. OT 346, TM7 [G-5] sp. OT 356, TM7 [G-1] sp. OT 349,
Tannerella forsythia OT 613, Treponema denticola OT 584,
Treponema lecithinolyticum OT 653, Treponema maltophilum OT
664, Treponema socranskii OT 769, Treponema socranskii OT 769,
Treponema sp. (Treponema medium OT 667), Treponema sp.
(Treponema sp. OT 257), Treponema sp. OT 237, Veillonellaceae [G-
1] sp. (Veillonellaceae [G-1] sp. OT 145), unclassified Clostridiales,
unclassified Enterobacteriaceae (Enterobacter cancerogenus OT 565)

Highly prevalent and highly abundant: TM7 [G-1] sp. OT 346,
Treponema denticola OT 584, Treponema medium OT 667,
Treponema sp. OT 237
Highly prevalent but present in low abundance: Bacteroidetes [G-1]
sp. OT 272, Chloroflexi [G-1] sp. OT 439, Desulfobulbus sp. OT 041,
Eubacterium [XI][G-3] brachy OT 557, Eubacterium [XI][G-5]
saphenum OT 759, Eubacterium [XI][G-6] nodatum OT 694, Filifactor
alocis OT 539,, Lachnospiraceae [G-8] sp. OT 500, Mogibacterium
timidum OT 042, Parvimonas micra OT 111, Peptostreptococcaceae
[XI][G-2] sp. OT 091, Peptostreptococcaceae [XI][G-4] sp. OT 369,
Peptostreptococcaceae [XIII][G-1] sp. OT 113, Porphyromonas
endodontalis OT 273, Porphyromonas gingivalis OT 619, Selenomonas
sputigena OT 151, Streptococcus sp. OT 071, Synergistetes [G-3] sp.
(OT 360), Synergistetes [G-3] sp. OT 362, Synergistetes [G-3] sp. OT
363, TM7 [G-1] sp. OT 349, TM7 [G-5] sp. OT 356, Tannerella
forsythia OT 613, Treponema lecithinolyticum OT 653, Treponema
maltophilum OT 664, Treponema socranskii OT 769, unclassified
Clostridiales, Veillonellaceae [G-1] sp. OT 145
Moderately prevalent and present in low abundance: Bacteroidetes
[G-3] sp. OT 280, Bacteroidetes [G-6] sp. OT 516, Eubacterium
[XI][G-6] minutum OT 673, Lachnospiraceae [G-4] sp. OT 373,
Mycoplasma faucium OT 606, Peptostreptococcus stomatis OT 112,
Pseudoramibacter alactolyticus OT 538, Streptococcus constellatus
OT 576, Synergistetes [G-3] sp. OT 361, Treponema sp. OT 257
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(Dabdoub et al., Phyla Phyla
2016) No data No data
Genera Genera
No data No data
Species Species

Relative abundance: Acinetobacter baumannii, Actinobaculum
HOT.183, Actinomyces dentalis, Actinomyces georgiae, Actinomyces
gerencseriae, Actinomyces graevenitzii, Actinomyces HOT.169,
Actinomyces HOT.170, Actinomyces HOT.171, Actinomyces HOT.177,
Actinomyces HOT.448, Actinomyces HOT.525, Actinomyces HOT.848,
Actinomyces HOT.877, Actinomyces HOT.896, Actinomyces johnsonii,
Actinomyces massiliensis, Actinomyces meyeri, Actinomyces
naeslundii, Actinomyces oricola, Actinomyces oris, Actinomyces
radicidentis, Aggregatibacter HOT.512, Aggregatibacter HOT.898,
Alloprevotella HOT.473, Alloprevotella HOT.912, Alloprevotella
HOT.913, Alloprevotella HOT.914, Alloprevotella rava, Alloscardovia
omnicolens, Arcanobacterium haemolyticum, Atopobium HOT.416,
Atopobium sp, Bacillus subtilis, Bacteroidales [G-3] HOT.911,
Bacteroides tectus, Bacteroides ureolyticus, Bacteroidetes [G-3]
HOT.365, Bacteroidetes [G-5] HOT.507, Bdellovibrio HOT.039,
Bifidobacterium animalis, Bifidobacterium scardovii, Bordetella
pertussis, Brevundimonas diminuta, Burkholderia cepacian,
Capnocytophaga haemolytica, Capnocytophaga HOT.863,

Capnocytophaga HOT.901, Cardiobacterium hominis, Caulobacter
HOT.002, Corynebacterium diphtheriae, Corynebacterium durum,
Corynebacterium HOT.184, Corynebacterium matruchotii,
Corynebacterium mucifaciens, Corynebacterium urealyticum,
Defluvibacter lusatiensis, Dialister micraerophilus, Dietzia HOT.368,
Erysipelothrix tonsillarum, Fusobacterium gonidiaformans,
Fusobacterium necrophorum, Haemophilus HOT.908, Helicobacter
pylori, Jonquetella anthropic, Kingella kingae, Kingella oralis,
Kluyvera ascorbate, Kocuria HOT.189, Kytococcus sedentarius,
Lachnospiraceae [G-5] HOT.455, Lactobacillus [XVII] catenaformis,
Lactobacillus buchneri, Lactobacillus jensenii, Lactobacillus panis,

Relative abundance: Bulleidia extructa, Desulfobulbus HOT.041,
Eubacterium [XI][G-3] brachy, Eubacterium [XI][G-5] saphenum,
Eubacterium [XI][G-6] nodatum, Filifactor alocis, Fretibacterium
HOT.358, Fretibacterium HOT.361, Fretibacterium HOT.362,
Fretibacterium HOT.452, Fusobacterium HOT.205, Fusobacterium
naviforme, Fusobacterium nucleatum, Johnsonella HOT.166,
Lachnospiraceae [G-8] HOT.500, Leptotrichiaceae [G-1] HOT.220,
Parvimonas micra, Peptostreptococcaceae [XI][G-2] HOT.091,
Peptostreptococcaceae [XI][G-4] HOT.369, Peptostreptococcaceae
[XI][G-1] HOT.113, Porphyromonas gingivalis, Selenomonas
HOT.134, Selenomonas sputigena, Streptococcus oralis, Tannerella
forsythia, Treponema HOT.255, Treponema HOT.264, Treponema
HOT.268, Veillonella parvula
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Lactobacillus reuteri, Lactobacillus rhamnosus, Lactobacillus
vaginalis, Lactococcus lactis, Lautropia mirabilis, Leptothrix
HOT.024, Leptotrichia goodfellowii, Listeria monocytogenes,
Lysinibacillus fusiformis, Megasphaera HOT.841, Mitsuokella
HOT.131, Mitsuokella multacida, Mobiluncus mulieris, Mollicutes [G-
2] HOT.906, Moryella HOT.419, Mycobacterium leprae,
Mycobacterium neoaurum, Mycobacterium tuberculosis, Mycoplasma
pneumoniae, Neisseria elongata, Neisseria weaver, Oribacterium
HOT.372, Ottowia HOT.894, Paenibacillus HOT.048, Paenibacillus sp,
Peptococcus HOT.168, Peptoniphilus HOT.836, Peptostreptococcus
anaerobius, Porphyromonas catoniae, Porphyromonas HOT.284,
Porphyromonas uenonis, Prevotella bivia, Prevotella buccalis,
Prevotella enoeca, Prevotella HOT.292, Prevotella HOT.299,
Prevotella HOT.305, Prevotella HOT.309, Prevotella HOT.396,
Prevotella HOT.475, Prevotella HOT.515, Prevotella
multisaccharivorax, Prevotella nigrescens, Prevotella oulorum,
Prevotella pallens, Prevotella saccharolytica, Prevotella shahii,
Propionibacterium avidum, Propionibacterium HOT.915,
Propionibacterium propionicum, Proteus mirabilis, Pseudomonas
stutzeri, Ralstonia HOT.027, Ralstonia HOT.406, Ralstonia pickettii,
Rhodocyclus HOT.028, Rothia aeria, Rothia dentocariosa, Rothia
mucilaginosa, Sanguibacter keddieii, Scardovia inopinata, Scardovia
wiggsiae, Selenomonas HOT.478, Selenomonas HOT.501,
Shuttleworthia satelles, Simonsiella muelleri, Streptococcus
agalactiae, Streptococcus HOT.066, Streptococcus HOT.068,
Streptococcus HOT.070, Streptococcus mutans, Streptococcus
pyogenes, Streptococcus salivarius, Streptococcus sanguinis, TM7 [G-
1] HOT.347, TM7 [G-2] HOT.350, TM7 [G-4] HOT.355, Turicella
otitidis, Veillonella HOT.917

(Wu et al., 2017) Phyla Phyla
No data No data
Genera Genera

Average relative abundance: Actinobaculum, Actinomyces,
Arcanobacterium, Blastomonas, Capnocytophaga, Cardiobacterium,
Chryseobacterium, Corynebacterium, Elizabethkingia, Gemella,

Average relative abundance: Acetobacterium, Aminobacterium,
Candidatus Tammella, Catonella, Desulfobulbus, Dialister,
Dysgonomonas, Filifactor, Fusobacterium, Kingella, Longilinea,
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Granulicatella, Haemophilus, Lautropia, Neisseria, Parascardovia,
Propionibacterium, Rothia, Streptococcus, Streptomyces, Veillonella

Species
Average relative abundance: Actinobaculum suis, Actinomyces
georgiae, Actinomyces meyeri, Actinomyces odontolyticus,
Arcanobacterium bernardiae, Bacteroides graminisolvens,
Blastomonas natatorial, Campylobacter gracilis, Capnocytophaga
gingivalis, Capnocytophaga granulosa, Capnocytophaga ochracea,
Corynebacterium durum, Corynebacterium matruchotii,
Elizabethkingia meningoseptica, Gemella haemolysans, Gemella
sanguinis, Granulicatella adiacens, Haemophilus parainfluenzae,
Lautropia mirabilis, Leptotrichia buccalis, Leptotrichia hofstadii,
Leptotrichia shahii, Neisseria flavescens, Neisseria lactamica,
Neisseria mucosa, Porphyromonas catoniae, Prevotella
saccharolytica, Propionibacterium humerusii, Rothia aeria,
Streptococcus australis, Streptococcus bovis, Streptococcus cristatus,
Streptococcus fryi, Streptococcus infantis, Streptococcus
oligofermentans, Streptococcus oralis, Streptococcus parasanguinis,
Streptococcus pseudopneumoniae, Streptococcus sanguinis,
Streptococcus tigurinus, Streptococcus vestibularis, Streptococcus
gordonii, Veillonella atypica, Veillonella dispar, Veillonella parvula

Luteococcus, Mogibacterium, Odoribacter, Pectinatus,
Peptoniphilus, Porphyromonas, Pseudoramibacter, Sedimentibacter,
Slackia, Tannerella, Thermovirga, Treponema

Species
Average relative abundance: Aminobacterium colombiense,
Atopobium rimae, Bacteroides denticanum, Bacteroides
heparinolyticus, Candidatus Tammella caduceiae, Catonella morbi,
Dialister invisus, Dysgonomonas wimpennyi, Filifactor alocis,
Fusobacterium nucleatum, Kingella oralis, Longilinea arvoryzae,
Luteococcus peritonei, Mogibacterium timidum, Odoribacter
denticanis, Pectinatus cerevisiiphilus, Peptoniphilus indolicus,
Porphyromonas endodontalis, Porphyromonas gingivalis, Prevotella
dentalis, Prevotella intermedia, Sedimentibacter hydroxybenzoicus,
Tannerella forsythia, Thermovirga lienii, Treponema amylovorum,
Treponema denticola, Treponema maltophilum, Treponema medium,
Treponema paraluiscuniculi, Treponema porcinum, Treponema
putidum, Treponema socranskii, Treponema succinifaciens,
Treponema vincentii
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Table S3 Phyla associated with periodontal health.

Phylum Count | Row locations*

No data 32 1; 2; 3; 5; 6; 8; 10; 11; 12; 13; 15; 16; 17; 18; 19; 20; 22;
23; 24; 25; 27; 29; 30; 33; 34; 35; 37; 38; 39; 40; 41; 42

Actinobacteria 3 4;7; 36

Proteobacteria 3 21; 28; 32

None 3 9; 26; 31

Firmicutes 2 9; 14

Cyanobacteria 1 9

Verrucomicrobia 1 9

Bacteroidetes 1 28

*Row location refers to the row in the data extraction document.
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Genus Count Row locations*

No data o8 1; 2; 5; 6; 10; 11; 12; 13; 15; 16; 17; 18; 19, 20; 21; 22,
24; 25; 26; 29; 30; 31; 33; 34; 35; 37; 39; 42

Corynebacterium 9 3; 4; 7; 8; 14; 23; 28; 32; 36

Actinomyces 7 4; 8; 14, 28; 32; 36; 38

Capnocytophaga 7 4; 8; 14; 23; 28; 32; 40

Streptococcus 5 7; 8; 14; 23; 38

Haemophilus 4 8; 14; 23; 38

Leptotrichia 4 4; 23; 28; 40

Prevotella 4 4; 9; 28; 40

Veillonella 4 4; 8;9; 23

Granulicatella 3 8;9; 38

Lautropia 3 8; 14; 40

Neisseria 3 8; 28; 32

Rothia 3 3; 8; 36

Campylobacter 2 28; 40

Cardiobacterium 2 8; 40

Gemella 2 8; 23

Oribacterium 2 9; 40

Paludibacter 2 4; 14

Only genera reported in more than one study are shown.
*Row location refers to the row in the data extraction document.
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Species Count Row locations*

None 20 1;2;5;6; 11; 12; 13; 14; 15; 16; 17; 19; 20; 22;
28; 29; 30; 32; 38; 40

No data 3; 4;9; 21; 23; 33; 39

Corynebacterium matruchotii

7; 8; 10; 29; 34; 35

Cardiobacterium hominis

10; 24; 29; 35; 41

Granulicatella adiacens

8; 18; 26; 29; 31

Haemophilus parainfluenzae

7;8;18; 24; 31

Rothia dentocariosa

10; 27; 29; 31; 37

Streptococcus sanguinis

8; 10; 18; 37; 40

7

6

5

5

5

5

5
Actinomyces georgiae 4 8; 10; 29; 43
Actinomyces gerencseriae 4 10; 24; 37; 40
Corynebacterium durum 4 7; 8; 10; 18
Gemella haemolysans 4 8; 18; 26; 31
Rothia aeria 4 8; 10; 34; 43
Streptococcus mitis 4 18; 24; 26; 27
Actinomyces johnsonii 3 10; 29; 43
Campylobacter gracilis 3 8; 24; 41
Capnocytophaga sputigena 3 24; 29; 35
Granulicatella elegans 3 18; 31; 43
Kingella oralis 3 10; 24; 29
Lautropia mirabilis 3 8; 10; 24
Leptotrichia hofstadii 3 8; 24; 34
Neisseria flavescens 3 8; 18; 35
Porphyromonas catoniae 3 8; 10; 37
Porphyromonas sp. 3 29; 35; 37
Prevotella loescheii 3 24; 29; 35
Selenomonas noxia 3 24; 29; 35
Streptococcus australis 3 8; 18; 31
Streptococcus oralis 3 8; 18; 31
Streptococcus parasanguinis 3 8; 18; 31
Streptococcus vestibularis 3 8; 31; 42

Only species reported in more than two studies are shown.
*Row location refers to the row in the data extraction document.
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Table S6 Phyla associated with periodontitis.

Phylum Count | Row locations*

No data 32 1; 2; 3; 5; 6; 8; 10; 11; 12; 13; 15; 16; 17; 18; 19; 20; 22;
23; 24; 25; 27; 29; 30; 34; 35; 36; 38; 39; 40; 41, 42; 43

Synergistetes 7 7; 21; 26; 28; 31, 32; 37

Bacteroidetes 6 4; 7; 14; 21; 26; 32

Spirochaetes 5 4;7; 21; 32; 37

Chloroflexi 4 7; 28; 32; 37

Firmicutes 3 28; 32; 37

Fusobacteria 2 7;9

Euryarchaeota 1 32

TM7 (Saccharibacteria) | 1 31

Tenericutes 1 32

None 0

*Row location refers to the row in the data extraction document.
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Genus Count | Row locations*

No data 26 1; 2; 5; 6; 10; 12; 13; 15; 16; 17; 18; 19; 20, 22; 24; 25;
26; 29; 30; 31; 33; 34; 35; 37; 39; 42

Filifactor 13 3; 4; 7;8; 11; 14; 21; 23; 28; 32; 36; 40; 41

Tannerella 11 4; 7; 8; 11; 14; 23; 28; 32; 36; 38; 40

Porphyromonas 9 3;4;7; 8; 14; 21; 23; 32; 36

Treponema 9 3;4;7; 8; 14, 23; 32; 36; 38

Desulfobulbus 7 3; 4; 8;9; 28; 36; 40

Eubacterium 6 3;4;7; 23; 32; 36

Peptostreptococcus 6 3; 14; 23; 28; 32; 36

Mogibacterium 5 4;7; 8; 11; 36

™7 5 7; 23; 28; 36; 41

Fusobacterium 4 7; 8;11; 32

Mycoplasma 4 3;4;7; 36

Prevotella 4 3;4;7;38

Pseudoramibacter 4 7;8;9; 36

Catonella 3 8; 32; 38

Dialister 3 7;8; 11

Lachnospiraceae [G-8] 3 7; 36; 40

Parvimonas 3 7; 32; 36

F)?I;])Egiaeptococcaceae 3 7: 40: 41

Veillonellaceae 3 7; 28; 36

Bacteroidetes [G-3] 2 7; 36

Fretibacterium 2 7;21

Hallella 2 4; 32

Johnsonella 2 4;7

Megasphaera 2 7; 11

F)?I;])Egiaeptococcaceae 5 7: 41

F)?I;])nggaeptococcaceae 5 40: 41

Slackia 2 7,8

TM7 [G-5] 2 36; 41

Unclassified 2 4; 28

Veillonellaceae [G-1] 2 7; 36

Only genera reported in more than one study are shown.
*Row location refers to the row in the data extraction document.
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Table S8 Species associated with periodontitis.

Species Count | Row locations*

Tannerella forsythia 23 512327 3?415713}81211:2123 17; 18; 19; 22; 26; 29;

Porphyromonas gingivalis 22 1, 2 7_; 8;_10;_11;_16;_17; 18; 19; 22; 26; 27; 29; 31,
32; 34; 37; 38; 40; 42; 43

Treponema denticola 16 1; 2;6; 7; 8;11; 17; 18; 19; 26; 31; 32; 36; 37; 38; 43

Filifactor alocis 15 7; 8; 10; 11; 15; 16; 18; 26; 29; 31; 32; 37; 41; 42; 43

Fusobacterium nucleatum 10 1; 2; 8; 10; 11; 17; 19; 26; 27; 43

Porphyromonas endodontalis | 10 2;7; 8; 11; 15; 17; 18; 26; 31; 37

Selenomonas sputigena 10 7; 10; 12; 16; 22; 24; 29; 35; 37; 40

Parvimonas micra 8 1; 6; 7; 10; 22; 31; 32; 37

Prevotella intermedia 8 1; 2; 8; 11; 18; 22; 31, 38

No data 7 3;4;09; 21; 23; 33; 39

Treponema socranskii 7 1; 7; 8; 11; 18; 26; 37

Campylobacter rectus 5 1;17; 18; 31; 38

Eubacterium saphenum 5 11; 17; 26; 29; 34

Treponema maltophilum 5 8; 18; 26; 31; 37

:gtgzlilrweogrﬁ;lcbeicetni::omitans 4 1 2;6;31

Dialister invisus 4 7;8;29; 31

Mogibacterium timidum 4 8; 26; 37; 41

Prevotella nigrescens 4 1; 6; 11; 22

Streptococcus constellatus 4 1; 6; 26; 37

Actinomyces israelii 3 1;2;6

Dialister pneumosintes 3 15; 19; 31

El;:?ﬁ;erlum [X[G-3] 3 7: 10: 37

Gpctertm DICS 2|70

Filifactor alocis HOT 539 3 7; 16; 18

Erth_ingterium fastidiosum 3 7: 16: 18

periodontioum 3 |nen

None 3 5; 20; 30

a%rﬁré)i;omonas gingivalis 3 7: 16: 18

Prevotella dentalis 8; 11; 18

Streptococcus anginosus 1; 24; 34

L?Trl%rlegla forsythia 3 7: 16: 18

Treponema lecithinolyticum 17; 31; 37

Treponema medium 8; 18; 37

Veillonella parvula 1; 6; 10

Only species reported in more than two studies are shown.
*Row location refers to the row in the data extraction document.
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Table S9 Studies included in the author’s data extraction document and their corresponding
row locations.

No.

Reference

Title

1

(Cavalla et al., 2018)

Genetic association with subgingival bacterial
colonization in chronic periodontitis

(Arenas Rodrigues et al., 2018)

Qualitative, quantitative and genotypic evaluation of
Aggregatibacter actinomycetemcomitans and
Fusobacterium nucleatum isolated from individuals
with different periodontal clinical conditions

3*

(Shi et al., 2018)

The subgingival microbiome of periodontal pockets
with different probing depths in chronic and
aggressive periodontitis: a pilot study

(Chen et al., 2018)

Oral microbiota of periodontal health and disease and
their changes after nonsurgical periodontal therapy

(Babaev et al., 2017)

Metagenomic analysis of gingival sulcus microbiota
and pathogenesis of periodontitis associated with type
2 diabetes mellitus

(Hartenbach et al., 2018)

The effect of supragingival biofilm re-development on
the subgingival microbiota in chronic periodontitis

7*

(Pérez-Chaparro et al., 2018)

Do different probing depths exhibit striking
differences in microbial profiles?

(Wu et al., 2017)

16S rDNA analysis of periodontal plaque in chronic
obstructive pulmonary disease and periodontitis
patients

(Coretti et al., 2017)

Subgingival dysbiosis in smoker and non-smoker
patients with chronic periodontitis

10*

(Dabdoub et al., 2016)

Comparative metagenomics reveals taxonomically
idiosyncratic yet functionally congruent communities
in periodontitis

11

(Hunter et al., 2016)

Microbial signatures of oral dysbiosis, periodontitis
and edentulism revealed by Gene Meter methodology

12

(Nagpal et al., 2016)

Detection and comparison of Selenomonas sputigena
in subgingival biofilms in chronic and aggressive
periodontitis patients

13

(Ozturk et al., 2016)

Impact of aging on TREM-1 responses in the
periodontium: a cross-sectional study in an elderly
population

14*

(Tsai et al., 2018)

Subgingival microbiota in individuals with severe
chronic periodontitis

15

(Gongalves et al., 2016)

Association of three putative periodontal pathogens
with chronic periodontitis in Brazilian subjects

16

(Oliveira et al., 2016)

Levels of candidate periodontal pathogens in
subgingival biofilm

17

(Scapoli et al., 2015)

Quantitative analysis of periodontal pathogens in
periodontitis and gingivitis

18

(Szafranski et al., 2015a)

Functional biomarkers for chronic periodontitis and
insights into the roles of Prevotella

nigrescens and Fusobacterium nucleatum; a
metatranscriptome analysis

19

(Collins et al., 2016)

Periodontal pathogens and tetracycline resistance
genes in subgingival biofilm of periodontally healthy
and diseased Dominican adults

20

(Lages et al., 2015)

Alcohol consumption and periodontitis: quantification
of periodontal pathogens and cytokines
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21*

(Park et al., 2015)

Pyrosequencing analysis of subgingival microbiota in
distinct periodontal conditions

22

(Gaetti-Jardim et al., 2015)

Occurrence of periodontal pathogens in ethnic groups
from a native Brazilian reservation

23*

(Camelo-Castillo et al., 2015)

Subgingival microbiota in health compared to
periodontitis and the influence of smoking

24

(Elabdeen et al., 2015)

Subgingival microbial profiles of Sudanese patients
with aggressive periodontitis

25

(Szafranski et al., 2015b)

High-resolution taxonomic profiling of the subgingival
microbiome for biomarker discovery and periodontitis
diagnosis

26*

(Kirst et al., 2015)

Dysbiosis and alterations in predicted functions of the
subgingival microbiome in chronic periodontitis

27

(Souto et al., 2014)

Prevalence of Pseudomonas aeruginosa and
Acinetobacter spp. in subgingival biofilm and saliva of
subjects with chronic periodontal infection

28*

(Galimanas et al., 2014)

Bacterial community composition of chronic
periodontitis and novel oral sampling sites for
detecting disease indicators

29

(Zbinden et al., 2014)

Frequent detection of Streptococcus tigurinus in the
human oral microbial flora by a specific 16S rRNA gene
real-time TagMan PCR

30

(Lourenco et al., 2014)

Microbial signature profiles of periodontally healthy
and diseased patients

31

(Al-Hebshi et al., 2015)

Quantitative analysis of classical and new putative
periodontal pathogens in subgingival biofilm: a case-
control study

32*

(Li et al., 2014)

Phylogenetic and functional gene structure shifts of
the oral microbiomes in periodontitis patients

33*

(Duran-Pinedo et al., 2014)

Community-wide transcriptome of the oral
microbiome in subjects with and without periodontitis

34

(Zhou et al., 2013)

Investigation of the effect of type 2 diabetes mellitus
on subgingival plague microbiota by high-throughput
16S rDNA pyrosequencing

35

(You et al., 2013)

Comparative analysis of oral treponemes associated
with periodontal health and disease

36*

(Abusleme et al., 2013)

The subgingival microbiome in health and
periodontitis and its relationship with community
biomass and inflammation

37

(Ebadian et al., 2012)

Bacterial analysis of peri-implantitis and chronic
periodontitis in Iranian subjects

38*

(Liu et al., 2012)

Deep sequencing of the oral microbiome reveals
signatures of periodontal disease

39

(Gongalves et al., 2012)

Levels of Selenomonas species in generalized
aggressive periodontitis

40

(Nibali et al., 2022)

Patterns of subgingival microbiota in different
periodontal phenotypes

41

(Lu et al., 2021a)

Subgingival microbial profiles of young Chinese adults
with stage /11 periodontitis, gingivitis and periodontal
health status

42

(Lee et al., 2021)

Subgingival microbiome and specialized pro-resolving
lipid mediator pathway profiles are correlated in
periodontal inflammation

*Denotes studies included in previous review (Feres et al., 2021).
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Figure S1 Full analytical workflow for generation of species-specific and genus-level gPCR standard curves. Each row represents the analytical workflow for one
species-specific or genus-level standard curve. Within each row, panels are arranged from left to right as follows: initial curve, first SLR, residual plot for the first SLR,
residual plot for the final SLR, and final SLR. Planktonic monocultures of S. intermedius, S. mitis, S. oralis, N. mucosa, R. dentocariosa, A. naeslundii, V. dispar,

F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii, A. actinomycetemcomitans, P. gingivalis, and P. intermedia were cultured in appropriate broths and
adjusted in PBS to target concentrations of 1 x 108 CFE/mL, except for N. mucosa, which was adjusted to 1 x 10" CFE/mL. Bacterial suspensions were serially diluted
ten-fold before DNA extraction. Additional sets of ten-fold dilutions were prepared from the DNA extracts obtained from the highest-concentration bacterial
suspensions. Both dilution series were analysed using gPCR. Standard curves were generated by plotting Cq values against logio-transformed CFE/mL values. Curve fit
was assessed iteratively using simple linear regression, R? values, and residual analysis, followed by sequential removal of outlying data points until residuals fell within
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* 0.5 to obtain the final standard curves. For V. dispar, the first SLR also met the final acceptance criteria and no data points were removed from any dilution series.
For A. naeslundii, sequential optimisation of the bacterial dilution series yielded only two remaining data points; therefore, an additional alternative analysis, denoted
by an asterisk (*), was performed in which the 107, 10% and 10* CFE/mL data points were removed first due to the flattened shape of the curve. For each species, two
dilution series were run on a single occasion (n = 1) in duplicate on the same plate under identical conditions, with a single shared set of NTCs (4 wells). Additional
genus-level standard curves and corresponding NTC values were generated for Streptococcus spp. from the mean Cq values of S. intermedius, S. mitis, and S. oralis,
and for Fusobacterium spp. from the mean Cqg values of F. nucleatum subsp. polymorphum and F. nucleatum subsp. vincentii. In each graph showing an initial curve,

first SLR or final SLR, the dotted line denotes the mean Cq value for the NTCs. A. a., Aggregatibacter actinomycetemcomitans; NTC, no-template control. SLR, simple
linear regression.
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Appendix VII



Table S10 Assessment of gPCR assay performance from the bacterial standard curves.

259

Dynamic Correlation Standard Error -
Species/Genus range coefficient of Estimate Equation Slope Y-intercept Mean NTC BESAE)

(CFE/mL) (R?) (Sy) value ()
S. intermedius 104 - 108 0.9990 0.1810 y =-3.198 x x + 40.93 -3.198 40.930 36.193 105.44
S. mitis 108 - 108 0.9978 0.3892 y = -2.818 x x + 38.04 -2.818 38.040 37.682 126.39
S. oralis 108 - 108 0.9987 0.2395 y = -3.045 x x + 37.38 -3.045 37.380 38.493 113.01
Streptococcus spp. 108 - 108 0.9969 0.4022 y = -3.007 x x + 38.63 -3.007 38.630 37.358 115.06
N. mucosa 108 - 108 0.9988 0.2596 y = -3.512 x x + 45.07 -3.512 45.070 40.000 92.64
R. dentocariosa 108 - 108 0.9979 0.4387 y = -4.037 x x + 46.07 -4.037 46.070 37.876 76.89
A. naeslundii 102 - 108 1.000 - y =-1.986 x x + 34.75 -1.986 34.750 32.791 218.80
A. naeslundii* 104 - 108 0.9943 0.4326 y =-3.628 x x + 47.75 -3.628 47.750 32.791 88.64
V. dispar 102 - 108 0.9982 0.3378 y =-3.390 x x + 37.88 -3.390 37.880 38.205 97.24
F. nucleatum subsp. polymorphum 108 - 108 0.9979 0.3910 y = -4.078 x x + 45.37 -4.078 45.370 40.000 75.88
F. nucleatum subsp. vincentii 108 - 108 0.9981 0.3456 y =-3.612 x x + 41.80 -3.612 41.800 40.000 89.17
F. nucleatum spp. 102 - 108 0.9990 0.3152 y = -3.769 x x + 43.06 -3.769 43.060 40.000 84.21
A. actinomycetemcomitans 102 - 108 0.9995 0.3149 y =-3.990 x x + 44.01 -3.990 44.010 40.000 78.08
P. gingivalis 102 - 107 0.9983 0.3844 y = -3.853 x x + 42.09 -3.853 42.090 35.436 81.78
P. intermedia 108 - 108 1.000 0.0657 y = -3.858 x x + 42.90 -3.858 42.900 34.113 81.64

Bacterial dilution series values were derived from a single experimental run (n = 1), performed in technical duplicate. A shared set of NTCs (4 wells) was used for both
the bacterial and DNA standard curves.
*Alternative analysis for A. naeslundii, in which the 102, 10° and 10* CFE/mL data points were removed first due to the flattened shape of the curve.



Table S11 Assessment of gPCR assay performance from the DNA standard curves.
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Dynamic Correlation Standard Error -
Species/Genus range coefficient of Estimate Equation Slope Y-intercept Mean NTC BESAE)

(CFE/mL) (R?) (Sy) value ()
S. intermedius 108 - 108 0.9997 0.1268 y = -3.488 x x + 42.86 -3.488 42.860 36.193 93.51
S. mitis 108 - 108 0.9998 0.1105 y = -3.475 x x + 43.43 -3.475 43.430 37.682 93.99
S. oralis 102 - 108 0.9997 0.1562 y = -3.548 x x + 41.62 -3.548 41.620 38.493 91.36
Streptococcus spp. 102 - 108 0.9993 0.2152 y = -3.450 x x + 42.30 -3.450 42.300 37.358 94.92
N. mucosa 10t - 107 0.9995 0.1967 y =-3.678 x x + 46.14 -3.678 46.140 40.000 87.02
R. dentocariosa 102 - 108 0.9985 0.3305 y = -3.601 x x + 42.04 -3.601 42.040 37.876 89.54
A. naeslundii 104 - 108 0.9985 0.2336 y =-3.278 x x + 44.94 -3.278 44.940 32.791 101.87
V. dispar 102 - 108 0.9998 0.1061 y = -3.612 x x + 39.52 -3.612 39.520 38.205 89.17
F. nucleatum subsp. polymorphum 102 - 108 0.9990 0.2896 y = -3.943 x X + 44.69 -3.943 44.690 40.000 79.31
F. nucleatum subsp. vincentii 102 - 108 0.9996 0.1965 y = -4.077 x x + 45.63 -4.077 45.630 40.000 75.91
F. nucleatum spp. 102 - 108 0.9997 0.1546 y =-4.010 x x + 45.16 -4.010 45.160 40.000 77.57
A. actinomycetemcomitans 102 - 108 0.9999 0.0894 y = -3.603 x x + 41.00 -3.603 41.000 40.000 89.47
P. gingivalis 102 - 108 0.9996 0.1762 y = -3.560 x x + 41.69 -3.560 41.690 35.436 90.94
P. intermedia 102 - 108 0.9993 0.2153 y = -3.472 x x + 40.24 -3.472 40.240 34.113 94.10

DNA dilution series values were derived from a single experimental run (n = 1), performed in technical duplicate. A shared set of NTCs (4 wells) was used for both the
bacterial and DNA standard curves.
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Figure S2 TR146 cell standard curves generated using the CCK-8 assay. Nonlinear regression
(straight line fit) was performed on blank-corrected OD values obtained from serial dilutions of
TR146 cell suspensions during the CCK-8 assay. Serial dilutions of TR146 cell suspensions were
incubated with CCK-8 for 1 hour (A, B), 2 hours (C, D), 3 hours (E, F) and 4 hours (G). Nonlinear
regression was performed on all available data points (A, C, E, G) or with the top concentration
excluded from the analysis (B, D, F). For the 4-hour time point, OD values for the top
concentration exceeded the plate reader’s measurable range and were unavailable for analysis.
Data are presented as mean * SD of blank-corrected OD values from three independent
experiments (n = 3) performed in technical duplicate for each time point.
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Millicell Collagen | B
Millicell FBS A
Millicell FBS B

Figure S3 Histology of TR146 epithelial cell layers grown on Corning and Millicell PET
transwell insert membranes. Panels A and B show duplicate membranes, each seeded with

5 x 10* cells with or without pre-coating with CaClz, type | collagen or FBS and incubated for

4 days at 37 °C, 5% COz. Subsequently, they were fixed, excised, embedded in paraffin blocks,
sectioned and stained with H&E. Slides were scanned at 80x magnification. Each image is
representative of a part of a single membrane showing the strongest, average or weakest cell
growth. Membrane thickness is 10 um (Corning) or 9-16 um (Millicell). Membranes that could not
be imaged are indicated by a dash placeholder (----). PET, polyethylene terephthalate.
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Figure S4 Neutrophil standard curves generated in 96-well plates using BacLight and CCK-8
assays. Nonlinear regression (second order polynomial (quadratic) fit) was performed on blank-
corrected fluorescence values for the BacLight assay and blank-corrected OD values for the
CCK-8 assay. Serial dilutions of neutrophil suspensions were incubated in 96-well plates with
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BacLight for 0.5 hours (A, B) or with CCK-8 for 1 hour (C, D), 2 hours (E, F), 3 hours (G, H) and

4 hours (1, J) at 37 °C, 5% CO2. Nonlinear regression was performed on all obtained data points
(A, C, E, G, I) with corresponding residual plots (B, D, F, H, J). Data are presented as mean * SD
of blank-corrected fluorescence values for BacLight and blank-corrected OD values for CCK-8
from 3 independent experiments for each time point. RFU, relative fluorescence units.
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Figure S5 Neutrophil standard curves generated in 24-well plates using BacLight and CCK-8
assays. Nonlinear regression (second order polynomial (quadratic) fit) was performed on blank-
corrected fluorescence values for the BacLight assay and blank-corrected OD values for the
CCK-8 assay. Serial dilutions of neutrophil suspensions were incubated in 24-well plates with
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BacLight for 0.5 hours (A, B) or with CCK-8 for 1 hour (C, D), 2 hours (E, F), 3 hours (G, H) and

4 hours (I, J) at 37 °C, 5% CO2. Nonlinear regression was performed on all obtained data points
(A, C, E, G, I) with corresponding residual plots (B, D, F, H, J). Data are presented as mean % SD
of blank-corrected fluorescence values for BacLight and blank-corrected OD values for CCK-8
from 3 independent experiments for each time point. RFU, relative fluorescence units.
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