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Abstract

Fusobacterium nucleatum is a Gram-negative, commensal oral anaerobe, which is a key
structural member of dental plaque biofilms. It is also considered an opportunistic pathogen due
to its association with periodontitis and systemic extraoral diseases, such as cardiovascular
disease and colorectal cancer. Five subspecies are currently recognised: animalis, fusiforme,
nucleatum, polymorphum and vincentii. These subspecies, found in the oral cavity and in the
extraoral tissues, interact with host innate immune cells, such as neutrophils, which form the
first line of defence against microbes. Neutrophils possess a powerful antimicrobial arsenal to
remove the invaders, however, excessive responses can cause collateral tissue damage and lead
to chronic inflammation. Subspecies-specific neutrophil responses toward F. nucleatum have
been reported in the neutrophil-like cell line HL-60, however responses of primary human
neutrophils are largely unexplored. Additionally, F. nucleatum typically resides in biofilms,
yet, the immunogenicity of biofilm-grown F. nucleatum subspecies has not been addressed to
date. Therefore, this doctoral thesis systematically characterised biofilm formation by all
subspecies. Subsequently, functional and molecular responses of primary human neutrophils
were evaluated when stimulated with planktonic and biofilm-grown F. nucleatum subspecies.

Characterisation of single-subspecies biofilm formation included biomass quantification using
crystal violet (CV) staining, evaluation of biofilm architecture by scanning electron microscopy
(SEM) and assessment of biofilm thickness and stability using confocal laser scanning
microscopy (CLSM). Adhesion proteins (adhesins) involved in F. nucleatum biofilm formation
were analysed in silico bioinformatically. Formalin-inactivated (planktonic) and live F.
nucleatum subspecies (planktonic and biofilm-grown) were used as stimuli to evaluate
functional and molecular responses of primary neutrophils isolated from human peripheral

blood. Responses of HL-60 cells were evaluated alongside primary neutrophils for comparison.
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Generation of reactive oxygen species (ROS) was quantified using enhanced chemiluminescent
assay and NETosis was quantified fluorometrically. Release of neutrophil cytokines (TNF-a,
IL-1B, IL-6 and IL-8) and antimicrobial enzymes (matrix metalloproteinase 9 and human
neutrophil elastase) was analysed using enzyme-linked immunosorbent assay (ELISA).

F. nucleatum biofilm formation was found to be subspecies-specific, with ssp. polymorphum
being unable to form stable biofilms. Subspecies-specific differences in conservation of adhesin
orthologues were identified in silico, with the lowest percentage identity values in ssp.
polymorphum. FN23 adhesin mutants AFadA and AFap2 formed significantly higher amounts
of biofilm. No differences were found in ROS generation and NET formation by primary
neutrophils stimulated with formalin-fixed subspecies. When live subspecies were employed
as stimuli, biofilm-grown bacteria stimulated higher and faster ROS response and lower IL-18
release. Following a more detailed analysis, notable differences were found in extracellular
superoxide release, with FNA and FNP stimulating the highest generation, while FNV
stimulated the lowest superoxide generation. When compared to the parental strain FN23,
AFap2 stimulated lower and slower ROS release while AFadA stimulated higher and faster
ROS release and this was statistically significant in superoxide generation. Mutant strains
stimulated similar levels of superoxide release when compared to FNV. Evaluation of cytokine
production also revealed subspecies-specific statistically significant differences, which were
inversely correlated with the superoxide release. Release of neutrophil antimicrobial enzymes
did not seem to be subspecies-specific. No differences were found in NET-DNA release.

The data presented in this thesis showed significant subspecies-specific differences as well as
differences between planktonic and biofilm-grown F. nucleatum with regard to their ability to
activate neutrophils. These results indicate that individual subspecies may differ in virulence

and that biofilms may be more immunogenic than planktonic bacteria, thus highlighting the fact
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that it is essential to study F. nucleatum subspecies separately. Better understanding of the
subspecies’ immunogenicity and virulence in biofilms may help reveal potential therapeutic

targets in F. nucleatum-associated diseases.
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CHAPTER 1: INTRODUCTION



Fusobacterium nucleatum is a Gram-negative, anaerobic commensal found in the oral cavity
(Han, 2015). However, it is also considered to be an opportunistic pathogen (Brennan and
Garrett, 2019) due to its involvement in periodontal disease as well as in extraoral diseases, like
cardiovascular disease, inflammatory bowel disease, various types of cancers (Fan et al., 2023)
and likely endometriosis (Muraoka et al., 2023). Five subspecies are currently recognised:
animalis, fusiforme, nucleatum, polymorphum and vincentii (Han, 2015). Whether in the oral
cavity or in extraoral tissues, F. nucleatum subspecies interact with leukocytes responding to
the presence of bacteria, amongst which neutrophils are the first responders as part of the innate
immune system (Rosales, 2018). Neutrophils perform antimicrobial activities to remove
microbial invaders, yet, they may also cause collateral tissue damage, especially if their
functional response is abnormal (Filep, 2022). Considering the involvement of F. nucleatum in
a number of diseases and the importance of neutrophils in clearing microorganisms as well as
in causing tissue damage, responses of human neutrophils to individual F. nucleatum subspecies

warrant more detailed exploration.

This introductory section will focus on F. nucleatum and its involvement in health and disease,
as well as its virulence factors, including biofilm formation. Neutrophils and their antimicrobial
strategies will also be described, together with the collateral damage they may cause and their

contribution to disease.

1.1. Fusobacterium nucleatum

F. nucleatum is a spindle-shaped, long, non-spore forming bacterium, which is not motile
(Brennan and Garrett, 2019). This microbe belongs to a group of the most numerous bacterial

species present in the oral environment (Huang et al., 2011). Additionally, it clusters in the



orange complex of subgingival plaque species as classified by Socransky et al. (1998)%. It is a
key member of oral biofilms, polymicrobial communities growing in a self-produced
extracellular polymeric substance, attached predominantly on tooth surfaces. Here it acts as an
intermediate coloniser and a bridging organism: thanks to its adhesins RadD and FadA, among
others, F. nucleatum binds to the early colonisers of teeth, such as Streptococcus species
(Manson McGuire et al., 2014), which represent commensals belonging to the green and yellow
Socransky’s complex associated with oral health. The presence of F. nucleatum facilitates
attachment of late colonisers, such as Porphyromonas gingivalis, Tannerella forsythia and
Treponema denticola, Socransky’s red complex pathogens, which thrive especially during
dysbiosis, when the equilibrium between the oral microbiota and the host’s immune system is
disturbed (Lima et al., 2017). Thus, F. nucleatum facilitates co-aggregation of the above-
mentioned periopathogens and health-related microbiota, two groups of microbes that would
not directly attach to each other (Park et al., 2016). This results in accumulation of disease-
associated dental plaque leading to different levels of periodontal disease, which can have far-

reaching effects beyond the oral cavity, as will be explained in the following.

1.1.1. F nucleatum and periodontal disease
Pathogen-harbouring biofilms on the surface of the tooth can initiate gingivitis, inflammation
of the gingival (gum) tissue. This condition is usually reversible upon removal of these biofilms

(Chapple et al., 2018). However, if not treated, gingivitis can progress into periodontitis, a

! Socransky complexes (Socransky et al., 1998) — five major bacterial complexes identified in subgingival plaque
samples from healthy subjects and patients with periodontitis, which exhibited a significant clustering and strong
relationship with periodontal health and disease. For the arguments discussed in this section, three complexes are
important: yellow complex comprising of early colonisers Streptococcus oralis, S. mitis, S. gordonii and S.
intermedius strongly associating with oral health; red complex containing Porphyromonas gingivalis, Tannerella
forsythia and Treponema denticola, late colonisers strongly associating with increasing periodontal pocket depth
and periodontitis; and orange complex, comprising Fusobacterium spp., Prevotella intermedia and Parvimonas
micra, also associated with increasing pocket depth.



chronic inflammation of periodontal tissues including alveolar bone. Persistent inflammation
then leads to irreversible damage and loss of the tooth supporting tissues, culminating in tooth
loss (Erchick et al., 2019). It was shown that F. nucleatum residing in periodontitis-related
plaque leads to damage of the tissues surrounding teeth, promotes immunoglobulin A (IgA)
degradation and acquires nutrients by release of serine proteases (de Andrade et al., 2019).
Thus, F. nucleatum plays an active role in this debilitating periodontal disease affecting more
than 1 billion people worldwide (Wu et al., 2022). Severe periodontitis has become a major
public health concern due to its adverse effect on nutrition and quality of life of affected
individuals, as well as due to placing an immense financial burden on the health services around
the globe (Tonetti et al., 2017).

Apart from periodontitis, F. nucleatum has also been frequently isolated among the most
abundant species from inflamed peri-implant lesions (Hashimoto et al., 2022, Carvalho et al.,

2023). Peri-implantitis is an inflammation of the soft and hard tissues surrounding a dental
implant, characterised by progressive bone loss and in many cases resulting in implant failure
(Renvert et al., 2018). It is at present unclear how and whether F. nucleatum as an individual
species contributes to the development and progression of peri-implantitis, however, its strong
ability to co-aggregate with other periopathogens and to support biofilm formation might play
an important role (Chen et al., 2022b).

It has been proposed that biofilms related to periodontal disease may serve as a reservoir of
opportunistic as well as true pathogens, which can actively disseminate into different parts of
the body and initiate systemic diseases (Vieira Colombo et al., 2016). F. nucleatum has also
been identified in a number of systemic diseases and extraoral tissues, with this bacterium likely

originating from the oral cavity.



1.1.2. FE nucleatum in systemic diseases

This primarily oral bacterium has been isolated from a number of extraoral sites. F. nucleatum
was implicated in adverse pregnancy outcomes, such as preterm labour, miscarriage, stillbirth
or neonatal sepsis (Han, 2015). Han et al. (2010) demonstrated that F. nucleatum isolated from
mothers’ subgingival plaque was genetically identical with F. nucleatum isolated from the
placenta and the infant in a case of stillbirth. This confirmed the oral origin of F. nucleatum, as
neither rectal nor vaginal microflora contained F. nucleatum.

A recent publication by Muraoka et al. (2023) revealed that F. nucleatum might be involved in
the development of endometriosis. During this disease, quiescent uterine fibroblasts are
stimulated to transform to myofibroblasts, which are motile and migratory. Cell transformation
Is provoked by chronic inflammation. The authors of the study showed that mice infected with
F. nucleatum developed endometriotic lesions. When cells from these lesions were transferred
to recipient mice, further endometriotic lesions formed in the recipient mice, indicating that F.
nucleatum infection resulted in stimulation of differentiation of fibroblasts into myofibroblasts
(Muraoka et al., 2023).

F. nucleatum has also been shown to be involved in disorders of the gastrointestinal (GI) tract.
It has gained a lot of research attention due to its active role in colorectal cancer (CRC). This
bacterium was found to be enriched in tumours when compared to non-cancerous adjacent
tissue. Additionally, F. nucleatum was found to have a direct ability to modulate inflammation
in CRC and to promote tumour growth and metastases (Wu et al., 2019). Inflammation
modulation by F. nucleatum was observed not only in CRC, but also in ulcerative colitis, a type
of inflammatory bowel disease, where presence of this microbe exacerbated the damage of the

intestinal tissue (Liu et al., 2019b).



Apart from the Gl tract, F. nucleatum was associated with inflammation in the central nervous
system presenting as brain abscess (Kai et al., 2008) as well as with cardiovascular disease
(Han, 2015). Moreover, it was reported to work in concert with Fusobacterium necrophorum
when causing a poorly understood upper respiratory tract infection known as Lemierre’s
syndrome, which affects healthy young adults and may have fatal consequences (Han, 2015).

Considering the implication of F. nucleatum infection in these extraoral conditions as well as
the fact that in many cases the bacterium likely originated in the oral cavity, it is clear that
periodontal disease-related plaque containing F. nucleatum should not be underestimated. A
deeper understanding of its virulence and interaction with the immune system in the oral cavity
is required. Furthermore, due to the polymorphic nature of F. nucleatum species, which
provoked further division into the five subspecies (Dzink et al., 1990, Gharbia and Shah, 1990,
Gharbia and Shah, 1992), it is imperative that F. nucleatum is studied in more detail, as some

subspecies have been related to health, while others have been linked with disease (Han, 2015).

1.1.3. F nucleatum subspecies

To date, five subspecies are included in the F. nucleatum species: animalis, fusiforme,
nucleatum, polymorphum and vincentii (Figure 1.1) (Dzink et al., 1990, Gharbia and Shah,
1990, Gharbia and Shah, 1992). F. nucleatum ssp. nucleatum further involves two frequently
used strains deposited in the American Tissue Culture Collection (ATCC): a type strain ATCC
25586, which is largely resistant to genetic modifications, and the genetically tractable strain

ATCC 23726 (Brennan and Garrett, 2019).



Figure 1.1. Scanning electron micrographs showing the morphology of F nucleatum
subspecies. A - F. nucleatum ssp. animalis; B - F. nucleatum ssp. fusiforme ; C - F. nucleatum
ssp. nucleatum; D - F. nucleatum ssp. polymorphum; E - F. nucleatum ssp. vincentii. Bacteria
in A-D were fixed on transparent, plastic Thermanox™ coverslips. Bacteria in E were fixed on
Isopore™ membranes containing track-etched pores. Micrographs were obtained from the
author’s master’s thesis (Muchova, 2020).

Gharbia and colleagues were among the first to suggest a subspecies-specific involvement of
F. nucleatum in health and disease. Their analysis of oral isolates from health-associated dental

plaque samples, necrotic root canal infections and periodontal pockets showed that F.



nucleatum ssp. nucleatum was mostly isolated from diseased oral sites while F. nucleatum ssp.
polymorphum and fusiforme were cultivated from healthy individuals’ plaque (Gharbia et al.,
1990). Furthermore, recent research revealed that F. nucleatum ssp. animalis is a subspecies
most frequently identified in intrauterine infections (Han, 2015). In terms of CRC, subspecies
animalis has been recently identified as the dominant subspecies closely associated with
tumours. Interestingly, this subspecies was found to be further divided into 2 specific clades,
denoted as FNA C1 and FNA C2, and only FNA C2 was prevalent in CRC tumours (Zepeda-
Rivera et al., 2024).

Yet, literature describing subspecies in specific conditions is still limited. In general, authors
performing high-throughput, culture-independent genomic analyses to determine the
involvement of specific bacteria in diseases usually report their results at the genus or species
level and identification and reporting of bacteria at the subspecies level is often absent. In in
vitro studies investigating F. nucleatum pathogenicity, authors either failed to report the
subspecies used in their study or they did not use ATCC subspecies (type strains) as a reference
to their non-type strains. In some cases, researchers only used clinical isolates obtained at their
institution, which makes it difficult to compare the results across in vitro studies. This clearly
highlights gaps in our understanding of the involvement of individual F. nucleatum subspecies
in health and diseases. Differential representation of specific subspecies in healthy or diseased
conditions could be attributed to likely differences in their virulence mechanisms. Indeed, a
small number of authors have appreciated the need to study F. nucleatum subspecies separately

and some of their findings will be summarised next.



1.1.4. Virulence of FE nucleatum subspecies

A number of virulence properties have been identified in F. nucleatum. The subspecies were
shown to adhere to host cells and invade them. They were also found to modulate immune
responses. Additionally, being a bridging organism in dental biofilms, F. nucleatum has a strong
ability to form biofilms by adhering to other bacteria.

The invasive potential of F. nucleatum and other oral pathogens was studied by Han et al.
(2000). They observed that F. nucleatum strain 12230, which is reported as non-type ssp.
polymorphum, was highly invasive into human gingival epithelial cells. Additionally, ssp.
polymorphum (ATCC 10953) and ssp. nucleatum (ATCC 25586) were even more invasive into
KB cells, oral epithelial carcinoma cells, when compared to strain 12230. This was evaluated
by quantification of intracellular bacteria after lysis of KB cells infected with F. nucleatum.
While data were obtained from ssp. polymorphum and nucleatum, the information on other F.
nucleatum subspecies was missing. Ji et al. (2010) later confirmed that F. nucleatum ssp.
nucleatum (ATCC 25586) is highly invasive when cultured with gingival epithelial cells
(immortalised oral keratinocyte cell line HOK-16B), yet the study only investigated this
subspecies comparing it to other oral non-pathogenic and pathogenic species.

In terms of immune modulation, F. nucleatum elicited subspecies-specific responses in
differentiated neutrophil-like human leukaemia cell line (HL-60) (Kurgan et al., 2017).
Subspecies nucleatum (ATCC 25586), polymorphum (ATCC 10953) and vincentii (ATCC
49256) were shown to prevent superoxide generation induced by N-Formylmethionyl-leucyl-
phenylalanine (fMLP) in HL-60 cells in a subspecies-specific manner. Subspecies
polymorphum significantly increased the rate of apoptosis in HL-60 cells when compared to the
other subspecies. Additionally, it was suggested that the subspecies differentially stimulate

neutrophil-like cell function via toll-like receptors 2 and 4 (TLR-2 and TLR-4), with ssp.



polymorphum stimulating higher expression of only TLR-2 mRNA and ssp. vincentii inducing
higher expression of both TLR-2 and TLR-4 mRNA when compared to ssp. nucleatum. While
modulation of immune responses by individual subspecies was studied in this cell line,
responses by primary human neutrophils have not been studied to date.

Biofilm formation of F. nucleatum subspecies in complex multi-species oral biofilm models
was evaluated in vitro by Thurnheer et al. (2019). The group studied differences in the ability
of F. nucleatum ssp. fusiforme, nucleatum, polymorphum and vincentii to aggregate with early
and late colonisers of tooth surfaces and their effect on maturation of biofilms. Incorporation
of individual subspecies was analysed in supragingival and subgingival biofilms by confocal
laser scanning microscopy and by culture on selective and non-selective media and subsequent
colony-forming unit (CFU) enumeration. In both biofilm models, the incorporation of ssp.
fusiforme, polymorphum and vincentii was significantly lower compared to control ssp.
nucleatum. Interestingly, in the subgingival model, the numbers of P. gingivalis, Streptococcus
oralis, Prevotella intermedia and Campylobacter rectus were significantly decreased in the
presence of ssp. fusiforme, polymorphum and vincentii compared to the ssp. nucleatum control
group. These results showed that interactions with other oral bacteria and biofilm formation
might be subspecies-specific. To the best of the author's knowledge, single-subspecies biofilm
formation has not been systematically studied to date.

Taken together, the above-mentioned findings demonstrate that F. nucleatum subspecies need
to be investigated separately, especially when it comes to virulence properties such as biofilm
formation and possible suppression of the immune responses as seen in the HL-60 cell line. A
specific group of F. nucleatum virulence factors, known as adhesins, has been studied in the
context of biofilm formation and aggregation with other oral species, as well as cell invasion

and carcinogenesis.
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1.1.5. Adhesins in F. nucleatum

Adhesins are a specific group of proteins present on the surface of a bacterial cell, generally
aiding adhesion to host cells, other bacterial cells or abiotic surfaces (Lipke and Ragonis-
Bachar, 2023).

A number of adhesion proteins mediating coaggregation and biofilm formation with other oral
species as well as proteins from saliva, have been identified in F. nucleatum: adhesin FadA
(Meng et al., 2021), outer membrane protein RadD with an accessory protein Aidl,
autotransporter Fap2, porin FomA and outer membrane protein CmpA (Diaz and Valm, 2020).
Homologous adhesion proteins found in other non-oral bacterial species have also been
recognised in F. nucleatum in silico, such as the YadA-like adhesin previously identified in
Yersinia species (Umaiia et al., 2019) (overview of adhesins in Figure 1.2.).

The adhesin FadA, which has also been characterised as an invasin (Manson McGuire et al.,
2014), is utilised by F. nucleatum to perform active invasion into host cells, which may aid
extra-oral translocation. Additionally, FadA binds to cell junction molecules known as vascular
endothelial cadherins, loosening the tight junctions in the layer of endothelial cells. This way,
F. nucleatum disseminates via the hematogenous route by increasing vascular permeability and
entering the blood stream, then exiting the blood stream elsewhere. This process enables F.
nucleatum, and likely other pathogenic residents of the dental biofilm, to escape the oral
environment and establish infection in various body sites, such as heart and placenta (Shammas
et al., 1993, Vander Haar et al., 2018). FadA was also found to promote auto-aggregation and
formation of biofilms in F. nucleatum 12230 (non-type ssp. polymorphum) (Meng et al., 2021).
The most studied virulence aspect of FadA is its direct involvement in progression of CRC.
FadA of F. nucleatum binds malignant CRC cells via Annexin Al present on actively

proliferating CRC cells, stimulating cell Wnt/B-catenin signalling and promoting CRC cell
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growth (Rubinstein et al., 2019). Studies utilising FadA deletion mutants showed that bacterial
binding to oral epithelial KB cells and Chinese hamster ovary (CHO) cells was significantly
reduced (70% to 80%) (Han et al., 2005). Moreover, the mutant strain was severely defective
in adhesion and invasion into CHO cells and human oral keratinocytes OKF6/Tert and in
colonisation of mouse placenta in vivo (Ikegami et al., 2009).

Adhesin RadD is involved in coaggregation with early colonisers, such as Streptococcus
species, and in supporting formation of multispecies oral biofilms (Kaplan et al., 2009).
Deletion mutants showed significantly lower coaggregation with Gram-positive bacteria
Streptococcus sanguinis, S. oralis, S. gordonii and S. mutans (Kaplan et al., 2009, Guo et al.,
2017) and significantly decreased biofilm formation with S. sanguinis (Kaplan et al., 2009).
This membrane protein also plays a role in F. nucleatum invasion into host cells (Manson
McGuire et al., 2014). Interestingly, RadD is also involved in inducing apoptosis in human
lymphocytes, as shown by studies using RadD-deficient strain, which lead to decreased
apoptosis compared to the wild type strain (Kaplan et al., 2010).

Fap2 (Fibroblast activation protein 2) is an adhesin and an autotransporter, which facilitates co-
aggregation with P. gingivalis and mammalian cells, as confirmed by studies including mutant
strains (Coppenhagen-Glazer et al., 2015). Together with FadA, it is another adhesin involved
in CRC: it binds CRC cell surface factor D-galactose-f(1-3)-N-acetyl-D-galactosamine (Gal-
GalNACc), aiding CRC tumour colonisation by F. nucleatum (Abed et al., 2016). Mutant Fap2
strain was shown to have a decreased ability to attach to human colon adenocarcinoma tissue
(Abed et al., 2016). Fap2 further interacts with natural killer (NK) cells via TIGIT (T cell
immunoglobulin and ITIM domain) on the surface of NK cells, preventing tumour cell killing

by NK cells, as established by mutant studies (Gur et al., 2015).
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FomA is a major outer membrane porin (Toussi et al., 2012) involved in biofilm formation with
P. gingivalis (Chen et al., 2022b) and its expression was confirmed to be significantly higher
in biofilm-grown F. nucleatum (Chew et al., 2012). It also assists F. nucleatum binding to host
cells and stimulates immune responses via Toll-like receptor 2 (TLR-2) (Toussi et al., 2012).
There is a lack of studies utilising FomA mutant strains, however, this membrane protein was
characterised using either purified recombinant FomA expressed in Escherichia coli (Toussi et
al., 2012) or via serum neutralisation of the protein (Liu et al., 2010).

CmpA (Coaggregation-mediating Protein A) was characterised as an adhesin co-aggregating
with S. gordonii, which forms part of the early colonisers in oral biofilms. CmpA mutant strain
showed significantly reduced coaggregation as well as biofilm formation with S. gordonii
(Limaetal., 2017).

The YadA-like protein, which was originally reported as an adhesin and virulence factor in
Yersinia species and was later identified by liquid chromatography-tandem mass spectrometry
(LC/MS/MS) in outer membrane vesicles F. nucleatum (Liu et al., 2019a), adheres to
fibronectin and collagen present in the salivary pellicle and extracellular matrix of human cells
(Umana et al., 2019). Currently, there are no available mutant strains deficient of YadA-like

protein.
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Figure 1.2. Schematic representation of F. nucleatum adhesins and binding partners. F.
nucleatum bridges early colonisers (health-related green complex bacteria) and late colonisers
(red complex pathogens, such as P. gingivalis) in the dental plaque. Its adhesins also interact
with CRC tumour cells, natural killer cells and other host cells (endothelial cells of gingival
vasculature and epithelial cells). Adapted from Chen et al., 2022, created with BioRender.com.

Co-aggregation with other bacterial species aided by F. nucleatum adhesins has been
investigated, nevertheless, the involvement of the adhesins in auto-aggregation and single-
subspecies biofilm formation has not been evaluated. While it is true that F. nucleatum mostly
resides in and structurally supports multispecies biofilms, it is important to explore auto-
aggregation, as understanding the involvement of adhesins in these processes could help
identify therapeutic targets in F. nucleatum-dominated diseases. Additionally, the findings
described above show that F. nucleatum with its virulence factors has been studied either in the
context of epithelial cell invasion or carcinogenesis, but the interaction of subspecies with

innate immune cells, such as neutrophils, is poorly understood.
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1.2. Neutrophils

Neutrophils, also called polymorphonuclear (PMN) leukocytes, form the first line of defence in

human tissues. Bone marrow produces around 10*! neutrophils per day and these terminally-

differentiated, non-dividing leukocytes form the most abundant portion of white blood cells in
human blood. Morphologically, they can be distinguished by their multi-lobed nucleus (Manley

et al., 2018) and the presence of granules in the cytoplasm (Sheshachalam et al., 2014).

Neutrophils have the ability to leave the circulation and enter tissues, where they act as innate

immune system effectors. They constantly patrol bodily tissues, searching for the presence of

pathogens (Rosales, 2018). Neutrophils utilise a number of interconnected antimicrobial

strategies to fight pathogens (Figure 1.3):

1) Ingestion of the intruders by active phagocytosis involving the employment of the
antimicrobial enzymes stored in the intracellular granules (intracellular degranulation)
(Rosales, 2018).

2) Generation of intracellular as well as extracellular reactive oxygen species (Batot et al.,
1995, Matthews et al., 2007a, Matthews et al., 2007Db).

3) Release of neutrophil extracellular traps (NETSs) (Brinkmann et al., 2004).

4) Extracellular degranulation of antimicrobial proteins to kill non-phagocytosed
microorganisms (Lacy, 2006).

5) Secretion of proinflammatory cytokines in order to recruit additional immune cells to the

site of infection (Cassatella, 1995).
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Figure 1.3. Antimicrobial strategies of activated neutrophils. Neutrophils activated by
bacteria or bacterial products remove pathogens by phagocytosis, generation of bactericidal
reactive oxygen species (ROS), NETosis or release of antimicrobial enzymes. Neutrophils also
release cytokines to communicate with other immune cells. HNE — Human neutrophil elastase;
MMP9 — Matrix metalloproteinase 9; IL-6 — Interleukin 6; IL-8 — Interleukin 8; TNF-o —
Tumour necrosis factor a. Created with BioRender.com.

1.2.1. Antimicrobial strategies of neutrophils and selected methods to

quantify them
A combination of rapid antimicrobial strategies makes neutrophils powerful first responders to
the presence of pathogens and infection. In order to study, quantify and understand neutrophil
responses, various approaches have been developed and these will be described together with

the specific antimicrobial strategies next.
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1.2.1.1. Phagocytosis

Neutrophils belong to a group of professional phagocytic cells due to their ability to engulf
microorganisms (van Kessel et al., 2014). Microorganisms or other particles can be
phagocytosed especially when opsonised by immunoglobulins and complement particles. Upon
engagement of specific cell surface receptors described in more detail in section 1.2.2,
neutrophils actively modify the cell membrane by actin cytoskeleton rearrangement,
surrounding the microorganism by pseudopods. Microorganisms are then completely engulfed
and enclosed in a vacuole called phagosome, which undergoes membrane structure as well as
content modifications. Phagosomes ultimately become phagolysosomes by fusion with
lysosomes, which are vacuoles filled with a variety of lytic enzymes facilitating killing and
digestion of the ingested microorganisms (Uribe-Querol and Rosales, 2020).

Evaluation of phagocytosis can be performed by counting viable colony-forming units collected
after the bacterial stimulation and subsequent neutrophil lysis, however this approach is
laborious (Boero et al., 2021) and could generate false negative results as bacterial killing could
take place before the quantification. A more accurate measurement of phagocytosis is flow
cytometry, which can quantify neutrophils in a buffered liquid medium. This method uses lasers
to obtain scattered signals dividing cells based on the cell size and granularity, as well as
fluorescent signals based on the detection of fluorescent proteins, dyes or antibodies
(McKinnon, 2018). GFP-expressing bacteria or bacteria stained with nucleic acid dyes are
usually used as stimuli in phagocytosis assays as their fluorescent signal provides direct

quantification of engulfed bacteria (McKinnon, 2018).
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1.2.1.2. Generation of reactive oxygen species (ROS)

Microorganisms in phagosomes are also eliminated with the help of ROS produced in a process
known as oxidative burst. Following phagocytosis, the multi-protein nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH) complex is assembled in the membrane of a
developing phagolysosome (Nguyen et al., 2017). NADPH oxidase transfers electrons through
the complex, reducing molecular oxygen to superoxide anions (O2:-) intracellularly. This
species can further be converted to hydrogen peroxide (H20.) by superoxide dismutase (SOD).
H20- can be acted upon by myeloperoxidase (MPO) to generate hypochlorous acid (HOCI),
which has strong bactericidal activity (Winterbourn et al., 2016, Nguyen et al., 2017).
Superoxide ions can also be generated extracellularly if the NADPH oxidase complex is
assembled on the cell membrane.

Quantification of ROS by neutrophils can be carried out employing a commonly used and
highly sensitive enhanced chemiluminescent assay (Matthews et al., 2007a, Hirschfeld et al.,
2017, Sharma et al., 2019). Luminol, isoluminol and lucigenin are chemiluminescent reagents
which emit light in the presence of ROS (Jancinova et al., 2006, Sharma et al., 2019). Luminol
is used to quantify total ROS, including intracellular and extracellular (O2--, H.O2, -OH-)
because its uncharged state allows the passage of the molecule through the cell membrane
(Sharma et al., 2019). Isoluminol differs from luminol in the molecular structure, it is
hydrophilic and cannot cross the cell membrane, therefore it only measures extracellular ROS
(Jancinova et al., 2006). Lucigenin, due to its positive charge, is not membrane-permeable and
specifically measures extracellular superoxide ions (O2--) and hydroxyl radicals (-OH-)

(Sharma et al., 2019).
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1.2.1.3. Formation of neutrophil extracellular traps (NET5)

Activated neutrophils fight pathogens also by the release of NETS, in a process sometimes
termed NETosis. This process can be activated by bacteria, bacterial products, fungi, immune
complexes and factors produced by the host, usually in quantities and sizes that cannot be
eliminated by phagocytosis, such as fungal hyphae (Urban et al., 2006) or large bacteria (Branzk
et al., 2014). The role of NETS is to immobilise microbes and possibly kill them (Hirschfeld et
al., 2017). NETs comprise nuclear material — decondensed chromatin with DNA, histones,
antimicrobial peptides and additional antimicrobial proteins (Hirschfeld et al., 2015, Moonen
et al., 2019). When bacterial challenge triggers NETosis, the nuclear membrane disintegrates
and the content of cytoplasmic granules combines with nuclear material. This is followed by
rupture of the cell membrane and release of NETSs. This type of NETosis was termed suicidal
due to the death of the neutrophil (Fuchs et al., 2007). Interestingly, vital NETosis has also been
characterised, when neutrophils did not undergo cell death and maintained some level of cell
activity (Pilsczek et al., 2010). Release of mitochondrial DNA as NETs has also been noted and
this was shown not to affect neutrophil viability (Yousefi et al., 2009).

NET formation can be studied by observing extruded NET-DNA structures using fluorescent
microscopy. NETs released upon stimulation can be stained with cell impermeable DNA stains,
such as SYTOX green (de Buhr and von Kockritz-Blickwede, 2016). Fluorescent staining of
released NETs can also be utilised in fluorometric quantification of NETs. Stained NET-DNA
structures can be digested using a nuclease enzyme and after the elimination of the cellular
debris by centrifuging, fluorescence of the resulting supernatant can be quantified using a
fluorometer (White et al., 2016, Hirschfeld et al., 2017). Additionally, NETosis can be

quantified by enzyme-linked immunosorbent assay (ELISA), using specific antibodies
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targeting DNA-bound proteins in NETs, such as neutrophils elastase, myeloperoxidase or

cathepsin G (Matta et al., 2022) as well as citrullinated histone H3 (Théilin et al., 2020).

1.2.1.4.  Degranulation

Apart from oxidative killing, neutrophils also employ non-oxidative bacterial killing by
proteases stored in intracellular granules. This process is tightly regulated, and neutrophils can
kill microorganisms either intracellularly by delivery of these enzymes to the phagosome after
phagocytosis, or extracellularly by releasing proteases into the extracellular milieu
(Eichelberger and Goldman, 2020). Granules are divided into 4 distinct classes: primary
(azurophilic), secondary (specific), tertiary granules and secretory vesicles. Contents of the
primary granules are the most toxic antimicrobials, such as neutrophil elastase and
myeloperoxidase. Neutrophil elastase targets bacterial outer membrane proteins, destabilising
the cell membrane and thus causing bacterial cell death. Additionally, it cleaves and activates
host antimicrobial peptides (Stapels et al., 2015). Myeloperoxidase kills microorganisms
indirectly by generating bactericidal hypochlorous acid HOCI from H>O; during the oxidative
burst (Klebanoff et al., 2013). Secondary granules enclose proteins such as lactoferrin and
lysozyme, and tertiary granules contain matrix metalloproteinase 9 (MMP-9) (Lacy, 2006), an
enzyme degrading component of the extracellular matrix and playing a role in neutrophil transit
through tissues and tissue remodelling (Wang, 2018, Velasquez et al., 2023). Secretory vesicles
serve to restore neutrophil surface receptors such as complement or Fc receptors and are
released constantly during the neutrophil life cycle (Lacy, 2006). Importantly, granules can only
be released when the corresponding signalling pathway is activated by the engagement of a

membrane receptor due to their highly tissue-destructive potential (Lacy, 2006).
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Release of antimicrobial enzymes during degranulation is often quantified using ELISA
(Ozgaka et al., 2011, Lee et al., 2021, Huang et al., 2022). Detection of released enzymes is
performed from supernatants collected after bacterial or drug stimulation. Additionally,
expression of antimicrobial enzyme genes can be investigated by quantitative real-time reverse
transcription polymerase chain reaction (QRT-PCR) (Sng et al., 2017), however this approach
alone does not provide direct quantification of enzyme release into the extracellular

environment.

1.2.1.5.  Release of pro- and anti-inflammatory cytokines

A considerable amount of research has been conducted in the last five years to identify
cytokines released by neutrophils and define their biological functions (Cassatella et al., 2019).
Neutrophils produce both anti- and proinflammatory cytokines to communicate with other
neutrophils as well as other cells of innate immunity, such as macrophages (Bouchery and
Harris, 2019). Additionally, they were shown to play a role in the acquired immune system

responses by regulating T and B cell activity (Li et al., 2019).

Production of most cytokines is transcriptionally regulated and is induced in response to
specific stimuli, such as binding of ligands to Toll-like receptors (TLRs), and therefore their
release is slower compared to degranulation. Interestingly, some cytokines were found to be
stored in resting neutrophils, such as IL-16 and IL-18 (Cassatella et al., 2019), indicating that

these can be released more rapidly.

Similarly to the detection of antimicrobial enzymes, ELISA is frequently utilised also for the
quantification of extracellular neutrophil cytokine release by analysing supernatant obtained

from neutrophils stimulated with bacteria (Ling et al., 2015, Tamassia et al., 2018). Pro-
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inflammatory cytokines previously studied by our group included IL-183, TNF-a, IL-6 and IL-
8 (Ling et al., 2015). Moreover, the expression of cytokine genes can be analysed by qRT-PCR,
as performed by Wright et al. (2011), who studied, among other proteins, expression of the
cytokines CXCL-1, CXCL-2 and CXCL-3 in human neutrophils in response to stimulation with

F. nucleatum ssp. polymorphum.

In order for neutrophils to initiate these antimicrobial processes, invading microbes have to be

recognised by specific receptors present on the surface of neutrophils.

1.2.2. Neutrophil receptors for detection of microbes and activation of

antimicrobial pathways

Neutrophil surface receptors detecting the presence of microbes, also known as pattern-
recognition receptors (PRRs), can be broadly divided into phagocytic and non-phagocytic
PRRs.

Phagocytic receptors are essential for internalisation of microbes and other particles. Rapid
formation of pseudopods around the microbe and a complete entrapment occur thanks to Fc
receptors stimulated by immunoglobulins opsonising the intruder (Lee et al., 2003). Despite
being considered as phagocytic PRRs, Fc receptors were also found to be involved in NET
formation (Aleman et al., 2016) as well as ROS generation (Nguyen et al., 2017). If the microbe
is opsonised by complement particles, these engage complement receptors, such as CR1 and
CR3, and the process is said to be slower compared to Fc receptor-mediated responses (van
Kessel et al., 2014). Non-opsonised fungal pathogens can be recognised by receptors such as
C-type lectins (Dectin-1, Dectin-2), which are lectin-like recognition molecules, as well as

scavenger receptors (Uribe-Querol and Rosales, 2020).
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The main type of non-phagocytic receptors is the TLR. TLRs detect a wide variety of microbial
molecules, such as DNA, RNA, lipids, lipoproteins and proteins (Mayadas et al., 2014). For the
purposes of this study, TLR2 and TLR4 are the most important receptors. TLR2 detects
predominantly Gram-positive bacteria (such as oral commensal Streptococcus species) by
binding cell wall components such as lipoteichoic acid. TLR4 can recognise Gram-negative
bacteria (such as F. nucleatum) by interacting with lipopolysaccharide (LPS) in the outer
bacterial membrane (Branger et al., 2004). Stimulation of both TLR2 and TLR4 leads to
NETosis (Singh et al., 2016) and ROS generation (Prince et al., 2011), as well as upregulation
of cytokine gene transcription (Futosi et al., 2013).

Receptors involved in mobilisation of granule-containing vesicles include G protein-coupled
receptors, integrins and TLRs on the neutrophil surface (Eichelberger and Goldman, 2020).
Vesicle trafficking can be directed both intracellularly to the bacteria-containing phagosome or
extracellularly. Stimulation of these receptors activates signalling pathways leading to a multi-
step modification process in the neutrophil and resulting in fusion of the granule-containing
vesicle with the target membrane (Lacy, 2006, Eichelberger and Goldman, 2020).
Interestingly, NETosis and ROS generation were found to be activated also without receptor
involvement by phorbol myristate acetate (PMA) (Gray et al., 2013). PMA enters the cell and
directly activates protein kinase C (PKC) which in turn activates the NADPH oxidase system
and NET extrusion. Additionally, hypochlorous acid (HOCI), a product of myeloperoxidase
activity, was found to trigger NET release (Palmer et al., 2012).

Knowledge of neutrophil antimicrobial responses and the receptors involved has been acquired
using not only peripheral blood neutrophils, but also an established cell line mentioned above,

the human promyelocytic leukaemia cell line (HL-60).
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1.2.3. Neutrophil-like human promyelocytic leukaemia cell line (HL-60)

HL-60 cells were first obtained from an adult female diagnosed with acute promyelocytic
leukaemia. Upon isolation, the majority of cells were described to be either myeloblasts or
promyelocytes, precursors of neutrophils (Collins et al., 1977). After the initial discovery that
these cells can be cultured for extended periods of time and that they terminally differentiate
towards neutrophil-like cells either spontaneously (Collins et al., 1977) or when stimulated with
various compounds (butyrate, dimethyl sulfoxide [DMSQ], retinoic acid) (Breitman et al.,
1980), HL-60 became a very popular model to study differentiation of bone marrow-derived
myeloid cells (Birnie, 1988) as well as development and progression of leukaemia (Basu et al.,
2023). Additionally, a number of more recent studies used HL-60 cells to elucidate neutrophil
functional responses.

As described in section 1.1.4, HL-60 cells were studied in the context of F. nucleatum infection
and ROS generation, cytokine release and cell survival (Kurgan et al., 2017). HL-60 cells have
also been utilised in the investigation of NETosis. Yasuda et al. (2020) demonstrated that
NETosis was epigenetically regulated, as DNA demethylation increased the level of NETosis.
Yet, it is important to mention that HL-60 cells were reported to have a limited ability to
produce NETS, and optimisation of differentiation conditions was deemed necessary for more
effective NETosis (Guo et al., 2021). The use of serum-free medium facilitated a successful
differentiation, however NETosis in this study was not compared to that of primary neutrophils.
Release of antimicrobial proteins by HL-60 was studied by Bhakta et al. (2024), who showed
that differentiated HL-60 cells had the ability to undergo degranulation and released primary
granules containing MPO.

Advantages of undifferentiated HL-60 cells include the immortal nature of this cell line. Thanks

to the possibility of maintaining HL-60 cells in continuous culture as well as freezing cells for
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long-term storage without affecting their activity, the need for freshly isolated neutrophils from
donors is removed. This also eliminates inter-donor variation in assays. Moreover, HL-60 cell
doubling time is considerably short (between 20 and 45 hours) and genetic modifications, such
as electroporation or lentiviral transduction, can be successfully performed (Blanter et al.,
2021).

On the other hand, a major limitation of HL-60 cells is the fact that immortalised, cancer-
derived cell lines might not reflect cell processes in physiological conditions (Basu et al., 2023).
A study comparing transcriptomic profiles of undifferentiated HL-60 cells and healthy
neutrophil progenitor cells showed differences in gene expression, indicating a significantly
lower level of complexity of HL-60 cell differentiation compared to the primary cells. While
information on HL-60 differentiation by various compounds is available, studies comparing
this process to primary progenitor cell differentiation are absent (Basu et al., 2023). Therefore,
results obtained from HL-60 cells should be carefully evaluated and potentially supported by
data from primary human neutrophils to be able to validate the results obtained from a cell line.
This is especially important if HL-60 cells are utilised in studies investigating the responses of
neutrophils in various diseases. Drawing conclusions from data obtained from HL-60 cells
alone may underestimate the infection-resolving neutrophil capacity as well as the destructive
potential of neutrophils, which is exemplified by excessive activation of neutrophils leading to
collateral tissue damage and unresolved chronic inflammation along with autoimmune diseases

(Fuetal., 2021).

1.2.4. Neutrophils contributing to disease

The antimicrobial activity of neutrophils can be a double-edged sword — on the one hand

efficiently eliminating intruders, on the other causing tissue damage and contributing to
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inflammation. Inappropriate neutrophil function has gained significant attention in recent years
due to its direct destructive effect in various diseases, such as periodontitis, rheumatoid arthritis
and cancer (Amulic et al., 2012, Uriarte et al., 2016).

The presence of complex dental biofilms on tooth surfaces and more specifically in the gingival
sulcus, where the gingival tissue is in close contact with the tooth surface, constantly attracts
circulating neutrophils (Uriarte et al., 2016). It is no surprise that neutrophils are found in the
gingival epithelium and the sulcus in large numbers, creating a protective wall between the
microbial community and the epithelium (Cortés-Vieyra et al., 2016), to ensure that oral
homeostasis is maintained. Neutrophil interaction with healthy, commensal microbes is
considered to be symbiotic (Hirschfeld et al., 2015, Moonen et al., 2019). However, in
periodontitis, pathogens such as P. gingivalis residing in biofilms are able to evade neutrophil
killing mechanisms, thus creating a vicious circle of pathogenic presence and increase of
neutrophil numbers and bactericidal activity. Neutrophils in periodontitis have been found to
be hyperactive (excessive ROS production without stimulation) and hyper-reactive (excessive
ROS production when stimulated) (Matthews et al., 2007a, Matthews et al., 2007b, Roberts et
al., 2015), damaging the surrounding tissue by increased release of ROS, antimicrobial peptides
as well as enzymes, which worsen the progression of periodontitis (Uriarte et al., 2016). Hyper-
reactivity in neutrophils from periodontitis patients was also reported in terms of cytokine
release (Ling et al., 2015).

Neutrophil antimicrobial enzymes were found to have tissue-damaging effects in periodontitis:
Hiyoshi et al. (2022) demonstrated that human neutrophil elastase (HNE) exacerbates
periodontitis by breaking the gingival epithelial barrier and contributing to periodontal bone
loss. Another neutrophil enzyme, MMP-9, which can cause pathological connective tissue

destruction, is detected in higher amounts in periodontitis (Bildt et al., 2008, Luchian et al.,
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2022), including in saliva and gingival crevicular fluid (GCF) of patients (Gursoy et al., 2013,
Luchian et al., 2022).

Of note is a process of “frustrated phagocytosis”, where neutrophils attempt to eliminate the
dental biofilm by engulfing it. As this biomass cannot be internalised, neutrophils release their
intracellular antimicrobial arsenal instead, having the same detrimental effect as hyperactivity
and hyper-reactivity (Scott and Krauss, 2012). Additionally, neutrophil chemotaxis, cell
movement along a chemical gradient, was shown to be impaired in periodontitis patients by
Roberts et al. (2015). Neutrophils had a significantly lower speed and velocity, and impaired
accuracy of directional movement when compared to healthy controls. This might prolong the
transit time in the tissues, thus impacting on the clearance of microbes and affecting
periodontitis prognosis. Overall, poor oral health is known to have direct connections with
diseases affecting other areas of the organism, making periodontitis a complex disease.

One of the extraoral diseases, which has been associated with periodontitis as a risk factor, is
CRC (Idrissi Janati et al., 2022). As mentioned, F. nucleatum as an oral species has been
directly related to carcinogenesis in CRC. Neutrophils were also reported to be involved in CRC
with F. nucleatum-colonised tumours. Kong et al. (2023) detected higher neutrophil infiltration
in tumour tissues with F. nucleatum present compared to adjacent healthy tissues. Moreover,
F. nucleatum-infected CRC tissues contained significantly greater amounts of NETSs. Further
in vitro investigations using F. nucleatum ssp. nucleatum showed that F. nucleatum-induced
NETSs stimulated angiopoiesis and tumour metastasis (Kong et al., 2023).

CRC progression is negatively affected also by neutrophil enzymes. HNE from NETs was found
to significantly increase the migratory activity of CRC cells in vitro and inhibition of HNE
activity in mice decreased migration of tumour cells to liver tissue, suggesting that HNE plays

a role in the formation of liver metastases in CRC (Okamoto et al., 2023). Analysis of CRC
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tumour tissues also showed that the expression of MMP-9 was significantly higher compared
to adjacent healthy tissue. Moreover, there was a strong correlation between high MMP-9
expression and pathological parameters such as lymph node and distant metastasis as well as
poorer patient survival (Wang et al., 2019). MMP-9 produced by tumours was reported to
promote breast cancer progression, metastasis and angiogenesis (Mehner et al., 2014, Guo et

al., 2024).

Neutrophils were also studied in the context of women’s health and were shown to play an
important role in endometriosis (Xu et al., 2020). A positive correlation was found between the
number of neutrophils in the ovarian endometrioma and the severity of the disease. Moreover,

neutrophils were found to exhibit an immunosuppressive phenotype towards T cells.

Regarding complications in pregnancy, involvement of neutrophils was reported in pre-
eclampsia, a pregnancy disorder with possible severe features characterized by maternal new-
onset high blood pressure and high levels of protein in urine. This disorder increases the risk of
placental abruption and preterm birth and in severe cases can lead to maternal death. In pre-
eclampsia, a higher level of neutrophil activation was observed together with significantly
higher level of NETosis in the placenta (Bert et al., 2021). Additionally, NETs in uterine
endothelium were shown to cause apoptosis and tissue damage in pre-eclampsia (Liu et al.,

2022).

To recapitulate, oral bacteria form dental biofilms with F. nucleatum, one of the most important
structural residents of oral biofilms, allowing integration of pathogens such as P. gingivalis,
which can establish infection. Neutrophils, as the first line of defence, mount an inflammatory

response aiming to eliminate the pathogens, which in turn resist the clearance and neutrophil
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antimicrobial activities are deflected. This leads to pathological and progressive tissue
destruction rather than inflammation- and healing-associated physiological remodelling. While
neutrophil interaction with a major culprit in periodontitis, P. gingivalis, has been studied
extensively (How et al., 2016), little is known about the immunogenicity of F. nucleatum on a
species level and even less on a subspecies level. Therefore, this doctoral thesis focuses on
functional and molecular responses of neutrophils to planktonic as well as biofilm-grown F.
nucleatum subspecies. Understanding F. nucleatum involvement in periodontitis in greater
detail, and possible differences in the immunogenicity of the subspecies when interacting with
neutrophils, may provide novel insights into prevention and treatment of periodontitis and

associated F. nucleatum-related systemic diseases.

1.3. Research aims and objectives

Research focusing on interactions between the subspecies of an important biofilm-supportive
bacterium F. nucleatum and the human innate immune cells is currently limited. Thus, the main
research aim of this doctoral thesis was to investigate responses of primary human neutrophils
to individual F. nucleatum subspecies and validate potential differences in the subspecies
immunogenicity as previously shown in a neutrophil-like cell line. The secondary aim was to
assess the immunogenicity of subspecies grown planktonically and in biofilms. In order to fulfil

the aims, the following objectives were set:

1) To grow single-subspecies F. nucleatum biofilms to be used as stimuli for neutrophil
functional and molecular assays and to systematically characterise F. nucleatum biofilm
formation on different surfaces and surface treatments in terms of quantity, stability and

structure.
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2) To evaluate functional responses of human neutrophils to formalin-fixed F. nucleatum
subspecies grown planktonically.

3) To analyse functional and molecular responses of human neutrophils to live F
nucleatum subspecies as clinically more relevant assay stimuli.

4) To determine whether biofilm-grown live F. nucleatum subspecies, likely expressing

biofilm-specific virulence factors, stimulate more potent neutrophil responses.
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CHAPTER 2: MATERIALS AND METHODS
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2.1. Bacterial strains and culture conditions

Fusobacterium nucleatum type strains (Table 2.1) used in this project were obtained from the
Oral Microbiology Research Group culture collection (research laboratories of the Dental
Hospital, University of Birmingham). Acronyms in brackets stated in Table 2.1 are used to
indicate the subspecies in the Results section. Mutant FN23 strains lacking adhesion proteins
Fap2 and FadA (AFap2 and AFadA, respectively) were kindly provided by Dr Daniel Slade
(Virginia Polytechnic Institute and State University, Blacksburg VA, USA). All strains used
were grown for 48 hours at 37°C in an anaerobic chamber (80% N2, 10% CO2 and 10% Hp;
Don Whitley DG250 Anaerobic Workstation, Don Whitley Scientific, Bingley, UK) on agar

plates (Schaedler anaerobe agar, SAA; 91019, Sigma-Aldrich, Darmstadt, Germany).

Liquid bacterial cultures were grown overnight in an anaerobic chamber at 37°C in Schaedler
anaerobe broth (SAB; CM0497, Oxoid, Oxoid, Basingstoke, UK). The identity of all subspecies
was confirmed previously by PCR and 16S rRNA sequencing during the author’s master’s

project (Muchova, 2020).

Table 2.1. Bacterial strains used in this study.

Bacterial species Strain
Fusobacterium nucleatum ssp. animalis (FNA) ATCC 51191
Fusobacterium nucleatum ssp. fusiforme (FNF) ATCC 51190
Fusobacterium nucleatum ssp. nucleatum (FN23) ATCC 23726

Fusobacterium nucleatum ssp. nucleatum AFap2 (AFap2) ATCC 23726
Fusobacterium nucleatum ssp. nucleatum AFadA (AFadA) ATCC 23726

Fusobacterium nucleatum ssp. nucleatum (FN25) ATCC 25586
Fusobacterium nucleatum ssp. polymorphum (FNP) ATCC 10593
Fusobacterium nucleatum ssp. vincentii (FNV) ATCC 49256
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Methodology related to chapter 3

2.2. Dynamic single-subspecies biofilm setup using flow cell

To establish the methodology, biofilms were grown both in aerobic as well as anaerobic
conditions. Planktonic cultures were grown in 10 ml SAB anaerobically overnight at 37°C.
Cultures were centrifuged at 2,600 x g for 10 minutes (IEC Centra-CL2 Centrifuge) and pellets
washed once with 5 ml PBS. Bacteria were resuspended in 7 ml PBS, OD measured at 600 nm
(Jenway 7315 Spectrophotometer) and adjusted to OD600=1 in SAB. Flow cell system (FC
270-AL, BioSurface Technologies, Bozeman, Montana, USA) was assembled and 500 pl of
each bacterial suspension was introduced into the flow cell using the injection ports (see Figure
2.1). Bacteria were left to attach to borosilicate glass coupons overnight and the peristaltic pump
(ISM834, Reglo Digital, Ismatec, Switzerland) was turned on the next day to ensure a constant
flow of SAB through the flow cell (speed: 2 rpm/min, which corresponds to approximately 100

ul/min).
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Figure 2.1. Flow cell system assembled in an anaerobic chamber. Sterile medium is
continuously supplied at a very low speed from the feeding bottle by a peristaltic pump.
Biofilms can be examined visually in the flow cell during the growth period.

2.3. Static single-subspecies biofilm setup

2.3.1. Initial evaluation of biofilm formation on selected surfaces

The method described in this section is related to results presented in sections 3.2.2 and 3.3.
Planktonic cultures were grown in SAB overnight at 37°C anaerobically. Cultures were
centrifuged at 2,600 x g for 10 minutes (IEC Centra-CL2 Centrifuge), pellets were resuspended
in 5 ml PBS and centrifuged again. Bacteria were then resuspended in 7 ml PBS and the optical
density (OD) was measured at either 550 nm or 600 nm (Jenway 7315 Spectrophotometer)
depending on the source of methodology.
a) Biofilms grown in multiwell plates (for specifications see Table 2.2):
i.  Lower bacterial starting concentration: OD of bacterial cultures was adjusted

to ODss0=0.2 corresponding to 1 x 102 CFU/mlI (Millhouse et al., 2014) and 500
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pl of the bacterial suspension in SAB was added into each well containing
unmodified glass coverslips, while 200 ul of bacterial culture were added to 96-
well plates. Media were changed every 24 hours and biofilms in 24-well plates
were evaluated visually on day 3, whereas biofilms in 96-well plates were
quantified using crystal violet staining (section 2.5).

Higher bacterial starting concentration: OD was adjusted to ODegoo=1
(information provided by Forsyth Institute) in the corresponding medium (SAB
or artificial gingival crevicular fluid (aGCF: 60% RPMI 1640 medium
[SH30605.01, Cytiva, USA], 40% horse serum [Thermo Fisher Scientific,
Loughborough, UK], 0.5 pug/ml menadione, 5 pg/ml haemin)) and 1 ml of
suspension was added into each well containing either hydroxyapatite (HA)
discs, sandblasted glass coverslips or collagen coating. Sandblasting was
completed using a Basic quattro sandblasting unit (Renfert, Hilzingen,
Germany), in which each coverslip was treated for 5 seconds with aluminium
oxide (25 um grit size, 1.2 mm nozzle). Collagen coating was performed by
diluting according to the manufacturer’s instructions and adding 50 pl, 25 pl, 12
ul or 6 pl of collagen to the wells of the 24-well plate (Figure 3.3) and letting it
bind overnight at 4°C.

Media were changed every 24 hours and biofilms were evaluated visually on
day 3, 5 or 7. For biofilms in collagen coated plates, biofilms were evaluated on
day 4.

All biofilms were tested for contamination daily by streaking biofilm
supernatant on SAA plates and observing colony morphology in addition to

Gram staining confirmation of F. nucleatum morphology.
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b) Biofilms grown in tissue culture flasks (for specifications see Table 2.2): OD was

adjusted to ODegoo=0.15 in 10 ml SAB. Each bacterial suspension was transferred into

25 cm? tissue culture flask and incubated for 96 hours anaerobically without media

change.

Table 2.2. Surfaces, surface treatments and media used for single-species static biofilms.
SAB — Schaedler anaerobe broth, aGCF — artificial gingival crevicular fluid.

Growth
Surface used Surface treatment medium  Manufacturer
used
None
Sandblasting (grit size 25um)
Artificial saliva (AS) :
. Coverslips:
. composition Table 2.3 .
Glass coverslips : . Marienfeld
. Fibronectin (from human .
(diameter 9 mm and 12 . : SAB Superior, Lauda-
plasma, Sigma-Aldrich/Merck) o
mm) . A . Konigshofen,
Gelatin (from porcine skin,
. . Germany
Sigma-Aldrich/Merck)
Poly-L-lysine (Sigma-
Aldrich/Merck)
96-well plate
(Thermo Scientific™
. Non AB .
Nunc™ MicroWell™, one S Multiwell plates:
Nunclon Delta-Treated) Thermo Fisher
Collagen Scientific,
24-well _pIaFe_ (Collagen I, Rat, 50ug/ml, Loughborough,
(Thermo Scientific™ . . e
. Corning™, Fisher Scientific; SAB UK
Nunc Microwel™, diluted according to the
Nunclon Delta-Treated) , . 9 .
manufacturer’s instructions)
Tissue culture flasks Thermo Fisher
(Nunc™ EasY Flask™ Scientific,
Nunclon™ Delta None SAB Loughborough,
Surface, 25 cm?) UK
None Coverslips:
Plastic coverslips Artificial saliva (AS) SAB Thermo Fisher
composition Table 2.3 Scientific,
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(diameter 13 mm, Fibronectin (from human Loughborough,

Thermo Scientific™ plasma, Sigma-Aldrich/Merck) UK
Nunc™ Thermanox™) Gelatin (from porcine skin,
Sigma-Aldrich/Merck)
Poly-L-lysine (Sigma-
Aldrich/Merck)
Hydroxyapatite discs None SAB TBIS sulrfa(?e
(diameter 12 mm) None aGCF e SC;ZQIGS,

2.3.2. Modifications of surfaces used for biofilm formation evaluation

After the initial evaluation of biofilm formation, glass (12 mm diameter; Table 2.2) and plastic
(13 mm diameter; Table 2.2, referred to as “Thermanox” hereafter) coverslips were chosen for
further biofilm characterisation.

Both glass and Thermanox coverslips were placed in a 24-well plate with sterile forceps and
additionally disinfected with 70% ethanol for 10 minutes at room temperature. After the
removal of ethanol, coverslips were washed once with sterile PBS and left to dry.

Artificial saliva (AS) was used as a coating agent to mimic human saliva and formation of
salivary pellicle to promote bacterial adhesion (Vyas et al., 2020). AS was prepared according
to Millhouse et al. (2014) by dissolving the reagents specified in Table 2.3 in ultrapure water;
urea was added after autoclaving. Additionally, substrates were coated using agents promoting
cell attachment to culture surfaces: fibronectin (from human plasma) (Kalaskar et al., 2013),
gelatin (from porcine skin; 250 ul/well) (Bello et al., 2020), and poly-L-lysine (250 ul/well)
(Park et al., 2014) (all from Sigma-Aldrich/Merck). Coating agents are also summarised in

Table 2.2.
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Substrate coating was performed as follows: AS (250 pl/well) was added to coverslips and
incubated at 37°C for 1 hour (Ismail et al., 2020). Next, AS was removed and bacterial cultures
were added immediately without substrate washing or drying to simulate in vivo conditions.
Fibronectin diluted in PBS (270 pl/well; 5 pg/cm?) was applied and incubated for 45 minutes
at room temperature. Gelatin solution (250 pl/well; 0.1% in PBS) was incubated for 20 minutes
at 37°C. Poly-L-lysine coating (250 pl/well) was performed for 10 minutes at room
temperature. These surface coatings were left to dry in a flow hood as per the manufacturers’
instructions without washing. Additionally, a set of glass coverslips was sandblasted to create
a roughened surface. Sandblasting was completed using a Basic quattro sandblasting unit
(Renfert, Hilzingen, Germany), in which each coverslip was treated for 5 seconds with

aluminium oxide (25 pum grit size, 1.2 mm nozzle).

Table 2.3. Reagents used for preparation of AS.

Reagent Concentration Supplier
Porcine stomach mucins 0.25% wiv
Potassium chloride 0.02% wiv
Calcium chloride Sigma-Aldrich/Merck,
) 0.02% wiv
dihydrate Darmstadt, Germany
Yeast extract 0.2% wiv
Proteose peptone 0.5% wiv
) ) Thermo Fisher Scientific,
Sodium chloride 0.35% w/v
Loughborough, UK
Lab-Lemco powder 0.1% wi/v Oxoid, Basingstoke, UK
Urea (added after Sigma-Aldrich/Merck,
) 0.05% viv
autoclaving) Darmstadt, Germany
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2.4. Biofilm setup for systematic evaluation of biofilm formation by all F,

nucleatum subspecies

The following method is related to the results presented in sections 3.4, 3.5 and 3.6. To initiate
biofilm growth, planktonic F. nucleatum overnight cultures were washed once with PBS and
the optical density of each culture was adjusted to ODsoo=1 in SAB, corresponding to 1.62 x
10° CFU/ml for each subspecies. For each single-subspecies biofilm, 400 ul of bacterial
suspension was added to each well containing studied substrates and biofilms were incubated
statically for 72 hours under anaerobic conditions. SAB was replaced after 24 and 48 hours and
biofilms were monitored for contamination daily by streaking biofilm supernatant on SAA
plates and observing colony morphology in addition to Gram staining confirmation of F

nucleatum morphology.

2.5. Biofilm biomass quantification

Biofilm biomass was quantified by crystal violet (CV) staining. After 72 hours of incubation,
biofilms were carefully washed once with 100 pl PBS and air-dried for 2 hours at 37°C, then
stained with a CV solution (200 pl, 0.05 % w/v; Sigma-Aldrich/Merck, Darmstadt, Germany)
at RT for 30 minutes. After staining, biofilms were gently washed with 200 pl PBS and air dried
at 37°C for 2 hours. Ethanol (100%, 200 ul) was used to destain the biofilms for 1 hour on a
plate shaker. Ethanol solution from each well was diluted in Milli-Q water 1:10 in a 96-well
plate and the absorbance was measured at 600 nm (Microplate reader Spark®, Tecan; software
SparkControl, v. 2.3, Tecan). To account for differences between glass and plastic coverslip
surface area, absorbance readings per cm? were calculated using the formula below. The surface

area of a glass coverslip was 113.04 mm?, the area of a Thermanox coverslip was 132.67 mm?.
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100 mm?

area of the coverslip (mm?)

average CV absorbance corrected for blank x

2.6. Fluorescent biofilm staining and confocal laser scanning microscopy

(CLSM)

Biofilms for CLSM analysis were grown in 24-well black plates with clear base (polystyrene,
thickness 190 pum, Vision Plate™, 4titude, Surrey, UK) either with no surface treatment, or
coated with fibronectin, gelatin, poly-L-lysine or AS as stated in Table 2.2. In order to avoid
excessive detachment, biofilms were first fixed with 4% paraformaldehyde for 10 min, then
washed in PBS once and stained using green fluorescent, cell permeant nucleic acid stain
SYTO™ 9 (FilmTracer™ LIVE/DEAD® Biofilm Viability Kit, Invitrogen, Renfrew, UK)
according to the manufacturer's instructions. Briefly, 3 ul of SYTO™ 9 were added to 1 ml of
sterile PBS and biofilms were stained with 200 pl of the diluted stain for 20 min at room

temperature in the dark.

Diluted stain was removed and biofilms were not washed to avoid biofilm removal. Samples
were imaged immediately after staining using CLSM (LSM 700, Zeiss, Germany), with a 40X
oil immersion objective at 488/500 nm. Maximum thickness of the biofilms was estimated by
obtaining z-stack horizontal images at 1.3 um intervals. Biofilms were grown once in technical

triplicates and images were acquired in the centre of each well using Zeiss Zen 2011 software.

2.7. Preparation of biofilms and scanning electron microscopy (SEM)

In order to examine single-subspecies biofilm architecture using SEM, biofilms were grown on

poly-L-lysine coated plastic (Thermanox™) coverslips in 24-well plates. Biofilms were fixed
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using 2.5% glutaraldehyde (Agar Scientific, Stansted, United Kingdom) in 0.1 M sodium
cacodylate buffer (pH 7.4, BioWorld, Dublin, Ireland) for 10 min at room temperature.
Following fixation, biofilms were dehydrated with increasing ethanol concentrations (20%,
30%, 40%, 50%, 60%, 70%, 90%, two times 95%, two times 100%) and incubated for 10 min

at each step.

Finally, drying agent hexamethyldisilizane (HMDS; Sigma-Aldrich/Merck, Darmstadt,
Germany) was applied and left to evaporate overnight. Coverslips with biofilms were mounted
onto aluminium specimen stubs (Agar Scientific, Stansted, United Kingdom), sputter coated
with two layers of gold and visualised using a scanning electron microscope (Zeiss EVO
MA10). A visible layer of biofilm was chosen after visual evaluation of each specimen under

low magnification (50X) and recorded at 1,000X and 5,000X magnification.

2.8. Bioinformatics and phylogenetic analysis

Bacterial genomes of F nucleatum ssp. animalis ATCC 51191 (GCA_000220825), F.
nucleatum ssp. nucleatum ATCC 23726 (GCA_000178895), F. nucleatum ssp. nucleatum
ATCC 25586 (GCA 000007325), FE nucleatum ssp. polymorphum ATCC 10953
(GCA _000153625), F. nucleatum ssp. vincentii ATCC 49256 (GCA_000182945) were
retrieved from EnsemblBacteria (Release 52) (Howe et al., 2020). F. nucleatum ssp. fusiforme
data were not available on this portal, possibly due to their close genetic relatedness with F.

nucleatum ssp. vincentii.

Orthologues were identified using blastp (v. 2.12.0) (States and Gish, 1994) with default
parameters and F. nucleatum ssp. nucleatum ATCC 25586 proteins as queries, with a cutoff e-

value of 1e-10. Protein domains were annotated using InterPro (Blum et al., 2021) with a cutoff
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e-value of le-5. Multisequence alignment of CmpA and Fap2 proteins was performed using
MAFFT (v. 6) (Katoh et al., 2019) with the “— auto” option. The phylogenetic tree was
constructed using the Neighbour-Joining method (Saitou and Nei, 1987), JTT substitution

model and bootstrap 1000.

2.9. Isolation of membrane proteins from planktonic and biofilm-grown F

nucleatum subspecies

Planktonic bacteria were obtained by inoculating each subspecies into 100 ml of SAB and
incubating the cultures overnight anaerobically at 37°C. Overnight cultures were centrifuged
and pellets resuspended in 30 ml of 0.1M triethylammonium bicarbonate (TEAB) buffer
(90114, Thermo Fisher Scientific, Loughborough, UK) and stored at -20°C until processing.
Biofilms were grown for 3 days on poly-L-lysine coated (section 0) 6-well plates (2 plates per
subspecies to ensure sufficient amounts of biofilm, 3 ml per well) as described in section 2.4.
Supernatants were carefully removed and biofilms were harvested from each well by vigorous
pipetting of 0.1M TEAB buffer (2 ml/well). Resuspended biofilms were collected and volumes
adjusted with 0.1M TEAB buffer to give final volume of 30 ml. Bacterial lysis and membrane
harvesting were performed at the School of Biosciences, University of Birmingham. Bacterial
cells were lysed two times under 15,000 psi using C3 Emulsiflex Cell Disruptor (Avestin,
Canada). Lysates were collected and centrifuged to collect unbroken cells at 10,000 x g for 30
minutes (Avanti JXN-26, Beckman Coulter). Membrane-containing supernatants were
transferred to ultracentrifuge tubes and centrifuged at 100,000 x g (Type 70 Ti Fixed-Angle
Titanium Rotor, Beckman Coulter, Germany) for 1 hour at 4°C. The pellet of membrane

proteins was resuspended in 500 pl of TEAB buffer and stored at -20°C until further processing.
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2.10.Membrane protein quantification using Bicinchoninic acid (BCA)

protein assay

Membrane proteins isolated from planktonic and biofilm-grown F. nucleatum subspecies were
quantified using the Pierce™ BCA Protein Assay Kit (23227, Thermo Fisher Scientific,
Loughborough, UK.) according to the manufacturer’s instructions. Bovine serum albumin
(BSA) standards were prepared in 0.1M TEAB buffer and 25 pl were added to wells of a 96-
well plate in triplicate. Membrane proteins were further diluted 1:2 in 0.1M TEAB buffer and
25 ul were added in triplicate to the 96-well plate. Standards and samples were combined with
200 pl of Working Reagent (50 parts of Reagent A, 1 part of Reagent B) and the plate was
briefly mixed for 30 seconds on a plate shaker (R100/TW Rotatest Shaker, Luckham Ltd.; speed
level 3). Samples were incubated at 37°C for 30 minutes and a microplate reader (Spark, Tecan,
Switzerland) was used to read absorbance at 562 nm. Concentrations of proteins were calculated

from a 9-point standard curve obtained from the BSA standards.

2.11.0One-dimensional _sodium _dodecyl sulphate polyacrylamide gel

electrophoresis (1D SDS-PAGE)

All reagents and protein gels were purchased from Thermo Fisher Scientific, Loughborough,
UK. Membrane proteins were prepared for 1D SDS-PAGE by mixing 5 pg of each protein
sample with 2.5 pl of NuPAGE® LDS Sample Buffer 4X (NP0007), 1 pl of NuPAGE®
Reducing agent (NP0009) and adjusted with molecular grade water to the final volume of 10
ul. Samples were incubated at 70°C for 10 minutes. During incubation, protein gels (NuPAGE®
Bis-Tris Gels 12%, NP0342BOX) were placed in the mini-gel tank and the tank was filled with

400 ml of 1X Running buffer (NuPAGE® MOPS SDS Running buffer, NP0001) combined
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with 1 ml of NuPAGE® Antioxidant (NP0005). Protein ladder (Mark12™ Unstained Standard,
LC5677) and the protein samples were then loaded into the well of the gel and electrophoresis

was run for 50 minutes at 180V. Gels were then silver-stained as detailed in section 2.13.

2.12. Two-dimensional _sodium _dodecyl sulphate polyacrylamide gel

electrophoresis (2D SDS-PAGE)

2D SDS-PAGE was performed according to the manufacturer’s instructions for ZOOM®
IPGRunner™ System. All ZOOM® branded reagents and protein gels were purchased from
Thermo Fisher Scientific, Loughborough, UK. Similarly to 1D SDS-PAGE, 5 ug of protein per
sample were used in this method. Samples for the first dimension were prepared in 1X Sample
Rehydration Buffer (SRB; containing &M Urea, 2% w/v 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate [CHAPS], 0.5% v/v ZOOM Carrier
Ampholytes pH 3-10 [ZM0021] and 0.002% w/v of bromophenol blue). Prior to use,
dithiothreitol (DTT) was added to the SRB to a final concentration of 20mM. 10 ul of protein
sample were combined with 140 pl of SRB and loaded to ZOOM® IPGRunner™ Cassette
(ZMO0003) with ZOOM® Strips (pH 3-10 non-linear; ZM0011). The ZOOM® Strips were
rehydrated at room temperature for 1 hour. The cassette with the strips was loaded to ZOOM®
IPGRunner™ Core and the isoelectric focusing (IEF) was performed with the following
settings: 200 V for 20 minutes, 450 V for 15 minutes, 750 V for 15 minutes and 2,000 V for 1
hour. After IEF, the cassette was disassembled and the strips were equilibrated for 15 minutes
at room temperature in 10 ml of Equilibration Buffer (9 ml of 1X NuPage® LDS Sample buffer
[4X buffer diluted in deionised water] and 1 ml of 10X NuPage® Sample Reducing Agent).

Following equilibration, strips were alkylated for 15 minutes at room temperature in 125 mM
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alkylating solution (232 mg of iodoacetamide in 10 ml of 1X NuPage® LDS Sample buffer).
One strip per gel was applied to the IPG well of NuPAGE® Bis-Tris Gel (4-12%, NP0326BOX)
and overlayed with 400 pul of 0.5% w/v agarose. Second dimension SDS-PAGE was performed

for 45 minutes at 200V. Protein gels were silver-stained as described in section 2.13.

2.13.Silver staining of proteins in polyvacrylamide gels

Protein gels were stained using SilverQuest™ Silver Staining Kit (LC6070, Thermo Fisher
Scientific, Loughborough, UK) following the manufacturer’s instructions. All incubation steps
were performed with gentle rotation on a plate shaker. Briefly, each gel was rinsed with
ultrapure water and fixed for 20 minutes in 100 ml of Fixative (40% v/v ethanol, 10% v/v acetic
acid, made in MilliQ® ultrapure water). Gels were then washed in 100 ml of 30% v/v ethanol
for 10 minutes, followed by incubation for 10 minutes in 100 ml of Sensitising solution (30 ml
ethanol, 10 ml Sensitiser, 60 ml ultrapure water). Gels were then washed again in 100 ml of
30% v/v ethanol for 10 minutes, followed by 100 ml of ultrapure water for 10 minutes. Staining
was performed by incubating the gels for 15 minutes in the Staining solution (1 ml Stainer, 99
ml ultrapure water) and then washed in 100 ml of ultrapure water for 40 seconds. Gels were
then developed in 100 ml of Developing solution (10 ml of Developer, 1 drop of Developer
enhancer, 90 ml of ultrapure water) for 5 minutes and 10 ml of Stopper solution was used to
stop further gel development. Gels were washed in 100 ml of ultrapure water for 10 minutes.

Pictures of gels were taken immediately after staining on a light box.
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Methodology related to chapter 4

2.14.Stimuli used for neutrophil assays

Stimuli used in assays with peripheral blood neutrophils were phorbol 12-myristate 13-acetate
(PMA,; Sigma-Aldrich/Merck), opsonised Staphylococcus aureus and formalin-inactivated
Fusobacterium nucleatum (FN) subspecies. Stimuli are also detailed in Table 2.4, MOI values
used as stated in Wright et al. (2011). Opsonised S. aureus was kindly provided by Dr Helen
Wright. F. nucleatum subspecies were formalin-inactivated as follows: cultures were grown in
10 ml SAB in anaerobic conditions at 37°C overnight. Cultures were centrifuged for 10 minutes
at 2,600 x g (IEC Centra-CL2 Centrifuge) and pellets washed once with 10 ml PBS. Bacteria
were then resuspended in 5 ml PBS and the OD of each culture was adjusted to ODgoo =1 in
final volume of 1 ml in a sterile Eppendorf tube, corresponding to 1.62 x 10° CFU/ml. Bacteria
were centrifuged for 10 minutes, 2,000 x g (Eppendorf, 5415 D). Pellets were resuspended in 1
ml 10% buffered formalin and incubated at room temperature for 10 minutes. Samples were
centrifuged for 10 minutes, 2,000 x g and the resulting pellets washed twice more with 1 ml
PBS. The final OD of each culture was re-adjusted to ODeoo =1 due to loss of bacteria during
washing steps. Cultures were spot-plated on SAA plates and incubated at 37°C in anaerobic

conditions for 48 hours to confirm inactivation.

Table 2.4. Stimuli used to challenge neutrophils in the initial experiments.

Stimulus ROS assay NET-DNA assay
Phorbol 12-myristate 13-acetate (PMA),
] ] 25 nM 50 nM
Sigma-Aldrich/Merck
Opsonised Staphylococcus aureus
MOI 300 MOI 300

(OpSA)
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Formalin-inactivated Fusobacterium
_ MOI 100 MOI 100
nucleatum (FN) subspecies

2.15.Isolation of human neutrophils from peripheral blood

Peripheral blood was collected from healthy volunteers by venepuncture (ethical approval
18/ES/0092, 19/SW/0198 and BCHCDent024.2024) in 6 ml lithium heparin vacutainers
(Greiner Bio-One, Germany). Blood was layered on the discontinuous Percoll density gradients
(1.079 g/ml on top of 1.098g/ml gradient; Percoll, 17089101, Cytiva, USA) and centrifuged for
8 minutes at 150 x g followed by 10 minutes at 1,200 x g (Hettich Rotina 380 R). Layers of
plasma, monocytes, lymphocytes and Percoll material was removed from the gradients (Figure
2.2) and neutrophils were transferred into 30 ml of lysis buffer (Matthews et al., 2007a) and
incubated at room temperature for 5-10 minutes to lyse erythrocytes. Cells were then
centrifuged for 6 minutes at 350 x g. Supernatant was removed and lysis was repeated using 3
ml lysis buffer and incubating the cells for 5 minutes, followed by centrifugation at 350 x g for
6 minutes. Cell pellets were washed with 3 ml PBS and centrifuged at 350 x g for 6 minutes.
Cells were resuspended in 3 ml PBS, counted using a haemocytometer and trypan blue, and the

cell number was adjusted in the corresponding medium used in the assays.
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Plasma

Monocytes and lymphocytes

Percoll gradient

Neutrophils

Erythrocytes

Figure 2.2. Separation of cellular components of blood using Percoll gradients. Neutrophils
can be isolated from a distinct layer above erythrocytes.

2.16.Enhanced chemiluminescent assay for ROS quantification using

formalin-fixed F. nucleatum subspecies

Wells of an untreated white 96-well plate (611F96WT, Sterilin Microplate White) were blocked
with 1% bovine serum albumin (BSA) in PBS overnight at 4°C. On the day of the assay,
blocking buffer was removed from the 96-well plate. Neutrophils isolated from peripheral blood
were adjusted to 1 x 108 cells/ml in glucose supplemented PBS (GPBS: Dulbecco’s phosphate
buffered saline no calcium, no magnesium, Gibco™, Thermo Fisher Scientific, Loughborough,
UK; 10mM glucose; 1.35 mM CaCly; 1.5 mM MgCl.) and 100 pl of the suspension was added
in the wells of the 96-well plate. To quantify total ROS, 30 pl of membrane-permeable luminol
(3 mmol/l; pH 7.3; 123072, Sigma-Aldrich/Merck, Darmstadt, Germany) was added to each
well. 45 pl of GPBS was added to obtain a total volume of 175 pl in each well. To quantify
extracellular ROS, 60 pl of membrane-impermeable isoluminol (4-aminophthalhydrazide, 3

mmol/l; A8264, Sigma-Aldrich/Merck, Darmstadt, Germany) was added together with 15 pl
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horseradish peroxidase (HRP, Type XlI, 7.5 U/ml to each well; Sigma-Aldrich/Merck,
Darmstadt, Germany) to enhance the chemiluminescent signal. The plate was placed into a
luminometer (Berthold Microplate Luminometer LB 96V) and incubated at 37°C for 30
minutes to record the baseline light output. Cells were then stimulated with 25 pl of stimuli:
PMA (25 mM), OpSA (MOI 300) or formalin-fixed FN subspecies (MOI 100) (see Table 2.4).
Light output was measured for a further 150 minutes. Results were expressed as peak relative

light units (RLU).

2.17.0Quantification of neutrophil extracellular traps (NETS)

Wells of a transparent 96-well plate were blocked with 1% bovine serum albumin (BSA) in
PBS overnight at 4°C. On the day of the assay, blocking buffer was removed from the 96-well
plate. Neutrophils isolated from peripheral blood were adjusted to 1 x 108 cells/ml in RPMI
1640 medium (SH30605.01, Cytiva, USA) and 100 pl of the suspension was added in the wells
of the 96-well plate. The volume in each well was made up to 175 ul with RPMI 1640 and the
plate was incubated at 37°C, 5% CO- for 30 minutes in order for the neutrophils to settle to the
well bottoms. Cells were then stimulated with 25 pl of PMA (50 mM), OpSA (MOI 300) or FN
subspecies (MOI 100) (see Table 2.4) and further incubated for 120 minutes. Next, 15 pl of
Micrococcal nuclease (14.3 units/ml, LS004797, Worthington, USA) was added to each well
for 10 minutes at 37°C. The microplate was centrifuged for 10 minutes at 1,800 x g (Universal
320 R, Hettich), and 150 pul of the supernatant was carefully removed and mixed with 15 pl of
SYTOX green (S7020, Invitrogen, Thermo Fisher Scientific, Loughborough, UK) diluted in
PBS (1:500) in a black 96-well plate (611F96BK, Thermo Scientific™ Sterilin™ Microtiter™

Plates, Thermo Fisher Scientific, Loughborough, UK). DNA-derived fluorescence was read
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using a microplate reader (Spark®, Tecan, Switzerland) with excitation at 485 nm and emission

at 525 nm. Readings were expressed as relative fluorescence units (RFU).

2.18.Fluorescent labelling of bacteria for flow cytometry

In order to quantify neutrophil phagocytosis using flow cytometry, fluorescently stained
bacteria were utilised, as their fluorescent signal can be detected when phagocytosed. Overnight
bacterial cultures of Staphylococcus aureus and F. nucleatum subspecies were adjusted to
ODe¢oo=1 and washed in PBS 2 times, then resuspended in 1 ml of PBS with 3 pul Syto 9 (Syto
9, Invitrogen, Thermo Fisher Scientific, Loughborough, UK). The samples were incubated for
15 minutes protected from light, followed by washing with PBS 2 times. Bacterial suspensions
were inactivated: S. aureus was heat-killed for 10 minutes at 90°C and F. nucleatum subspecies
were formalin-inactivated (section 2.14). After inactivation, OD of cultures was adjusted to

ODe¢oo=1 and stimuli were stored at -20°C.

2.19.Neutrophil phagocytosis analysed by flow cytometry

Neutrophils isolated from peripheral blood were adjusted to 1 x 10° cells/ml in FACS buffer
(1% foetal bovine serum in GPBS). For each analysed sample, 100 pl of the cell suspension
was mixed with fluorescently labelled bacteria (see section 2.18) - S. aureus (MOI 5) or F.
nucleatum subspecies (MOI 100) and incubated in a shaking incubator at 37°C (100 rpm; NB-
205, N-BIOTEK) for 30 minutes, protected from light. Samples were filled up to 1 ml with
FACS buffer and 5 pl of 4% Trypan blue was added to quench possible fluorescence signals
due to extracellular binding of bacteria to neutrophils. Samples were then analysed using flow
cytometer (BD Accuri C6 Flow cytometer; 50,000 events per sample, 488 nm laser and 533/30

filter) and the corresponding BD Accuri C6 software. Gating was performed around populations
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of cells corresponding to neutrophils and the percentage of fluorescent neutrophils was assessed

using Accuri C6 software.

2.20.Culture of HL-60 cells

Human leukaemia (HL-60) cell line, which can be differentiated into neutrophil-like cells, was
seeded at 1 x 10° cells/ml in RPMI 1640 medium supplemented with 10% foetal bovine serum
(FBS), L-glutamine (300 mg/l) and HEPES (25 mM, Thermo Fisher Scientific, Loughborough,
UK). Cells were incubated at 37°C, 5% CO- for 2 days. Cells were adjusted to 8 x 10° cells/ml
in supplemented RPMI containing 1.25% dimethyl sulfoxide (DMSO) in order to stimulate
differentiation and incubated for three, four or six days (Palmer, 2010, Kurgan et al., 2017). To
perform chemiluminescence assay and quantification of NET-DNA, cells were centrifuged for
7 minutes as 130 x g (Universal 320 R, Hettich). The pellet was resuspended in PBS, cells

enumerated and adjusted to 1 x 10° cells/ml in the appropriate medium.

Methodology related to chapter S

2.21.DNA extraction from F nucleatum subspecies

Optimisation of DNA extraction from F. nucleatum subspecies was performed using a silica-

based column system as well as in-solution DNA extraction.

2.21.1. GenElute Bacterial genomic DNA extraction

Silica-based column system GenElute Bacterial genomic kit (NA2110, Sigma-Aldrich,

Darmstadt, Germany) was used for this DNA extraction. Bacterial overnight cultures were
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adjusted to 1 x 103CFU/ml or 1 x 10° CFU/ml and 1 ml of cultures was centrifuged for 2 minutes
at 12,000 x g (Fisherbrand accuSpin Micro 17R, Fisher Scientific). Supernatant was removed
and the bacterial pellet was resuspended in 180 pl of Lysis Solution T. 20 ul of the supplied
Proteinase K solution was added and incubated for 30 minutes at 55°C. Bacterial cells were
then lysed by adding 200 pl of Lysis Solution C and incubated at 55°C either for 10 minutes
(standard procedure) or 30 minutes (extended lysis). Columns were prepared for binding by
adding 500 pl of Colum Preparation Solution and centrifuging at 12,000 x g for 1 minute.
Bacterial lysate was mixed with 200 pl of molecular grade ethanol, mixed thoroughly and
transferred onto the column. Samples were centrifuged at 6,500 x g for 1 minute and eluate was
discarded. Columns were washed with 500 pl of Wash Solution 1, centrifuged at 6,500 x g for
1 minute and the eluate was discarded. Columns were washed again with 500 ul ethanol-diluted
Wash Concentrate (Wash Solution), centrifuged for 3 minutes at 12,000 x g and the eluate was
discarded. DNA was then eluted from the columns by adding 200 pl of molecular grade water,
incubated for 5 minutes at room temperature and centrifuged. Experiments were performed at

least 2 times in duplicate.

2.21.2. Wizard Genomic DNA extraction and purification

Wizard Genomic DNA purification kit (A1120, Promega, Chilworth Southampton, UK) was
utilised for in-solution DNA extraction. For evaluation of lysis efficiency and comparison with
F. nucleatum, Escherichia coli was chosen as another Gram-negative bacterium, which is well
characterised and most DNA extraction protocols are optimised for this bacterium. F. nucleatum
and E. coli bacterial overnight cultures were adjusted to 1 x 10° CFU/ml and 1 ml of cultures
was centrifuged at 16,000 x g for 2 minutes. Supernatant was discarded and the bacterial pellet

was resuspended in 600 pl of Nuclei Lysis Solution. Samples were incubated at 80°C for 5
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minutes and 3 pl of RNase Solution were added to the lysate and mixed thoroughly by tube
inversion. Samples were further incubated at 37°C for 30 minutes. Samples were mixed with
200 pl of Protein Precipitation Solution, vortexed vigorously and incubated on ice for 5
minutes. Following centrifugation at 16,000 x g for 3 minutes, supernatant was mixed with 600
ul of molecular grade isopropanol in a clean Eppendorf tube. Solution was mixed gently by
inversion and centrifuged at 16,000 x g for 2 minutes. The pellet was gently washed with 600
ul of molecular grade 70% ethanol and samples were centrifuged at 16,000 x g for 2 minutes.
Ethanol was completely removed and pellets were air-dried for 10 minutes. DNA pellets were
rehydrated using 100 ul of Rehydration Solution at 65°C for 1 hour. Experiments were

performed at least 2 times in duplicate.

2.21.3. Chemical and mechanical disruption of bacteria combined with

Wizard Genomic DNA Purification

The original protocol for disruption of bacteria was developed for DNA and RNA extraction
from Brucella sp. and was kindly provided by Dr Daniel Slade (Virginia Tech, Virginia, USA).
This protocol was also modified for use with £ nucleatum (Muchova, 2020, Master’s thesis).
Bacterial overnight cultures were adjusted to 1 x 10° CFU/ml and centrifuged at 16,000 x g for
15 minutes to obtain a more compact pellet to avoid loss of bacteria during supernatant removal.
A solution of ice cold molecular grade ethanol:acetone (ratio 1:1) was used to resuspend the
pellet (I ml) and the bacterial suspension was stored at -80°C overnight. The sample was
centrifuged at 16,000 x g for 3 minutes and the pellet was resuspended in 500 pl Tris-EDTA
(TE) Buffer (1 mM EDTA [E5134, Sigma-Aldrich, Darmstadt, Germany], 10 mM Tris-HCI

[Trizma hydrochloride, T6666, Sigma-Aldrich, Darmstadt, Germany], pH 7.5) and centrifuged
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for 3 minutes at 16,000 x g. 200 ul 0.04 M sodium acetate, pH 5.2 (71196, Sigma-Aldrich,
Darmstadt, Germany) was used to resuspend the bacterial pellet and 200 pl 1% zwittergent
(693017, Millipore, Darmstadt, Germany) was added to the mixture, followed by vortexing for
15 seconds. The suspension was centrifuged at 8,000 x g for 3 minutes and the pellet was
resuspended in nuclease-free water, followed by another centrifuging step at 8,000 x g for 3
minutes. Pellet was resuspended in 200 pl 0.04 M sodium acetate, 160 pl nuclease-free water
and 40 pl 10% sodium dodecyl sulphate (SDS; L4390, Sigma-Aldrich, Darmstadt, Germany).
The suspension was thoroughly vortexed for 15 seconds and incubated for 7 minutes at 90°C.
From this point, the Wizard Genomic DNA Purification kit was used. The lysate was combined
with 3 ul of RNase Solution, mixed thoroughly by tube inversion and incubated at 37°C for 30
minutes. The remaining steps of the method described in section 2.21.2 were performed without

changes. Experiments were performed at least 2 times in triplicate.

2.22.Standard curves for quantification of F. nucleatum subspecies

Bacterial standard curves were generated by plotting colony-forming unit (CFU/ml) values
against bacterial optical density (OD). Overnight bacterial cultures were centrifuged at 2,600 x
g for 10 minutes (Universal 320 R, Hettich) and pellets were washed once with 5 ml PBS.
Cultures were adjusted to ODsoo=1 in PBS and serially diluted 6 times 1:2 in PBS. OD values
of each dilution were re-measured and related to the CFU/ml values. CFU/ml of each dilution
were obtained by viable colony counting as described by Miles and Misra (1938). Briefly, each
analysed dilution was further diluted 7 times 1:10 in PBS, 20 pl were plated on SAA in technical
triplicates and plates were incubated anaerobically at 37°C for at least 48 hours. Colonies were
then counted and the CFU/ml calculated. Experiments were performed in technical and

biological triplicates.
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2.23.Evaluation of viability of live bacterial stocks stored at -20°C and -80°C

Viability of bacterial stocks was assessed in order to confirm that freezing storage conditions
do not negatively affect live F. nucleatum stimuli. The Miles and Misra method was used as
described in section 2.22 and viable CFU/ml were calculated from each aliquot quantified.
Defrosted aliquots were either discarded after use (samples defrosted once) or they were frozen

again (thawing-freezing cycles).

2.24.Live planktonic and biofilm-grown bacterial stimuli used for neutrophil

assays
To prepare live planktonic F. nucleatum subspecies for the assays, 10 ml of SAB were
inoculated with each subspecies and incubated at 37°C for 18 hours anaerobically. Cultures
were centrifuged for 10 minutes at 2,600 x g and pellets washed once with PBS, then adjusted
in PBS to ODsno=1, which corresponded to the CFU/ml values calculated in section 2.22. Each
adjusted subspecies was mixed with glycerol (15% v/v final concentration) and aliquots were

stored at -80°C as this temperature provided better long-term storage.

Single-subspecies biofilms were grown in 6-well plates (Nunclon™ Delta Surface, Thermo
Scientific, Loughborough, UK). Overnight planktonic cultures were washed once with PBS,
then adjusted in SAB to ODsgo=1, which corresponded to CFU/ml values calculated in section
2.22. Three ml of the adjusted culture was added to wells of 6-well polystyrene plates without
additional surface coating and biofilms were grown for 72 hours anaerobically. Growth medium
was changed after 24 and 48 hours of incubation and contamination monitoring was performed

daily. After 72 hours of incubation, supernatant was carefully removed and single-subspecies
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biofilms were resuspended by vigorous pipetting in PBS. Bacterial concentration was adjusted
to ODeoo=1 and bacterial numbers were calculated for each subspecies. Subspecies were then

mixed with glycerol (15% v/v final concentration) and aliquots stored at -80°C.

2.25.Enhanced chemiluminescent assay for ROS quantification using live F

nucleatum subspecies

Wells of an untreated white 96-well plate (611F96WT, Sterilin Microplate White) were blocked
with 1% bovine serum albumin (BSA) in PBS overnight at 4°C. On the day of the assay,
blocking buffer was removed from the 96-well plate. Neutrophils isolated from peripheral blood
were adjusted to 1 x 108 cells/ml in GPBS and 100 pl of the suspension was added to the wells
of the 96-well plate.

a) To quantify total ROS (intracellular and extracellular): 30 ul of luminol (3 mmol/l,
pH 7.3; Sigma-Aldrich/Merck, Darmstadt, Germany) with 15 pl horseradish peroxidase
(HRP, Type XII, 7.5 U/ml in the well; Sigma-Aldrich/Merck, Darmstadt, Germany) was
used.

b) To quantify intracellular ROS: 30 ul of luminol (3 mmol/l) was combined with 3 ul
superoxide dismutase (SOD, bovine, 50 U/ml in the well; Sigma-Aldrich/Merck,
Darmstadt, Germany), 17.5 ul catalase (from bovine liver, 20 U/ml in the well; Sigma-
Aldrich/Merck, Darmstadt, Germany) and 15 pl horseradish peroxidase (HRP, Type
XIl, 7.5 U/ml in the well; Sigma-Aldrich/Merck, Darmstadt, Germany). SOD and
catalase were used to neutralise extracellular ROS in order to specifically measure

intracellular ROS.
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c) To measure extracellular superoxide generation: Lucigenin (30 pl, 0.33 mg/ml) was
used without the addition of the reagents which were used in combination with luminol
above.

Cells were then stimulated with 35 pl of F. nucleatum subspecies (MOI 100). Light output

was measured for a further 150 minutes. Results were expressed as peak relative light units

(RLU).

2.26.Quantification of neutrophil extracellular traps (NETS)

Quantification of NETs was performed as described in section 2.17, with the following changes:
after the addition of neutrophils, the volume in each well was made up to 165 pl with RPMI
1640 and the plate was incubated at 37°C, 5% CO> for 30 minutes. Cells were stimulated with

35 pl of live planktonic and biofilm-grown F. nucleatum subspecies (MOI 100).

2.27.Microscopic visualisation of NETs

NETs were stained and microscopically visualised as described by Hirschfeld et al. (2023).
Neutrophils were isolated as described in section 2.15 and the NET assay was set up as
described in section 2.17. Stimulated neutrophils were incubated for 120 minutes and
centrifuged at 1,800 x g for 10 minutes. Supernatant was removed and cells were fixed with 50
ul of paraformaldehyde (PFA) for 10 minutes at room temperature. PFA was removed and cells
were washed two times with PBS. 180 pl of PBS was added to each well and combined with
20 pl of 10uM SYTOX Green and 20 pl of Hoechst 33258 solution (20 pg/ml). NETs were
visualised using an epifluorescent microscope (Nikon Eclipse TE300 with a coolLED PE-100
LED excitation system). The excitation wavelengths used for SYTOX Green and Hoechst were

488 and 405 nm, respectively.
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2.28.Quantification of neutrophil cytokine and enzyme release using enzyme-

linked immunosorbent assay (ELISA)

Isolated neutrophils were incubated as described in Ling et al. (2015). Cells were diluted to 2.5
x 10° cells/ml in supplemented RPMI (sRPMI: RPMI 1640, without L-glutamine and phenol
red, Cytiva, USA; 10% heat-inactivated FBS, 25 mM HEPES, Sigma-Aldrich/Merck,
Darmstadt, Germany; 2 mM glutamine). Neutrophils were then stimulated with F. nucleatum
subspecies diluted in sSRPMI (MOI 100) and incubated at 37°C, 5% CO> for up to 18 hours.
Culture supernatants were collected either after 18 hours for endpoint quantification or after 1,
2,4, 6 and 18 hours of incubation for time-course quantification. Commercial ELISA kits (R&D
Systems, Abingdon, UK) were used to quantify human cytokines IL-1f, IL-6, TNF-a, IL-8 and
neutrophil enzymes matrix metalloproteinase 9 (MMP-9) and human neutrophil elastase
(HNE/ELA2). All ELISA measurements were performed in technical duplicate and according

to the manufacturer’s instructions.

2.29.Quantification of apoptosis and necrosis

Viability of neutrophils stimulated with F. nucleatum subspecies was assessed by measuring
apoptosis and necrosis following the manufacturer’s instructions (RealTime-Glo™ Annexin V
Apoptosis and Necrosis Assay, Promega, UK). Briefly, isolated neutrophils diluted in sSRPMI
(1 x 10° cells in 100ul) were stimulated either with positive controls (100 ng/ml Fas ligand for
apoptosis, 50 ug/ml LL-37 for necrosis; 50 ul each) or with F. nucleatum subspecies (MOI 100;
50 ul). 100 pl of 2X detection reagent was added and the cells were incubated for 18 h at 37°C
(Infinite 200 PRO, Tecan, Switzerland) and luminescence (apoptosis) as well as fluorescence

(necrosis) were recorded automatically every 15 minutes.
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The rate of apoptosis and necrosis were determined from the highest peak of the first derivative
of the apoptosis and necrosis curve, respectively. Start of apoptosis and necrosis were calculated
from the highest peak of the second derivative of the apoptosis and necrosis curve, respectively.
First and second derivatives were calculated using GraphPad Prism (version 10.1.1 for
Windows, Boston, Massachusetts USA). Data was minimally smoothed with the following
GraphPad settings: 6™ order of the smoothing polynomial and 4 neighbours to average on each

size.

2.30.Statistical analysis

GraphPad Prism (version 10.1.1 for Windows, Boston, Massachusetts USA) was used to
perform statistical analysis and to generate graphs. Normality of the data was first analysed
using Shapiro-Wilk test. If the data were shown to conform to normal distribution, one-way
ANOVA with Tukey’s multiple comparison test was performed. If the data were not normally
distributed, either Mann-Whitney U-test or Kruskal-Wallis test was performed followed by
Dunn’s post hoc test, unless stated otherwise in the figure legends. The results were statistically

significant if p < 0.05.
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CHAPTER 3: CHARACTERISATION OF FUSOBACTERIUM

NUCLEATUM SINGLE-SUBSPECIES BIOFILMS

This chapter is based to a large degree on our published article:
Muchova M, Balacco DL, Grant MM, Chapple ILC, Kuehne SA and Hirschfeld J (2022)
Fusobacterium nucleatum Subspecies Differ in Biofilm Forming Ability in vitro. Frontiers in

Oral Health, 3:853618. doi: 10.3389/froh.2022.853618
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3.1. Introduction

In order to fulfil the aims of this project, biofilm formation by all F. nucleatum subspecies was
investigated. Results from the author’s previous work (master’s thesis, Muchova (2020))
showed that subspecies differ in their ability to form single-subspecies biofilms, which could
potentially suggest differences in their immunogenicity, as biofilm formation is one of the
virulence determinants of oral bacteria. Thus, it was necessary to further characterise
subspecies-specific biofilm formation, expanding the selection of substrates to plastic, glass
and hydroxyapatite. A number of substrate treatments promoting cell attachment to culture
surfaces were tested by coating with artificial saliva (AS), collagen, gelatin, fibronectin and
poly-L-lysine. Sandblasted glass was used to assess the effect of a roughened surface on F
nucleatum subspecies biofilm formation. Compared to the author’s previous work, which used
AS as a biofilm growth medium, this work utilised more nutritious Schaedler anaerobe broth
(SAB) to encourage biofilm formation and artificial gingival crevicular fluid (aGCF) to mimic
the physiological conditions of the gingival crevice and thus serve as a more suitable medium
supporting biofilm growth. Additionally, dynamic and static biofilm models were compared in
order to evaluate F. nucleatum biofilm formation with and without shear stress, since shear
stress can promote biofilm formation and is reported to promote formation of stable and uniform

biofilms (Park et al., 2011).

3.2. Comparison of dynamic and static biofilm model

Apart from static conditions with finite amounts of nutrients and buffering capacity, biofilms
can be grown dynamically, with a constant flow of fresh medium and nutrients. To evaluate

whether growing F. nucleatum biofilms in dynamic conditions with a constant supply of
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nutrients and shear stress improves biofilm formation, a comparison of dynamic and static

models was undertaken.

3.2.1. Dynamic biofilm model

Biofilm formation of FN23, FN25 and FNP was evaluated in aerobic and anaerobic conditions
on borosilicate glass coupons. We previously demonstrated that F. nucleatum survives in the
presence of oxygen for at least 8 hours (Muchova 2020, master’s thesis), therefore aerobic
incubation was not considered detrimental to bacterial adhesion and initiation of biofilm
formation. To evaluate the amount of biomass, coupons were assessed visually for the presence
of a biofilm layer as well as vortexed in PBS with visual assessment of turbidity. No biofilm
was formed by any of the three subspecies when grown for three days, regardless of the
conditions. Even when the initial bacterial concentration was increased from ODss50=0.2 to
ODe¢oo=1 (note difference in wavelength used for OD measurement due to differences in
available literature) and the time of the incubation was increased to five days, no biofilm was

isolated from the discs when vortexed to detach the biomass.

3.2.2. Static biofilm model

Biofilms were set up as outlined in section 2.3.1 in 24-well plates with glass coverslips and in
96-well plates (wells only) for three days in anaerobic conditions. 500 ul of the bacterial
suspension were added to wells of the 24-well plates, while 200 ul were added to 96-well plates.
Quantification of biomass using CV showed that among the subspecies FNP formed the lowest

amount of biofilm, while FNA and FNF formed the highest amount of biomass (Figure 3.1).
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Figure 3.1. Quantification of biomass formed by individual F. nucleatum subspecies in a
96-well plate. The graph shows means of one experiment performed in five technical replicates.
Error bars represent standard deviations. All values were corrected for blank (wells with
medium without bacteria).

To establish a reproducible protocol, biofilms grown on glass coverslips in 24-well plates were
evaluated only visually. All biofilms formed were observed to be very fragile and to detach
easily upon handling the plates and changing media. The most fragile biofilm was observed in
wells with ssp. polymorphum, which is in agreement with the results of biomass quantification
using CV (see figure 3.1).

Results showed that the dynamic biofilm model is unsuitable for F. nucleatum biofilms,
therefore the static model was chosen for further biofilm characterisation. Based on the results
of the static biofilm incubation, FNP was the weakest biofilm former, thus additional
experiments were undertaken focusing on this subspecies in order to determine whether
changing the type of substrate and medium and increasing the seeding density of bacteria

improves biofilm formation.
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3.3. Qualitative evaluation of FNP biofilm formation

FNP may form unstable biofilms due to the low number of bacteria adhering to the substrate
during the initial stages of biofilm formation, hence it was decided to increase the initial
concentration of bacteria and standardise the bacterial cultures in the following experiments to
an ODeo=1 (1.62 x 10° CFU/ml) and use 1 ml of each culture in 24-well plates (See section
2.3.1). Two subspecies were chosen to perform subsequent experiments: FNP as the weakest
biofilm former and FN25, which is commonly used in standard multispecies biofilm models
(Thurnheer et al., 2019). A different surface (hydroxyapatite [HA] discs mimicking the tooth
enamel surface), glass surface treatment (collagen coating or roughening by sandblasting) and
a longer incubation time were chosen to determine whether FNP biofilm formation could be
improved. Moreover, a different medium —aGCF — was added (overview of surfaces and media
in Table 2.2).

Interestingly, none of the modifications improved FNP attachment to substrates and biofilm
formation. When compared to FN25, which formed a visible and considerably thicker layer of
biofilm on all surfaces when grown in SAB, even when the incubation time varied, FNP either
formed a very fragile layer, which detached upon plate agitation, or there was no layer at all
and only planktonic cultures were observed, regardless of the incubation time (Figure 3.2).
Artificial GCF did not improve FNP attachment and worsened attachment of FN25 when the
subspecies were grown on HA discs for seven days, as no biofilm was isolated when HA discs

were vortexed to detach any biomass present (data not shown).
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Figure 3.2. Visual evaluation of biofilm formation on HA and sandblasted glass coverslips.
A: FN25 forms visible biofilms when grown on HA in SAB, while FNP does not appear to
adhere, picture taken after seven days of incubation. B: FN25 forms a thick layer of biofilm on
sandblasted glass coverslips, while FNP forms a very fragile biofilm, picture taken after four
days of incubation before media removal. C: Biofilms from panel B after seven days of
incubation after final media removal.

Collagen coating did not promote biofilm formation in FNP, while FN25 formed a visible stable
layer of biofilm (Figure 3.3). Biofilms were assessed only visually as it was not possible to stain
them due to the presence of a layer of collagen which would also take up the stain, obscuring

the real amount of biofilm.

Collagen volume
S50yl 25upl 12yl 6yl

plate after 4 days of incubation. Only FN25 formed a visible layer of biofilm. Collagen
concentration was 50pg/ml.

Due to the fact that FNP had a very limited ability to form biofilms on all substrates assessed,

biofilms were additionally set up in 25cm? tissue culture flasks (as detailed in section 2.3.1.),
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using a higher volume of the medium, which was not changed during the biofilm incubation.
Similarly to previous results, FN25 formed a visible, considerably thicker layer of biofilm, seen
as a light-brown layer in the flask, while FNP did not, and no layer was observed in the flask

(Figure 3.4). This subspecies was only observed to grow planktonically during incubation.

FN25 FNP

Figure 3.4. Visual evaluation of biofilms grown in tissue culture flasks after 4 days of
incubation. Biofilm formed can be observed in FN25 flask as a light-brown layer formed on
the bottom of the flask, while the flask with FNP is clear.

These initial results showed that FNP did not form stable biofilms on tested surfaces and surface
treatments, therefore additional culture surface treatments routinely used to improve cell
adhesion during culture were investigated. A more systematic approach was selected to compare
and quantify biofilm formation of all subspecies, including FNP, on glass and plastic surfaces

with a number of surface modifications described next.

3.4. Systematic evaluation of biofilm formation by all F nucleatum

subspecies
In order to quantify and compare biofilm formation among the subspecies, biofilms grown for

three days (section 2.4) were stained using CV (section 2.5). This technique allows direct
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quantification as the amount of biomass is directly proportional to the amount of stain taken up

by the biofilms.

3.4.1. Biofilm formation by all subspecies on modified surfaces

All subspecies formed biofilms detectable with CV, except for FNP, which did not form a
continuous layer of biofilm on any of the surfaces tested (Figure 3.5). None of the surface
modifications improved substrate adhesion and biofilm formation by FNP. When examined
visually during the incubation period, this subspecies was found to remain planktonic in the
biofilm supernatant.

Differences in biofilm mass were seen amongst the different subspecies and on the different
surfaces (Figure 3.5A, B): Generally, sandblasted glass surfaces supported biofilm formation
best with significantly higher biofilm mass in most subspecies compared to untreated glass
(Figure 3.5A). The second most effective surface coating was AS, supporting significantly
higher biofilm formation by FN25 and FNP on glass surfaces (Figure 3.5A), and FN25, FNP
and FNV on plastic surfaces (Figure 3.5B). However, even though absorbance values of FNP
biofilms were significantly higher on both glass and plastic coated with AS compared to
untreated surfaces (p=0.04 and p=0.02, respectively), the amount of biofilm quantified was
consistently low and close to the detection limit (mean absorbance values of 0.017 and 0.029,
respectively). FNA and FNF were the best biofilm formers on plastic surfaces.

When the surfaces were compared (Figure 3.5C), FNF adhered significantly better to uncoated
as well as fibronectin-coated Thermanox coverslips, and FNA formed significantly higher
amounts of biofilm on AS-coated Thermanox coverslips, however the other subspecies showed

no statistically significant difference in biofilm formation between glass and plastic surfaces.
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Figure 3.5. Single-subspecies biofilms quantified using CV. A: Quantification on glass
coverslips with or without (control) surface coatings. No significant differences were found for
FN23. B: Quantification on Thermanox coverslips with or without (control) surface coatings.
No significant differences were found for FNA, FNF and FN23. C: Overlayed graphs of values
from glass and plastic surfaces to show differences between the surfaces and surface treatments.
Sandblasted glass was omitted from the analysis due to the absence of sandblasted plastic
surface. Symbols in blue shades show values from plastic surfaces, symbols in grey shades
values from glass surfaces. Assays were carried out as three independent experiments in
triplicate. Mean values with standard deviations are shown. One-way ANOVA was performed
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followed by Dunnett’s post hoc test for within subspecies differences between control (uncoated
glass/uncoated Thermanox) and test samples in A and B. One-way ANOVA with Tukey’s post
hoc test was performed in C. *p<0.05; **p<0.01; ***p<0.001.

As all F. nucleatum subspecies formed detectable biofilms under the conditions investigated
except FNP, we considered whether spontaneous mutations may have occurred in this
subspecies. This phenomenon has been reported in bacterial type strains commonly used in
laboratories, such as E. coli, during long-term storage and propagation in growth media
(Dorman and Thomson, 2020). Therefore, we proceeded to compare its biofilm formation to a
newly purchased FNP type strain, ATCC 10593. The strain number was identical to the strain

from our culture collection.

3.4.2. Comparison of biofilm forming ability of two FNP strains

Biofilms were set up as described in section 2.4. and biomass was quantified using CV staining
(section 2.5). The FNP strain from the PRG culture collection was labelled as “old” strain
(oFNP), while the newly purchased FNP strain was labelled as “new” strain (nFNP).

Interestingly, only nFNP grown on glass coated with fibronectin (Figure 3.6) formed a
significantly higher amount of biomass when compared to oFNP (p=0.0125), however mean
absorbance values were consistently low and nFNP did not form a stable, detectable layer of

biofilm under any conditions tested.
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Figure 3.6. Comparison of two FNP strains. Strain oFNP is shown as filled symbols, nFNP
strain is shown as empty symbols. In each type of surface coating, nFNP was compared with
oFNP and the only statistically significant difference was found in fibronectin-coated glass as
indicated. Assays were carried out as three independent experiments in triplicate. One-way
ANOVA was performed followed by Tukey’s post hoc test (*p=0.0125).

3.4.3. Biofilm formation by FN23 strains lacking adhesion proteins

In addition to the characterisation of biofilm formation by all F. nucleatum subspecies, the role
of adhesion proteins in single-subspecies biofilm formation was examined. Single gene
knockout FN23 strains AFadA and AFap2 were grown on uncoated Thermanox coverslips since
no difference was found among surface modifications in the case of FN23 (Figure 3.5B).

Both AFadA and AFap2 formed significantly higher amounts of biofilm when compared to the
parental strain FN23 (WT; Figure 3.7). The mean amount of biomass formed by AFadA was
almost five times higher, while the mean amount of biomass formed by AFap2 was four times

higher than the parental FN23 strain.
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Figure 3.7. Biofilm formation by FN23 mutant strains lacking adhesion proteins FadA
and Fap2. Assays were carried out as three independent experiments in triplicate. One-way
ANOVA was performed followed by Tukey’s post hoc test (*p=0.012; **p=0.006). Data shown
as means with standard deviations.

3.5. Estimation of biofilm stability and thickness of F. nucleatum subspecies

using CLSM

Biofilm thickness was examined using CLSM and mean values obtained from three-
dimensional biofilm images (Figure 3.9A). Similar to the results obtained by CV staining, all
subspecies except FNP formed a continuous layer of biofilm.

Only single bacterial cells of FNP were observed on untreated and coated surfaces (Figure 3.8,
Figure 3.9B). A small area of biofilm formation by FNP was detected in the centre of poly-L-
lysine coated wells, for which the thickness was determined (Figure 3.9B; 9.1 um £1.3 um,
mean +/- SD).

Large standard deviations were associated with some subspecies-surface combinations seen in
CLSM experiments. Ssp. FNA and FNF on poly-L-lysine coated plastic exhibited a high
standard deviation when biofilm thickness was evaluated (Figure 3.9A). Additionally, a high

standard deviation was observed in ssp. FN23 on all surface treatments apart from poly-L-lysine
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coated plastic (Figure 3.9A). These reflect a high degree of visually observed biofilm

detachment during handling, indicating low adhesive strength of these biofilms.

Untreated surface Poly-L-lysine treated surface

FNA

FNF

FN23

FN25

Figure 3.8. Representative 2D images of single-subspecies F. nucleatum biofilms imaged
by CLSM. Figure legend continued on the next page.
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Figure 3.8. Representative 2D images of single-subspecies F. nucleatum biofilms imaged
by CLSM. Biofilms were grown on untreated and poly-L-lysine coated plastic surfaces. Note
the absence of a continuous biofilm layer in FNP: only single cells were observed on the

untreated surface while a bacterial aggregate was observed on the poly-L-lysine treated surface.
Scale bar: 10 pm.
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Figure 3.9. Biofilm thickness of F. nucleatum subspecies determined by CLSM. Figure

legend continued on the next page.
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FNP

FNV

Figure 3.9. Biofilm thickness of F. nucleatum subspecies determined by CLSM. A: Biofilm
thickness estimated from z-stacks. Experiment was performed once with biofilms grown in
triplicates. Mean values with standard deviations are shown. B: Representative Z-stack 3D
images of single-subspecies biofilms grown on untreated and poly-L-lysine coated plastic
surface. Biofilms are enclosed in a bounding box with scaled coordinates; x, y, and z axes show
the dimensions indicated in um.

3.6. Biofilm architecture analysed by SEM

Thermanox coverslips coated with poly-L-lysine were chosen as the surface for biofilm analysis
by SEM based on CLSM results, which exhibited greater biofilm thickness on this type of
surface. Biofilms were grown for 3 days as described in section 2.4. Overall, high magnification
(1,000X, Figure 3.10A) revealed uneven layers of biofilm with raised areas, especially in FNA,
FN23 and FN25 (raised areas indicated with white arrows). FNA, FNF and FN25 formed
continuous, multi-layered biofilms with visible aggregates, whilst FN23 formed thinner
biofilms, mostly observed as monolayers with smaller aggregates. Biofilms formed by FNV
appeared as flat, continuous monolayers. Again, FNP did not form a continuous layer of

biofilm, but individual bacteria and small pre-biofilm aggregates were observed.
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Cell-to-cell cohesion was examined in more detail under 5,000X magnification (Figure 3.10B).
In all biofilms, bacterial cells were found to cohere with neighbouring cells either in a parallel
fashion, or cells were intertwined. All biofilms analysed seemed to be lacking extracellular
matrix (ECM). Taken together, biofilm architecture visibly differed among F. nucleatum
subspecies with regard to thickness and formation of aggregates and voids. Cell-to-cell

cohesion did not seem to differ among subspecies.

FN23

Figure 3.10. Micrographs of single-subspecies F. nucleatum biofilms grown on poly-L-
lysine coated Thermanox coverslips. Figure legend continued on the next page.
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Figure 3.10. Micrographs of single-subspecies F. nucleatum biofilms grown on poly-L-
lysine coated Thermanox coverslips. A: Micrographs showing differences in biofilm
architecture. White arrows indicate bacterial aggregates within the biofilm. 1,000X
magnification, scale bar 20um. B: Micrographs showing cell-to-cell cohesion. White arrow
heads indicate voids in the biofilm. 5,000X magnification, scale bar Spum. Biofilms from two
independent experiments grown in duplicates were imaged and representative micrographs are
shown.

3.7. Bioinformatic analysis of F. nucleatum adhesins

To investigate possible differences in adhesion proteins amongst the subspecies, which may

explain the observed lack of biofilm formation in FNP, analysis of the bacterial genomes was

77



undertaken. This bioinformatic analysis was carried out by Dr Dario L. Balacco as part of the
publication detailed at the beginning of this chapter.

Sequence alignments of Aidl, CmpA, FadA, Fap2, FomA, RadD, and YadA from FN25
identified orthologous proteins in the F. nucleatum ATCC subspecies genomes publicly
available on EnsemblBacteria (Release 52) (Howe et al., 2020). As expected, adhesin orthologs
in FN23 were highly conserved, as shown in the heat map by percentage identity values equal
or higher than 90% (Figure 3.11A left, light creamy colour). In contrast, our approach did not
identify any Aidl, FomA, and RadD orthologs in FNV or any FadA and YadA orthologs in
FNA, as indicated by black boxes in the heat map (Figure 3.11A left). The genome of FNF was
not available on this database, therefore it could not be included in the analysis.

Orthologs of all the considered proteins were found in FNP. Interestingly, CmpA and Fap2
orthologs were identified in all subspecies analysed; however, FNP orthologs were less
conserved with the lowest percentage identity among the four analysed subspecies, as shown
by the red boxes in the heat map, with 61% identity for Fap2 and 52% identity for CmpA
(Figure 3.11A, left). Availability of the gene and protein sequence data allowed prediction of
structures and the presence of specific protein domains in the analysed adhesins. Annotation of
these protein domains highlighted their variability as well as differences in the length of proteins
(Figure 3.11A, right). Interestingly, both CmpA and Fap2 presented an Autotransporter domain
in FN25 (Figure 3.11A, right). Thanks to this shared domain, CmpA and Fap2 were chosen for
further analysis, as this indicated a common origin and possibly function and allowed alignment
of the amino acid sequences (Figure 3.11B) A phylogenetic tree of CmpA and Fap2 shows that
the respective orthologs in all the subspecies are highly conserved, which is indicated by the

closeness of the subspecies branching out from the same node, except for the FNP proteins,
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which are more distantly related (Figure 3.11B), as shown by an earlier separation from the

nodes of the phylogenetic tree.
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Figure 3.11. Bioinformatic analysis of adhesion proteins in F. nucleatum subspecies. A:
Conservation of adhesion proteins in ATCC strains of F. nucleatum. The heatmap shows the
percentage of identity with the FN25 adhesion proteins Aidl, CmpA, FadA, Fap2, FomA,
RadD, YadA. Protein length and domain organisation are indicated on the right for each of
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FN25 proteins. The domains are indicated and coloured differently: glycine zipper (orange);
autotransporter (dark blue); adhesion protein (yellow); pectin lyase-like (pink); collagen
binding domain (light blue); head domain of trimeric autotransporter adhesin (dark orange);
coiled stalk of trimeric autotransporter adhesin (black); YadA-like membrane anchor domain
(white). B: CmpA and Fap2 phylogenetic tree. The CmpA branch is highlighted in yellow, the
Fap2 branch is highlighted in pink. Black circles represent bootstrap values > 95. FN25 proteins
are coloured in orange; FN23 proteins in green; FNA proteins in dark orange; FNV in pink;
FNP in light blue. Protein structures and lengths are outlined on the right of the tree.
Autotransporter domains are coloured in blue, pectin lyase-like domains in pink. Figures were
drawn with seaborn (version 0.11.2; (Waskom, 2021)) and R statistical software (version 4.1.2).

Based on the results of this in silico analysis of adhesins, it seemed appropriate to investigate
the presence or absence of adhesins in F. nucleatum subspecies employed in this work. This

would be investigated using protein gel electrophoresis.

3.8. Membrane protein profile analysis of F. nucleatum subspecies

Membrane proteins isolated from planktonic and biofilm-grown subspecies were analysed
using one- and two-dimensional gel electrophoresis of membrane proteins in order to obtain
membrane protein profiles and compare the subspecies-specific expression of the adhesins

studied.

3.8.1. One-dimensional sodium dodecyl-sulphate (SDS) polyacrylamide gel

electrophoresis (PAGE)

Firstly, membrane proteins were separated based on their molecular weight by 1D SDS-PAGE.
The quantity of proteins loaded on the gels was standardised for each sample. Considering that
only the membrane protein fraction was resolved on the gels, all subspecies exhibited highly

complex protein profiles (Figure 3.12). Differences among planktonic as well as biofilm-grown
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subspecies were observed, especially in the abundance of various proteins based on the relative
intensity of the bands. Of note, a strong protein band was observed in P1 (FNP new strain) at
~40 kDa, which was absent in P2 (FNP old strain). However, due to the complexity of the
profiles and high abundance of proteins, it was not possible to isolate individual proteins

exhibiting differences.
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Planktonic subspecies Biofilm subspecies

kba M A F N23 N25 P1 P2 V AFadA AFap2 A F N23 N25 V AFadA AFap2
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Figure 3.12. Membrane protein profiles of planktonic and biofilm F nucleatum subspecies on 1D SDS-PAGE. A silver-stained 1D SDS-
PAGE shows complex mixtures of membrane proteins in each subspecies, including the mutant strains FadA and Fap2. Lane 1 (M) contains the

molecular weight marker ranging from 200 kDa to 2.5 kDa. A — FNA; F — FNF; N23 — FN23; N25 — FN25; P1 - new FNP strain; P2 — old FNP
strain; V — FNV.
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Additionally, some of the proteins of interest, such as Fap2 and RadD, were not resolved in the
gel due to their molecular weights being higher than the largest fragment of the molecular
weight marker. Only molecular weight of FadA was within the range of the marker with the
weight of 144 kDa (information retrieved from the UniProt database:

https://www.uniprot.org/uniprotkb/Q516B0/entry), however no clear gap was visible in the

mutant strain. Thus, it was decided to perform two-dimensional SDS-PAGE, to provide a better

resolution of the complex protein mixtures.

3.8.2. Two-dimensional sodium dodecyl-sulphate (SDS) polyacrylamide gel

electrophoresis (PAGE)

2D SDS-PAGE resolves proteins in a mixture in the first dimension based on their isoelectric
point (pl; acidic or basic proteins) and in the second dimension based on their molecular weight.
In order to optimise the methodology and to focus on subspecies-specific differences, FN25 as

a strong biofilm former and FNP (old strain) as a weak biofilm former were chosen.

While the electrophoresis of the samples studied based on size in the second dimension resulted
in a spread of membrane proteins across the size range of the gel, separation in the first
dimension based on the isoelectric point was unsuccessful and did not lead to the expected
discrete protein spots (Figure 3.13). Despite insufficient resolution of the protein mixtures,
some differences were observed between the subspecies: certain more abundantly expressed
proteins were observed in FNP (enclosed in circles in the gel on the right; Figure 3.13)
compared to FN25. Additionally, two bands of proteins (size approximately 50 kDa) were

observed on the FNP gel (highlighted with two black arrows) compared to the FN25 gel, where
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only one band was observed. In both gels, the majority of membrane proteins migrated towards

the acidic part of the gel (left).
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Figure 3.13. Membrane protein profiles of FN25 and FNP (old strain) on 2D SDS-PAGE. Gels were stained with silver. Fragments of the
molecular weight marker on the left of each gel range from 200 kDa to 6 kDa. Acidic proteins are separated on the left half of each gel (pI 3), basic
proteins on the right half (pI 10). Some of the differences are highlighted in the gels: circles enclose exemplary proteins with differing abundance,
arrows point at differing protein bands.
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3.9. Chapter discussion

Initial biofilm analysis in this chapter comparing static and dynamic biofilm models showed
that dynamic biofilm incubation is unsuitable for F. nucleatum alone since no biofilm was
formed in the conditions studied. This may be due to an abundance of fresh nutrients, as it was
shown that nutrient deficiency promotes adhesion and biofilm formation in another anaerobic
microorganism Listeria monocytogenes (Wang et al., 2022). Alternatively, bacteria may be
washed away by the flow of medium, which in our conditions is significantly higher (100
ul/min) compared to the flow conditions used by Park et al. (2011) (0.1 pl/min), which were
reported to promote biofilm formation. The present investigations were limited by the settings
of the peristaltic pump and therefore such a low flow rate of medium could not be selected.
Considerably lower flow velocity and potentially a different setup would need to be used if the

dynamic model is revisited in the future.

Furthermore, growing biofilms in a dynamic setup with a flow cell proved to be challenging
due to frequent occurrence of contamination. If the system is not handled with caution,
contaminants can easily be introduced during assembly of the flow cell, via addition of the
media into the feeding bottle, via the injection ports or retrogradely via tubing leading to the

waste bottle.

Further systematic qualitative as well as quantitative analysis of biofilm formation by all
subspecies confirmed that F. nucleatum subspecies differ in biofilm forming ability and that
not all subspecies have the ability to form stable biofilms. FNP did not form biofilms but only
small bacterial aggregates. In support of this finding, similar results were obtained by Karched
et al., (2015) who showed poor single-subspecies biofilm formation by FNP, whilst a strong

auto-aggregating ability was shown in this subspecies.
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Considerable biomass variation was observed, likely due to unstable biofilm formation. In
physiological conditions in the oral cavity, F. nucleatum aggregates with other bacterial species.
Periasamy et al. showed that the subspecies polymorphum formed stable biofilms with the early
coloniser Actinomyces naeslundii, however, it did not form single-subspecies biofilms in saliva
(Periasamy et al., 2009). This further supports our observation that FNP does not form stable
biofilms on its own. Another factor, which was not considered in the present study, is pH: its
manipulation and increase to 8.2 was found to induce biofilm growth in the subspecies
polymorphum (Zilm and Rogers, 2007, Chew et al., 2012). Investigating the impact of pH on
biofilm formation by all subspecies may be an important parameter to include in future
experiments.

Comparison of two FNP strains showed that nFNP did not exhibit an improved biofilm forming
ability. Significantly higher biomass on fibronectin-coated glass could be explained by a
combination of adhesion to fibronectin-coated substrates (Babu et al., 1995) and a strong ability
of FNP to autoaggregate (Karched et al., 2015). Absence of a biofilm layer indicated that our
laboratory strain is unlikely to have mutated, however, whole genome sequencing of the FNP
strain could provide a definite proof. If no mutations are confirmed, the inability of FNP to form
stable biofilms needs to be investigated further.

Biofilm formation by the remaining subspecies was substrate-specific. Firstly, AS mimicking
the salivary pellicle on teeth significantly supported biofilm formation only in the case of FN25
on glass and plastic, and of FNV on plastic surfaces. F. nucleatum single-species biofilm
formation on AS coated surfaces has not previously been reported, however Tavares et al.
showed stable biofilm formation by FNF on plastic surfaces coated with human saliva (Tavares

etal., 2018).
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Secondly, fibronectin, a glycoprotein present in physiological fluids such as plasma and saliva
(Babu et al., 1995), supported intermediate amounts of biofilm formation by all subspecies
except FNP. Similarly, in a previous study, subspecies polymorphum (ATCC 10953) was found
to adhere to fibronectin-coated gingival epithelial cells and fibronectin-coated coverslips as
single cells. However, biofilm formation was not investigated (Babu et al., 1995).

Thirdly, gelatin, a derivative of collagen found in the extracellular matrix of tissues, is a
commonly used polymer for coating tissue culture vessels (Bello et al., 2020). Benn et al.
reported that adhesion of E. coli was improved by gelatin, but was dependent on specific
buffering conditions and bacterial strains (Benn et al., 2019). In our study, however, gelatin
supported only low levels of biofilm formation and is therefore not recommended as a coating
agent for F. nucleatum biofilms.

Additionally, surfaces coated with poly-L-lysine, a cationic coating agent promoting bacterial
adhesion by electrostatic interactions as mostly shown in E. coli studies (Cowan et al., 2001,
Benn et al., 2019), led to higher amounts of biofilm seen microscopically in the present study,
but this was not significant in CV assays. Nevertheless, due to the ease of coating with poly-L-
lysine, this agent appears to be suitable for F. nucleatum biofilm studies.

In addition to surface coatings, surface roughness was also found to improve biofilm formation
by providing a larger surface area for adhesion of bacteria and also protecting adherent bacteria
from detachment by shear forces (Zheng et al., 2021). In our study, the highest mean amount
of biomass on glass surfaces was measured on sandblasted glass coverslips. However,
sandblasting makes glass surfaces opaque, leading to imaging challenges when conventional
CLSM is used.

Significantly higher amounts of biofilm mass were observed in the case of mutant strains AFap2

and AFadA. The results suggest that the lack of FadA and Fap2 adhesion proteins does not
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negatively affect biomass quantification, instead, biofilm forming ability was improved in these
FN23 mutant strains. This indicates that the adhesins may not play a key biofilm-forming role
in isolation. Additionally, their absence might be compensated for by a number of other
adhesins with overlapping functions leading to thicker biofilms, as suggested in Actinobacillus
suis biofilms (Bujold et al., 2016). Further transcriptomic investigations could shed more light
on the expression of studied adhesins.

Assessment of biofilm architecture revealed differences among the subspecies. Similar
observations were made in a previous study investigating Staphylococcus aureus and
Pseudomonas aeruginosa, showing strain-specific differences such as large mushroom-like
structures, aggregates and differences in thickness (Bridier et al., 2010). Possible underlying
reasons for differences in the architecture of F. nucleatum biofilms may reflect differences in
utilisation of available nutrients by subspecies, affecting biofilm maturation or subspecies-
specific combination of outer membrane proteins influencing coaggregation.

Based on the in silico adhesin analysis addressing the inability of FNP to form biofilms, all
proteins were found in the FNP genome, however four of these (CmpA, Fap2, FomA, and
RadD) were not well-conserved. Only two proteins, CmpA and Fap2 were detected in all
subspecies and were found to share a common autotransporter domain when protein structures
were predicted based on the FN25 genome data. In addition, the analysis found the
autotransporter domain in Fap2 in all subspecies. Hence, one may speculate that these adhesion
proteins and perhaps the autotransporter domain are important for cell-cell adhesion in single-
subspecies biofilms. CmpA and Fap2 had a very low percentage identity in FNP indicating
these adhesins were not highly conserved, and this subspecies was the most distant in the
phylogenetic tree. This might indicate an inability to form stable single-subspecies biofilms. It

is, however, important to note that these bioinformatic results have to be interpreted with
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caution and no definitive conclusions can be drawn due to the small scale of the analysis. Only
a selected set of adhesion proteins reported in the literature were analysed and it is likely that
other putative adhesion proteins involved in biofilm formation remain to be discovered.

With the methods employed here, no autotransporter domains for CmpA were detected in
subspecies FNA and FN23. Additionally, despite a high identity of the YadA-like protein in
FNP, a general lack of enhanced adhesion of FNP to fibronectin and gelatin in our study might
suggest that YadA in FNP does not play a key role in adhesion to these proteins.

Membrane protein profiles studied utilising 1D SDS-PAGE showed potential differences in
protein composition among the subspecies. Moreover, a strong band was observed in the “new”
FNP strain when compared to the “old” FNP strain. This could be further analysed by isolation
of the band and identifying the protein using mass spectrometry. Despite the composition
differences observed, the protein mixtures were too complex to be resolved on the gel using
this approach. Employing 2D SDS-PAGE can provide much more powerful resolution of
protein mixtures (Zhan et al., 2019), nevertheless, it did not yield conclusive results in this study
due to under-focusing of the first dimension of separation. This led to streaks of proteins
observed on the gels instead of separate protein spots. This will have to be optimised in the
future by extending each step of the isoelectric focusing (IEF) as reported by Basic et al. (2017),
who performed the final IEF step for 20 hours, compared to only 1 hour performed in this study.
Once this method is optimised, further work should involve identification of protein spots with
differing abundance, excision of these spots and submitting them to mass spectrometry for
protein identification. Additionally, a more sophisticated approach could be chosen in the
future, such as analysing the adhesins using quantitative labelled mass spectrometry (Chen et
al., 2021). This method could shed more light on the differences in the adhesin content among

the subspecies.
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An important point to consider when analysing membrane proteins is confirmation of
successful isolation of the membrane protein fraction without the presence of contaminating
cytoplasmic proteins (Molloy, 2008). As mentioned above, mass spectrometry analysis could
reveal the identity of proteins in these complex mixtures, thus confirming purity of the
membrane protein extracts. Simpler options would involve targeting known cytoplasmic and
membrane proteins using western blotting to confirm whether the correct fraction is being
studied. Alternatively, 1D and 2D protein profiles of both cytoplasmic and membrane protein
fraction analysed by SDS-PAGE could be compared to rule out membrane protein

contamination by cytoplasmic proteins.

Overall, the work presented in this chapter demonstrated that biofilm formation in F. nucleatum
is subspecies-specific and subspecies polymorphum does not form biofilms under the conditions
tested. Biofilms differ in stability as well as architecture. Differences in the ability to form

biofilms may be caused by differences in conservation and expression of surface adhesins.
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CHAPTER 4: RESPONSES OF NEUTROPHILS TO

FORMALIN-FIXED FUSOBACTERIUM NUCLEATUM

SUBSPECIES GROWN PLANKTONICALLY
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4.1. Introduction

Work on functional and molecular responses of human neutrophils from peripheral blood are
presented in this chapter. Previous work performed in our group focused either on neutrophil
responses to a panel of periodontal bacteria including selected F. nucleatum subspecies
(Hirschfeld et al., 2017), or only FNP was used in assays (Wright et al., 2011, Ling et al., 2015),
however human neutrophil responses to all subspecies have not been systematically studied to
date. Furthermore, the studies so far used heat-killed F nucleatum stimuli, however it was
shown that heat-killed bacteria stimulated significantly lower immune responses (Strunk et al.,
2011), likely due to heat-denatured proteins (Wang et al., 2021), including surface proteins. If
working with inactivated bacteria is required, fixation with formalin is an alternative, since it
cross-links proteins, maintaining their structure (Dassanayake et al., 2020). Thus, all F
nucleatum subspecies grown planktonically were fixed with formalin and used as stimuli to
evaluate neutrophil responses and potential differences in immunogenicity among the

subspecies.

Apart from primary neutrophils isolated from blood of donors, the human promyelocytic
leukaemia cell line (HL-60) is often used as a neutrophil-like substitute for in vitro studies. The
use of these cells can help eliminate inter-individual differences in neutrophil functions. When
cell lines like HL-60 are used, the need for human donors is eliminated (Kurgan et al., 2017).
Furthermore, as discussed in more detail in the main thesis introduction (1.1.4), Kurgan et al.
(2017) had previously shown that there were differences in immunogenic effects among F.
nucleatum subspecies in the HL-60 cell line. Thus, in addition to neutrophil studies, HL-60 cells
were differentiated into neutrophil-like cells and their responses to F. nucleatum subspecies

were analysed.
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4.2. Responses of human neutrophils to planktonic F. nucleatum subspecies

Neutrophils isolated from peripheral blood of healthy donors were used for functional assays
studying ROS production and NETosis in response to all F. nucleatum subspecies. In addition,

neutrophil ability to phagocytose the subspecies was evaluated.

4.2.1. ROS generation

Generation of total ROS was analysed using luminol, a substance widely used to detect ROS
due to its ability to emit blue light when oxidised (Bedouhene et al., 2017). Luminol can diffuse
into cells, therefore this technique detects not only extracellular, but also intracellular ROS
generation. Generation of extracellular ROS was quantified utilising isoluminol, a substance
that does not cross cell membranes (Jancinova et al., 2006). Neutrophils were stimulated using
three types of stimuli, representing three different stimulation pathways: Phorbol 12-myristate
13-acetate (PMA,; stimulation of ROS and NET release directly, without a receptor), opsonised
S. aureus (OpSA,; stimulation of Fc receptors) and individual F. nucleatum subspecies

(stimulation of TLRs).

4.2.1.1. Total ROS generation

Firstly, total ROS generation was analysed. All test samples had a significantly higher light
output when compared to the negative control stimulated with GPBS (Figure 4.1A). There was
no significant difference between the positive controls PMA, OpSA and F. nucleatum-
stimulated cells. Additionally, no differences were found among the samples stimulated with
F. nucleatum subspecies (Figure 4.1A). Inter-donor variation was observed in neutrophil

function, demonstrated by relatively large standard deviations.
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When time to peak total ROS was measured, only the subspecies FNA was significantly
different compared to the positive control OpSA (Figure 4.1B). This subspecies also had a
significantly longer time to peak compared to FNF. No statistical differences were found
between the remaining subspecies and the positive controls PMA and OpSA and within the test
samples.

Overall total ROS released over the duration of the assay was also assessed and positive controls
as well as all subspecies stimulated significantly higher amounts of overall ROS when
compared to the negative control GPBS (Figure 4.1C). No differences were found among the

subspecies.
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Figure 4.1. Generation of total ROS by neutrophils stimulated with formalin-fixed F
nucleatum subspecies. A: Quantification of peak total ROS. Test samples stimulated
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significantly higher peak ROS release when compared to the negative control GPBS (8$$ -
p<0.01; $$$ - p<0.001). B: Time to peak total ROS released. Negative control was omitted due
to the absence of peak ROS. C: Overall total ROS released expressed as area under the curve
(AUC). Positive controls as well as test samples were significantly higher compared to the
negative control GPBS ($$ - p<0.01; $$$ - p<0.001). Data was normally distributed. Statistical
test: ANOVA with Tukey’s post hoc test * - p<0.05; ** - p<0.01. N=8, except for FNV where
N=6, data are expressed as means with SD.

4.2.1.2. Extracellular ROS generation

Next, generation of extracellular ROS was analysed. With regards to peak extracellular ROS
(Figure 4.2A), all test samples led to significantly lower ROS release compared to the positive
control PMA, while only PMA was significantly higher compared to the negative control
GPBS. Assessment of time to peak release of ROS showed only FNA stimulated significantly
slower ROS release compared to the positive control OpSA (Figure 4.2B). Additionally, all
subspecies stimulated significantly lower overall extracellular ROS release compared to PMA,
but not OpSA (Figure 4.2C). Overall, no statistical differences were detected among the

subspecies.
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Figure 4.2. Generation of extracellular ROS by neutrophils stimulated with formalin-
fixed F. nucleatum subspecies. A: Quantification of peak extracellular ROS. Only PMA was
significantly higher than GPBS (§$$ - p=0.0002). “£” symbols indicate differences between
PMA and the test samples. B: Time to peak extracellular ROS released. Negative control was
omitted due to the absence of peak ROS. C: Overall extracellular ROS released expressed as
area under the curve (AUC). Only PMA was significantly higher than GPBS ($$$ - p=0.0003).
“£” symbols indicate differences between PMA and the test samples. Data was normally
distributed. Statistical test: ANOVA with Tukey’s post hoc test. */£ - p<0.05; ££ - p<0.01; £££
- p<0.001. N=3, data are expressed as means with SD.

4.2.2. Quantification of NET release

Next, NET release by neutrophils was assessed. Extracellular DNA released by neutrophils was

detected upon stimulation with three different types of stimuli, including all F. nucleatum
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subspecies. However, no statistically significant differences were found among test samples
when compared to the negative control stimulated with RPMI (Figure 4.3). An inter-donor
variation, similar to that seen in ROS generation assays, was observed, particularly in PMA-

stimulated cells.
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Figure 4.3. Quantification of extracellular NET-derived DNA from neutrophils stimulated
with formalin-fixed F. nucleatum subspecies. No significant difference was detected among
the samples when One-way ANOVA test was performed followed by Tukey’s multiple
comparison test (data was normally distributed). Cells stimulated with PMA released
significantly higher amounts of NET-DNA compared to the negative control RPMI ($$ -
p=0.001). Data are presented as means with SD, n=6.

4.2.3. Evaluation of phagocytosis

PBN belong to the group of professional phagocytes, therefore, their ability to phagocytose
individual F. nucleatum subspecies was analysed. Fluorescently labelled non-opsonised S.
aureus was used as a well-characterised positive control and the phagocytic ability of PBN was
assessed by flow cytometry.

Results showed that each studied neutrophil population (n=5) successfully phagocytosed S.

aureus as well as all F. nucleatum subspecies (Figure 4.4). At this point, phagocytosis was
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evaluated only qualitatively, based on the position of the histogram obtained, thus all
neutrophils were confirmed to be positive for F. nucleatum phagocytosis. All peaks shifted to
the right as shown previously (White-Owen et al., 1992, Boero et al., 2021), indicating ingestion

of fluorescently labelled bacteria by neutrophils.
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Figure 4.4. F. nucleatum phagocytosis by neutrophils from a representative donor. A: a
scatter plot of neutrophils isolated from peripheral blood. Neutrophil population was gated to
exclude cell debris and erythrocytes. B: histogram showing phagocytosis of S. aureus. C —H:
histograms showing phagocytosis of all tested F. nucleatum subspecies. Trypan blue was used
to quench possible fluorescence signals derived from extracellular binding of bacteria to PBN.

4.3. Responses of differentiated HL-60 cells to planktonic FE nucleatum

subspecies
In order to compare the responses of human primary neutrophils to the HL-60 neutrophil-like
cell line, HL-60 cells were utilised for functional neutrophil assays next. Additionally, previous

work by Kurgan et al. (2017) used only subspecies nucleatum, polymorphum and vincentii as
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stimuli in assays, therefore all F. nucleatum subspecies were employed in this study. After the
evaluation of HL-60 differentiation, ROS generation as well as NETosis by stimulated HL-60

cells were analysed.

4.3.1. Confirmation of HL-60 differentiation

Cells were differentiated in complete medium containing 1.25% DMSO for four and six days.
Cell differentiation can be confirmed examining morphological changes in HL-60 cells, which
resemble primary human neutrophils (Baxter et al., 2009). Thus, HL-60 cells, as well as
peripheral blood neutrophils, were smeared on a microscope slide and stained using
haematoxylin & eosin, which stains nuclei in a dark purple/blue colour, while cytoplasm
appears light pink.

When differentiated HL-60 (dHL-60) cells were compared to non-differentiated cells (Figure
4.5A, B), some differences in morphology were observed. dHL-60 cells were smaller in size,
and the nuclei appeared more condensed (Figure 4.5B, C). Differences were also found between
dHL-60 differentiated for four days (Figure 4.5B) and six days (Figure 4.5C). Cells with a
longer differentiation period (Figure 4.5C) exhibited lobulated nuclei, characteristic for
neutrophils. However, when dHL-60 were compared to primary neutrophils, they were
morphologically distinct from them (Figure 4.5D), without the presence of cytoplasmic

granules, which can be observed in primary neutrophils.
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Figure 4.5. Morphological differences between dHL-60 cells and human neutrophils from
peripheral blood. Cells were visualised using a light microscope (100 X objective lens with

oil) A: undifferentiated HL-60 cells; B: dHL-60 (4 days); C: dHL-60 (6 days); D: peripheral
blood neutrophils. Scale bar — 10 um.

4.3.2. Total ROS generation by dHL-60 cells

An enhanced chemiluminescent assay was performed as detailed in section 2.16. The amount
of total ROS generated was analysed in HL-60 cells differentiated for four and six days in two

separate assays. The assays showed that dHL-60 cells only responded to 50 nM PMA, being
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twice as high as the concentration used in chemiluminescent assays with primary neutrophils.

The amount of ROS produced in response to OpSA and F. nucleatum subspecies was similar

to the negative PBS control (Figure 4.6). Additionally, the response of dHL-60 cells was not

consistent, as the first assay showed a higher response to 50 nM PMA in cells differentiated for

four days (indicated by an empty square), while the second assay showed a higher response in

cells differentiated for six days (indicated by a filled triangle). A high standard deviation was

observed due to this inconsistency.

Interestingly, the peak RLU detected in dHL-60 stimulated with 50 nM PMA (positive control)

was within the range of that detected in primary neutrophils exposed to GPBS only (negative

control). Due to the fact that no responses to F. nucleatum and a very limited response to PMA

by dHL-60 cells were observed, the assays were performed only two times and then terminated.
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Figure 4.6. ROS generation by dHL-60 cells stimulated with formalin-fixed F. nucleatum
subspecies. No differences in ROS generation were found between 4 days and 6 days long
differentiation. Empty square shows a higher response from the first experiment, a filled
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triangle shows a higher response from the second experiment. The bars show means of two
independent experiments with standard deviations.

4.3.3. Quantification of NET release by dHL-60 cells

NET-DNA release was quantified in dHL-60 cells differentiated for three days, as this was the
length of differentiation that was used in assays performed by other researchers from our group
(PhD thesis by Palmer, 2010). NET-DNA quantification revealed that there was a uniformly
high response with no difference between the negative control (RPMI) and the test samples
(Figure 4.7). Interestingly, the amount of NET-DNA detected in the negative control (RPMI)
was significantly higher compared to the equivalent number of primary neutrophils exposed to

RPMI. Repeats in FN25 and FNV are missing due to issues with bacterial stimuli stocks.
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Figure 4.7. Quantification of NET-DNA release by dHL-60 cells. No difference was found
between the negative control and the positive controls, as well as the test samples, however
statistical testing was not performed due to the absence of more repeats in FN25 and FNV. N=3
for all samples except FN25, where n=2 and FNV, where n=1. Each sample was tested in
technical triplicate.
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4.4. Chapter discussion

Neutrophil responses upon challenge with formalin-inactivated F. nucleatum subspecies were
investigated in this chapter. Generation of total as well as extracellular ROS by neutrophils was
assessed and no statistical difference was found among the subspecies. A high degree of inter-
donor variability, which was reported elsewhere (Hirschfeld et al., 2015), was observed in our
experiments, which likely affected statistical significance. In order to address this problem,
more assays will have to be performed to increase statistical power in the future. Additionally,
bacterial numbers for all subspecies used for standardisation of stimuli were based on a value
calculated for FN25 (value provided by The Forsyth Institute). Bacterial OD is, however,
affected by bacterial size (Mira et al., 2022) and previous work identified size differences
among the subspecies (master’s thesis, Muchova (2020)). Therefore standard curves of bacterial
numbers against OD may need to be established for each subspecies in order to use uniform
MOI values in future assays.

Regarding NETosis in response to individual subspecies, no differences were found among the
subspecies and again, high inter-donor variation was observed, as reported previously (Yang et
al., 2003, Hirschfeld et al., 2015, Hoffmann et al., 2016). Similar to ROS assays, performing
more biological repeats in future studies might help reveal whether there is a true difference
observed among the subspecies. In addition to quantification of NETs by SYTOX stain,
NETosis should be analysed also by fluorescent microscopy. A limitation of the quantification
assay used here is that SYTOX Green stains all extracellular DNA and is not specific to NET-
associated DNA. Therefore DNA released by bacteria or by neutrophils undergoing other forms
of cell death may be quantified in this assay also (Rostami et al., 2020). Fluorescent microscopy
including immunofluorescence using specific NET markers such as triple-citrullinated histone

(Thalin et al., 2020) can help confirm whether NETosis occurs in these neutrophils.
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Results of phagocytosis assays showed that F. nucleatum can be phagocytosed by human
neutrophils. It is important to note, however, that after the analysis of the data, the flow
cytometry instrument was found to be faulty due to a valve blockage, discovered sometime after
the experiments were performed, and the obtained results may have been inaccurate. This could
also explain a relatively low number of neutrophils in the gated population, along with a high
background signal. Nevertheless, a methodology for neutrophil phagocytosis of F. nucleatum
was developed during this process and the experiments will have to be repeated in the future to
obtain more conclusive results. Additionally, survival of phagocytosed F. nucleatum in
neutrophils should be analysed. Interestingly, P. gingivalis was found to be able to avoid
intracellular neutrophil killing when internalised (Olsen and Hajishengallis, 2016), and it is
possible that F. nucleatum subspecies share this ability with P. gingivalis.

Differentiated HL-60 cells were found not to generate ROS in response to bacterial stimuli in
our assays, but only to PMA which activates ROS generation bypassing receptor pathways.
These results together with morphological differences observed by H & E staining suggest HL-
60 might either not be successfully differentiated, or do not share sufficient morphological and
functional properties with primary neutrophils, even when fully differentiated. Kurgan et al.
(2017) showed subspecies-specific induction of superoxide production in HL-60 cells,
supporting the theory that cells in our experiments may not have been fully differentiated.
Successful differentiation may be achievable by using an alternative inducer, such as all-trans-
retinoic acid (Babatunde et al., 2021). Also, a more accurate approach to confirm that the cells
were successfully differentiated could be the detection of neutrophil surface markers, such as

CD11b, CD16 and CD66b, as performed by Guo et al. (2021).

Concerning NETosis studied in dHL-60, our results further support incomplete differentiation

of this cell line into neutrophil-like cells. As shown by Guo et al. (2021) flow cytometrically as
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well as spectrofluorometrically, a clear difference can be observed between unstimulated
control cells and stimulated dHL-60 cells. Thus, the fact that the negative control and the test
samples in our experiments yielded the same results suggests that no response was mounted.
Additionally, considering the fact that SYTOX Green fluorescent dye stains all extracellular
DNA, high values of fluorescence might indicate cell death by apoptosis or necrosis in addition
to or instead of NETosis (Zhang and Xu, 2000, Rostami et al., 2020). NET release is connected
to intracellular ROS generation, therefore, it is plausible that no NETs were released from dHL-
60 cells in our assays. It is, however, important to mention that functions of HL-60 cells were
reported to be impaired in comparison with primary neutrophils in the context of bacterial
infection represented by S. aureus (Yaseen et al., 2017). The antimicrobial activity of dHL-60
measured by bacterial survival was significantly lower than that of the primary neutrophils. The
generation of ROS was also significantly reduced in comparison with neutrophils while there
was no difference in phagocytic activity. dHL-60 also extruded significantly less NETs when
stimulated with S. aureus. These results suggested that dHL-60 should not be used as an
alternative to primary neutrophils in studies analysing pathogen interaction with the host
immune system (Yaseen et al., 2017).

In summary, primary neutrophil assays showed that human neutrophils can be successfully
stimulated with formalin-fixed F. nucleatum subspecies to generate ROS both intracellularly
and extracellularly and to release NETs. HL-60 cells on the other hand were possibly not
successfully differentiated into neutrophil-like cells and did not react to stimulation with F.

nucleatum stimuli.
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CHAPTER 5: RESPONSES OF HUMAN NEUTROPHILS TO

LIVE FUSOBACTERIUM NUCLEATUM SUBSPECIES

GROWN PLANKTONICALLY AND IN BIOFILMS
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5.1. Introduction

In this chapter, neutrophil functional and molecular responses to live F. nucleatum subspecies
were analysed. In the previous chapter of this thesis, formalin-fixed F. nucleatum subspecies
were used as stimuli. Fixed bacteria are, however, not found in vivo, thus live bacteria were
utilised in order to better mimic physiological conditions and obtain more physiologically

relevant results.

Additionally, planktonic and biofilm-grown subspecies were employed in order to evaluate
possible differences in their immunogenicity. Considering that the expression of virulence
genes in biofilms is significantly higher than in planktonic cultures (Becker et al., 2001, Resch
et al., 2005) and F nucleatum-containing oral biofilms are crucial in the development of
periodontal disease (Vieira Colombo et al., 2016), utilising biofilm stimulation in F. nucleatum
pathogenicity studies may provide more clinically relevant results. While other studies have
utilised intact biofilms adhered to a substrate (Millhouse et al., 2014, Ramage et al., 2017),
resuspended biofilms were used in this work to improve standardisation of bacteria and

subsequent comparison with the planktonic stimuli in terms of immunogenicity.

Live biofilm-grown and planktonic stimuli were first quantified and their viability post-freezing
(-20°C/-80°C) was assessed. The following neutrophil antimicrobial responses were
subsequently analysed: generation of ROS, release of NETs and production of neutrophil
cytokines and enzymes. Differences between planktonic and biofilm-grown stimuli as well as

differences among individual subspecies were evaluated.
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5.2. Quantification of bacteria grown in biofilm

In order to obtain accurate and reliable results from neutrophil response assays, it is necessary
to work with standardised numbers of bacteria and multiplicities of infection (MOI).
Standardisation of planktonic cultures is relatively easy, performed using optical density (OD)
values corresponding to a known number of viable bacteria represented by colony forming units
(CFU). Standardisation of resuspended biofilms is more challenging due to the presence of
extracellular matrix (ECM), which could confound the OD, and the potential presence of dead
bacteria. Therefore, to accurately quantify all bacteria from biofilms, quantitative PCR (qPCR)
was performed in order to calculate bacterial numbers from standard curves of known bacterial
numbers (known DNA concentrations) against cycle threshold (CT) values, which indicate the
cycle numbers at which the target DNA is detected (Bonacorsi et al., 2021). The first step in
this process involved successful DNA extraction from a range of serially diluted F. nucleatum

cultures and preparation of standard curves.

5.2.1. Quantification using extracted bacterial DNA for subsequent qPCR

quantification

In order to establish the method for this study, DNA extraction was carried out from a 10-fold
serially-diluted FN23 overnight culture, between 1 x 10® and 1 x 10° CFUs (Table 5.1),
following the protocol by Millhouse (2015). This initial experiment was performed once.
Concentrations of the extracted DNA were low across the samples, leading to very small
differences between the concentrations from 1 x 10% and 1 x 10° CFUs. The quality of the
extracted samples was also low overall, as indicated by 260nm/280nm ratio. Only DNA

extracted from 1 x 10 CFUs had DNA purity close to 1.8, the recommended value (Lucena-
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Aguilar et al., 2016). These results showed that the DNA extraction protocol was inefficient,
resulting in a low DNA yield in addition to the presence of contaminants. Thus, it was necessary

to optimise the extraction process using only higher bacterial concentrations.

Table 5.1. Quantification of DNA extracted from different concentrations of planktonic
FN23 using GenElute Bacterial Genomic DNA Kkit.

Number of

bacteria 1x108 1x 107 1x 108 1x10° 1x104 1x10°8
(CFU)

DNA

concentration 8.30 0.00 2.46 1.22 0.00 7.59
(Hg/ml)
Purity ratio
260nm/280nm

1.325 N/A 1.77 1.194 N/A 0.577

Optimisation of DNA extraction was performed using two different commercially available
extraction kits — GenElute Bacterial Genomic DNA kit (GenElute kit hereafter) and Wizard
Genomic DNA purification kit (Wizard DNA kit hereafter). In order to increase DNA yield, 1
x 10° FN23 was used for the extraction using the GenElute kit and compared to 1 x 103 FN23,
however a ten-fold increase in the number of bacteria did not markedly increase DNA
concentration (Table 5.2). Next, it was hypothesised that bacterial lysis may be insufficient,
therefore the lysis time was extended from 10 minutes to 30 minutes. Extending the lysis time
did not seem to positively affect the DNA yield. Even if the concentration of DNA extracted
from 1 x 10° FN23 was almost 10 times higher than the DNA extracted from 1 x 103 FN23, the
amounts extracted were consistently low. Next, a Wizard DNA kit was used to compare DNA
yield from FNA and a Gram-negative control Escherichia coli to assess whether the kits are
suitable for efficient bacterial lysis. Interestingly, E. coli DNA yield (925.72 pg/ml) was

significantly higher compared to FNA DNA yield (15.64 pg/ml), suggesting that F. nucleatum
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may be a difficult to lyse bacterium. For that reason, insufficient chemical lysis with the lysis
buffer from the Wizard DNA kit was replaced with a combined mechanical and chemical lysis
originally developed for Brucella RNA and DNA extraction (protocol provided by Dr Daniel
Slade; see Materials and Methods, section 2.21.3). This combined approach resulted in a higher
DNA yield from FNA, yet the DNA concentrations obtained from multiple extraction repeats
were not consistent and considerable differences were observed. The differences could be
partially explained by progressively losing bacteria after centrifuging, as neither of the
subspecies formed compact pellets and bacteria were visibly removed during supernatant

removal.
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Table 5.2. Optimisation of DNA extraction from planktonic F. nucleatum subspecies and E. coli, with representative experiments shown
here.

GenEIu_te Bacter_lal GenElute Bacterial Wizard Genomic DNA Che_:mlcal_and mechan_lcal
genomic DNA Kkit, . . . e . disruption of bacteria

Protocol used , genomic DNA kit, lysis purification kit, ) . .

manufacturer’s time extended manufacturer’s instructions combined with Wizard
instructions Genomic DNA Purification kit
ﬁﬂ?ﬁﬁfﬁ'ﬁfs' FN23, FN23, FN23, FN23, ENA, E. coli, FN23,
b . 1x10° 1x108 1x10° 1x108 1x10° 1x10° 1x10°
acteria

Mean DNA

concentration 36.71(8.7) 8.60(2.62) 18.39 (1.67) 1.40(1.01) 11.62(3.48) 835.89 (80.75) 112.66 (4.81)

in pg/ml (SD)
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Of note, bead beating was also tested as a type of mechanical cell disruption, however this
approach proved unsuitable as most of the bacterial suspension was soaked into the bead
mixture and it was not possible to recover the sample. Sonication was also considered, but the
lysis buffer used was prone to frothing when sonicated, thus hindering efficient cell lysis.
Additionally, sonication may shear the DNA to smaller fragments (Sun et al., 2022), decreasing

its quality for subsequent qPCR analysis (Golenberg et al., 1996).

Due to the observed issues and inaccuracies in the DNA extraction process, it was decided that
bacteria grown in biofilms would be quantified using the more established method of
correlating OD measurements and CFU counting, accepting the potential limitations of dead

bacterial cells not being accounted for.

5.2.2. Preparation of bacterial standard curves and quantification of

viable bacteria by colony counting

Quantification of F nucleatum subspecies by colony counting was performed for both
planktonic (grown overnight) and biofilm-grown bacteria (grown in biofilm for three days) to
ensure subsequent standardisation for neutrophil assays. Standard curves were constructed for
planktonic bacteria plotting measured OD of the cultures against the number of microorganisms
counted (CFU/ml) (Figure 5.1). Interestingly, CFU/ml corresponding to OD of 1 was different
for each subspecies (Table 5.3) and none of our lab subspecies had CFU/ml value identical with

the previously reported value of 1.62 x 10° (Forsyth Institute).
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Figure 5.1. Standard curves of planktonic F. nucleatum subspecies. Standard curves were
repeated three times in technical replicate. Dotted line shows the trend line of the curves. Data

presented as means with standard deviation.

Table 5.3. Planktonic F. nucleatum numbers represented as mean colony-forming units
(CFU) corresponding to OD=1 calculated from formulas obtained from correlation curves

in Fig. 5.1.
Subspecies ~ FNA ENF EN23 EN25 ENP ENV
Mean 500x 108 801x10° 890x10® 9.91x10° 4.01x10% 2.01x 10°
CFU/mI

Next, biofilm-grown viable F. nucleatum subspecies were quantified. Harvested biofilms were

diluted to OD=1 and bacterial suspensions were plated. Bacterial concentrations in biofilms
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ranged from 4.78 x 108 CFU/ml in FN23 to 1.43 x 10° CFU/ml in FNV (Table 5.4). Numbers
of viable bacteria quantified in biofilms were also compared with bacterial numbers from

planktonic cultures and a significant difference was found only in FN23 (Figure 5.2).

Table 5.4. Biofilm F. nucleatum numbers represented as mean colony-forming units (CFU)
corresponding to OD=1.

Subspecies FNA FNF FN23 FN25 FNV

Mean 499x108  6.78x 108  478x10°  811x10®  1.43x10°
CFU/mI

2.5%x10° :
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Figure 5.2. Comparison of bacterial numbers from planktonic (p) and biofilm (b) cultures
corresponding to OD=1. Data shown as mean £SD. For each subspecies, planktonic and
biofilm-grown F. nucleatum was compared. Statistical analysis was performed using unpaired
t-test (* - p=0.011). Statistical significance was identified only in FN23.

5.3. Viability of live bacterial stocks stored at -20°C and -80°C

Live F. nucleatum subspecies prepared as stimuli for subsequent neutrophil assays were stored
frozen for ease of use. Inter-batch variability may be avoided by using bacterial stimuli from
the same batch. Viability of the subspecies stored at -20°C and -80°C was therefore tested to

assess whether storage conditions affect survival of the live bacteria.
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5.3.1. Viability of live bacterial stocks stored at -20°C

Planktonic samples stored at -20°C for up to 8 weeks were either defrosted once only or they

were subjected to weekly freeze-thaw cycles (Figure 5.3).

Viability of bacteria stored in aliquots defrosted only once every week and then discarded
(Figure 5.3A) remained considerably stable for the duration of the viability testing in the case
of FNA and FNF. The most prominent decrease in viability over the 8-week period was
observed in FNP. Missing data points were due to no growth of FN25 and excessive growth

(thus uncountable bacterial growth) of FNA.

Viability of bacterial stimuli that were regularly thawed and frozen again (Figure 5.3B)
decreased markedly following the second freeze-thaw cycle at week 3. At this time point, only
FNA, FNF and FNV grew. At the end of the testing period, after 7 freeze-thaw cycles, none of

the subspecies were found to be viable.
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Figure 5.3. Quantification of viable planktonic bacteria in bacterial stocks stored at -20°C
for 8 weeks. A — Quantification of bacteria when stocks were defrosted only once for the
experiment. B — Quantification of bacteria when stocks were thawed for the experiment, then
frozen again. Limit of detection was 10 bacterial cells. Week 2 values were not recorded for
this experiment due to COVID-19-related restricted access to the laboratories.

5.3.2. Viability of live bacterial stocks stored at -80°C
Considering the viability of most F. nucleatum subspecies stored at -20°C was stable only for a
short period of time (2 weeks) and not for the entire duration of the testing period, storage of

stimuli at -80°C was investigated (Figure 5.4), as lower temperatures improve long term

viability (De Paoli, 2005).
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Planktonic cultures were stored frozen for 1 and 2 months and viable bacteria then quantified
(Figure 5.4A). When compared to numbers of live bacteria recovered after 1 month’s storage at
-20°C, storage at -80°C improved viability of all subspecies, as the numbers of bacteria
remained between 1 x 10% and 1 x 10° CFU/ml. Viability after 2 months was also largely
unaffected among the subspecies, except for FNF, which showed reduced viability. Values for

FNP at month 2 could not be recorded due to no growth after plating.

Next, the long-term viability of biofilms stored at -80°C was assessed (Figure 5.4B). With
regard to short-term preservation of frozen stimuli (up to 2 months), it was assumed that
resuspended biofilms were identical to planktonic cultures when the effect of freezing on live
bacterial stimuli was investigated, therefore biofilms were not included in the short-term
analyses. Quantification after 5 months showed that the viability of biofilms did not markedly
decrease with longer storage times. Data on FNP biofilms were not available due to the inability

of FNP to form biofilms (see Chapter 3).

Successful bacterial quantification as well as confirmation of bacterial viability allowed
accurate standardisation of bacteria and neutrophil assays were performed subsequently, using

stimuli stored at -80°C.
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Figure 5.4. Viability of F nucleatum subspecies stored at -80°C. A — Viability of planktonic
cultures after 1 and 2 months at -80°C. Values at month 0 were calculated from standard
curves (Figure 5.1). At months 1 and 2, the quantification was performed once in technical
triplicates, data shown as mean values +SD (short black lines). B — Viability of biofilm-grown
cultures after 5 months at -80°C. Values at month 0 were calculated by plating resuspended
biofilms grown for 3 days and subsequent colony counting (Table 5.4). At month 5, the
quantification was performed once in technical triplicates, data shown as mean values +SD
(short black lines). SD of planktonic FNA 1 month (panel A) and biofilm FNVS5 months (panel
B) was too small to be plotted.

5.4. Comparison of neutrophil responses to planktonic and biofilm-grown

E nucleatum at a species level

To test the hypothesis that there is a difference in immunogenicity between planktonic and

biofilm-grown F. nucleatum, an a priori decision was made to combine data from neutrophil
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stimulations following exposure to individual F. nucleatum subspecies grown planktonically
and in single-subspecies biofilms into two groups: planktonic (p) and biofilm-grown (b). One
set of experimental data was analysed using two different approaches: analysis in this chapter
(5.4.) was performed on a species level to allow the comparison of planktonic and biofilm-
grown F. nucleatum, whereas the same dataset was analysed in more detail on a subspecies level
in chapter 5.5 to reveal differences among the subspecies. The analysis was performed including
all subspecies except FNP due to its inability to form biofilms in vitro, as described earlier

(Chapter 3).

The data for the analysis in this chapter were combined as follows: each assay was performed
with a minimum of 6 donors and the cells from each donor were stimulated with 5 separate
planktonic or biofilm-grown subspecies (excluding FNP). Next, 5 mean values per donor were
calculated (assays were performed in technical duplicate) and then combined to create a new
dataset of at least 30 mean values for planktonic or biofilm-grown stimuli. These values were
further analysed as planktonic or biofilm datasets, allowing comparison at a species level. More
detailed information on the number of donors is stated in figure legends of the corresponding

neutrophil assays below.

5.4.1. Comparison of ROS release

An enhanced chemiluminescent assay (section 2.25) was performed to quantify the generation
of total, intracellular and extracellular ROS, as well as superoxide by human neutrophils.

Neutrophils were stimulated for 150 minutes, multiplicity of infection (MOI) was 100.
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5.4.1.1. Bacterial luminescence

In order to accurately quantify ROS released by neutrophils when stimulated with F. nucleatum
and to be able to assess the true signal of the assay, the non-specific luminescence of the
bacterial stimuli was quantified first. Luminescence of bacteria combined only with luminol
and bacteria combined with luminol, superoxide dismutase (SOD) and catalase was measured
(Figure 5.5.). The results showed that bacterial luminescence in both cases was negligible in
comparison with the neutrophil-derived ROS signal. The highest value recorded in this assay
was 444 RLU for pFNP (Figure 5.5.), while ROS signals derived from neutrophils stimulated

with this subspecies were in the range between 35,952.5 and 61,374.5 RLU (Figure 5.13).
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Figure 5.5. Quantification of bacterial luminescence of planktonic (p) and biofilm-grown
(b) E nucleatum subspecies. Luminol was used to measure total ROS released, Luminol
combined with superoxide dismutase (SOD) and catalase was used for quantification of
intracellular ROS. Experiment was performed in technical duplicates, N=1.
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5.4.1.2. Total ROS release

Total ROS release, including both intracellular and extracellular ROS, was assessed and it was
shown that biofilm-grown F. nucleatum stimulated significantly higher total peak ROS release
(p=0.0001; Figure 5.6A) as well as total overall ROS release (p=0.0005; Figure 5.6C). Biofilm-
grown F. nucleatum elicited a significantly faster neutrophil response (p=0.044; Figure 5.6B)

when time to total peak ROS was measured.
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Figure 5.6. Comparison of total ROS generation triggered by planktonic and biofilm-
grown F nucleatum (subspecies combined). Neutrophils were stimulated for 150 minutes. A
— Quantification of total peak ROS. B — Time measured to total peak ROS. No peak occurred
in the NC, thus only pFN and bFN were compared. C — Quantification of overall total ROS
release expressed as area under the curve (AUC). Values in A and C are shown as mean (£
standard deviation, SD), and in B as median (interquartile range; IQR). Datasets in A and C
analysed using One-way ANOVA with Tukey’s post hoc test, in B Mann Whitney U test. * -
p<0.05; *** - p<0.001. NC — negative control (GPBS). N(NC)=6; N(test samples)=40 (8
healthy donors multiplied by 5 bacterial stimuli). Multiplicity of infection (MOI) = 100. The
source dataset used for this species level analysis is the same dataset that is used for the
subspecies level analysis in chapter 5.5.

5.4.1.3. Intracellular ROS release
Specific intracellular ROS generation was quantified utilising superoxide dismutase (SOD) and

catalase enzymes, which eliminate extracellular ROS in the chemiluminescent assay. Biofilm-
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grown F. nucleatum triggered significantly higher intracellular peak ROS release (p=0.0005;
Figure 5.7A) as well as overall intracellular ROS release (p=0.012; Figure 5.7C). No significant
difference was found between planktonic and biofilm-grown F. nucleatum when time to peak

intracellular ROS was measured (p=0.052; Figure 5.7B).
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Figure 5.7. Comparison of intracellular ROS generation triggered by planktonic and
biofilm-grown F. nucleatum (subspecies combined). A — Quantification of intracellular peak
ROS. B — Time to peak intracellular ROS. No peak occurred in the NC, thus only pFN and bFN
were compared. C — Quantification of overall intracellular ROS release expressed as area under
the curve (AUC). Values in A and C shown as mean (+ standard deviation), in B as median
(interquartile range; IQR). Datasets in A and C analysed using One-way ANOVA with Tukey’s
post hoc test, in B Mann Whitney U test. Ns — not significant; * - p<0.05; *** - p<0.001. NC
— negative control (GPBS). N(NC)=6; N(test samples)=40 (8 healthy donors multiplied by 5
bacterial stimuli). MOI = 100. The source dataset used for this species level analysis is the same
dataset that is used for the subspecies level analysis in chapter 5.5.

5.4.1.4. Extracellular ROS release

Extracellular ROS values in this experiment were obtained by subtracting intracellular ROS
from total ROS wvalues, as extracellular ROS was not directly quantified by the
chemiluminescent assay. This method was chosen due to the fact that isoluminol, which is
normally used to quantify extracellular ROS, does not yield results comparable to luminol, as

shown by work performed by our group (unpublished results). It is important to note that
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negative ROS values resulting from the subtraction were replaced with 0, as negative light
values cannot be obtained from the assay. In terms of peak ROS release (Figure 5.8), there was
no difference between the planktonic and biofilm F. nucleatum stimuli. Results for time to peak
ROS release and overall extracellular ROS release were not calculated due to the presence of

multiple 0 values which would have resulted in inaccurate results.
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Figure 5.8. Comparison of peak extracellular ROS released upon stimulation with
planktonic and biofilm-grown F. nucleatum (subspecies combined). Data were not normally
distributed, therefore a Kruskal-Wallis statistical test was performed followed by Dunn’s post
hoc test. Values shown as median (interquartile range; IQR). ns — not significant; * - p<0.05;
** - p<0.001. NC — negative control (GPBS). N(NC)=6; N(test samples)=40 (8 healthy donors
multiplied by 5 bacterial stimuli). MOI = 100. The source dataset used for this species level
analysis is the same dataset that is used for the subspecies level analysis in chapter 5.5.

5.4.1.5. Superoxide release

Superoxide generation was also evaluated as the primary upstream ROS produced by NADPH-
oxidase activation. While planktonic and biofilm-grown stimuli stimulated significantly higher
responses when compared to the negative control (NC) in the quantification of peak superoxide
release and overall superoxide release (Figure 5.9A and C), no significant differences were
found between the planktonic and biofilm-grown F nucleatum (peak superoxide release

p=0.9999; time to peak release p=0.1074; overall superoxide release p=0.9985).
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Figure 5.9. Comparison of superoxide release stimulated by planktonic and biofilm-grown
E nucleatum (subspecies combined). A — Quantification of peak superoxide release. B — Time
to peak superoxide. No peak occurred in the NC, thus only pFN and bFN were compared. C —
Quantification of overall superoxide release expressed as area under the curve (AUC). All
values shown as median (IQR). Datasets in A and C analysed using Kruskal-Wallis test with
Dunn’s post hoc test, in B Mann Whitney U test. ns — not significant; ** - p<0.01; *** -
p<0.001. NC — negative control (GPBS). N(NC)=6; N(test samples)=30 (6 healthy donors
multiplied by 5 bacterial stimuli).. MOI = 100. The source dataset used for this species level
analysis is the same dataset that is used for the subspecies level analysis in chapter 5.5.

5.4.2. Comparison of NET release

Quantification of NET-DNA released by stimulated neutrophils was performed fluorometrically
as described in Materials and Methods (section 2.26). Neutrophils were stimulated for 120
minutes, multiplicity of infection (MOI) was 100. No significant differences were found
between planktonic and biofilm stimuli (Figure 5.10). Additionally, there was no difference

between the NC and the test samples.
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Figure 5.10. Comparison of DNA-NET release stimulated by planktonic and biofilm-
grown F. nucleatum (subspecies combined). Neutrophils were stimulated for 120 minutes.
Values shown as mean (+ SD). Statistical test: One-way ANOVA with Tukey’s post hoc test. ns
— not significant. NC — negative control (RPMI). N(NC)=8 healthy donors; N(test samples)=50
(10 healthy donors multiplied by 5 bacterial stimuli). MOI = 100. The source dataset used for
this species level analysis is the same dataset that is used for the subspecies level analysis in
chapter 5.5.

5.4.3. Comparison of cytokine and neutrophil enzyme release

Cytokine and lysosomal enzyme release upon stimulation with F. nucleatum was analysed by
enzyme-linked immunosorbent assay (ELISA). Neutrophils were incubated with F. nucleatum

for 18 hours, multiplicity of infection (MOI) was 100.

5.4.3.1. Comparison of cytokine release

Four different cytokines were quantified in this study: IL-1p, TNF-a, IL-6 and IL-8 (Fig. 5.11
A-D). Interestingly, significant differences were found only in the case of IL-1p, in which
biofilm-grown F. nucleatum led to significantly reduced cytokine release in comparison with
the planktonic bacteria. In the remaining cytokines analysed, differences were found only

between the NC and the test samples.
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Figure 5.11. Comparison of cytokine release from neutrophils stimulated by planktonic
and biofilm-grown F nucleatum (subspecies combined). Neutrophils were incubated with F.
nucleatum for 18 hours A — Quantification of IL-1B. B — Quantification of TNF-a. C —
Quantification of IL-6. D — Quantification of IL-8. All values shown as median (IQR). Datasets
were analysed using Kruskal-Wallis test with Dunn’s post hoc test. N=5 in NC, N=25 in test
samples (5 healthy donors multiplied by 5 bacterial stimuli). NC — negative control (RPMI); ns
— not significant; * - p<0.05; ** - p<0.01; *** - p<0.001. MOI = 100. The source dataset used
for this species level analysis is the same dataset that is used for the subspecies level analysis
in chapter 5.5.

5.4.3.2. Comparison of neutrophil enzyme release
Neutrophil enzymes analysed in this study were matrix metalloproteinase 9 (MMP-9) and

human neutrophil elastase (HNE). Overall, no differences were found between planktonic and
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biofilm stimuli in both MMP-9 and HNE (Figure 5.12). Test samples in both cases were

significantly higher when compared to the NC.
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Figure 5.12. Comparison of neutrophil enzyme release stimulated by planktonic and
biofilm-grown F nucleatum (subspecies combined). Neutrophils were incubated with F
nucleatum for 18 hours. Values shown as mean + standard deviation. Data were normally
distributed and analysed using a one-way ANOVA followed by Tukey’s post hoc test. N=5 in
NC, N=25 in test samples (5 healthy donors multiplied by 5 bacterial stimuli). ns — not
significant; *** - p<0.001. MOI = 100. The source dataset used for this species level analysis
is the same dataset that is used for the subspecies level analysis in chapter 5.5.

It 1s noteworthy that a high degree of variation was observed in the analysed neutrophil
responses, suggesting that subspecies-specific differences may exist in these combined datasets.

Therefore more detailed analyses of individual neutrophil responses was undertaken.

5.5. Evaluation of neutrophil responses to planktonic and biofilm-grown F

nucleatum at a subspecies level

In order to identify whether there are significant differences among F. nucleatum subspecies

and where exactly these differences are, we next analysed ROS generation, NET formation and
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cytokine and enzyme release by human neutrophils when triggered by individual F. nucleatum
subspecies. As explained above (section 5.4.), the same dataset was analysed in sections 5.4.
and 5.5. While in section 5.4. the dataset was evaluated at a species level, in this section 5.5.,
the dataset was analysed in more detail at a subspecies level, investigating differences among

individual subspecies.

5.5.1. Quantification of ROS

Generation of total ROS, intracellular and extracellular ROS, as well as superoxide by
neutrophils in response to individual F nucleatum subspecies grown planktonically and in

biofilms was quantified.

5.5.1.1. Total ROS

In terms of total ROS generation (which comprises both intracellular and extracellular ROS),
significant differences were identified among planktonic as well as biofilm-grown subspecies.
The highest peak ROS release was stimulated by pFNP, bFNF and bFN25 (Figure 5.13A).
Furthermore, bFN25 and bFNV elicited significantly higher peak ROS when compared to their
planktonic counterparts. The fastest response was evoked by pFNP, while pFNV led to the
slowest response on average (Figure 5.13B; Appendix 1). The highest overall total ROS
generation followed stimulation by bFN25 and bFNV and the amount of ROS generated was

significantly higher when compared to their planktonic counterparts (Figure 5.13C).
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Figure 5.13. Analysis of total ROS release by neutrophils stimulated with F nucleatum
subspecies. Biofilm-grown FNP (bFNP) was unavailable due to the absence of biofilm
formation. A — Quantification of total peak ROS release. All subspecies except pFNV are
significantly higher than the negative control (GPBS), differences are shown by “$” symbols.
B — Time to total peak ROS release. No differences between planktonic and biofilm subspecies
were identified. No peak occurred in the negative control (GPBS), therefore it was excluded
from the analysis. C — Quantification of overall total ROS release. Statistical significance
detailed in a p-value matrix. Significant differences between planktonic and biofilm-grown
subspecies are indicated by “#” symbols. All data are shown as mean values £SD. Datasets
were analysed using one-way ANOVA with Tukey’s post hoc test. ns — not significant; */#/$ -
p<0.05; **/##/$$ - p<0.01; ***/###/$$$ - p<0.001. N= 8§ healthy adult volunteers. MOI = 100.
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5.5.1.2. Intracellular ROS

When intracellular ROS were analysed, only bFNF led to significantly higher neutrophilic peak
ROS generation compared to other subspecies, and the only difference between planktonic and
biofilm stimuli was seen in FNV (Figure 5.14A). The fastest and slowest responses were elicited
by pFNP and pFN25, respectively (Figure 5.14B; Appendix 1). No differences were found
among the planktonic subspecies in terms of overall ROS release, while significant differences
were found in bFNA and bFN23 when compared to the remaining subspecies. Biofilm-grown
FN25 and FNV triggered significantly higher overall ROS generation compared to the

planktonic stimuli (Figure 5.14C).
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Figure 5.14. Analysis of intracellular ROS release by neutrophils stimulated with F
nucleatum subspecies. Biofilm-grown FNP (bFNP) was unavailable due to the absence of
biofilm formation. A — Quantification of peak intracellular ROS release. All subspecies except
pFN23 are significantly higher than the negative control (GPBS), differences are shown by “$”
symbols. B — Time to peak intracellular ROS release. No differences between planktonic and
biofilm subspecies were identified. No peak occurred in the negative control (GPBS), therefore
it was excluded from the analysis. C — Overall intracellular ROS release. Statistical significance
detailed in a p-value matrix. Significant differences between planktonic and biofilm-grown
subspecies are indicated by “#” symbol. Asterisks indicate differences within each group
(planktonic or biofilm). All data are shown as mean values +SD. Datasets were analysed using
one-way ANOVA with Tukey’s post hoc test. ns — not significant; */#/$ - p<0.05; **/$$ -
p<0.01; ***/###/$$$ - p<0.001. N=8 healthy adult volunteers. MOI = 100.
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5.5.1.3. Extracellular ROS
As detailed in section 5.4.1.4, extracellular ROS values were not obtained by a direct
measurement but were calculated mathematically by subtracting intracellular ROS values from

total ROS values. Negative luminescence values were replaced with 0.

The highest amount of extracellular ROS was released in response to pFNP (mean RLU 11,700,
4; SD=7,044 RLU), which was significantly higher than the negative control GPBS (mean RLU
49.17; SD=120.4) and pFNV (mean RLU 1,468; SD=2,465). The second highest extracellular
ROS response was stimulated by bFN25, which was, similarly to pFNP, significantly higher

than the negative control (GPBS).
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Figure 5.15. Release of extracellular peak ROS. Biofilm-grown FNP (bFNP) was unavailable
due to the absence of biofilm formation. Planktonic FNP and biofilm-grown FN25 led to
significantly higher extracellular ROS than the negative control (GPBS), significant differences
compared to the GPBS control are shown by “$” symbols, asterisk shows a difference between
the subspecies. */$ - p<0.05. N=8 healthy volunteers. MOI = 100.

5.5.1.4. Superoxide
Differences of a higher magnitude were found in superoxide generation. Planktonic subspecies
pFNA and pFNP as well as bFNA elicited significantly higher superoxide generation when

compared to the remaining subspecies, while planktonic and biofilm FNV resulted in the lowest
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superoxide generation (Figure 5.16A). These subspecies also followed the same pattern for
overall superoxide release expressed as areas under the curve (AUC; Figure 5.16C). The most
rapid response was again stimulated by pFNP, whilst the slowest response was induced by

pFNYV, which also was significantly slower compared to bFNV (Figure 5.16B; Appendix 1).
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Figure 5.16. Analysis of superoxide release by neutrophils stimulated with F nucleatum
subspecies. Biofilm-grown FNP (bFNP) was unavailable due to the absence of biofilm
formation. A — Quantification of peak superoxide release. B — Time to peak superoxide release.
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Significant difference between planktonic and biofilm-grown FNV is indicated by “#” symbol.
C — Quantification of overall superoxide release. Statistical significance detailed in p-value
matrices. All data are shown as mean values =SD. Datasets were analysed using a one-way
ANOVA with Tukey’s post hoc test. ns — not significant; */#- p<0.05; ** - p<0.01; *** -
p<0.001. N=6 healthy adult volunteers. MOI = 100.

5.5.1.5. Quantification of ROS release stimulated by FadA and Fap2 adhesin mutans

Due to the differences observed among the subspecies, especially in superoxide generation, we
hypothesised that adhesion proteins on the surface of F. nucleatum, namely FadA and Fap2,
which are important for adhesion to the host cells as well as other bacteria, may play a role in

stimulation of ROS generation by neutrophils.

To test the hypothesis, planktonic mutant AFadA and AFap2 strains (chromosomal gene
deletions) were used as stimuli in the enhanced chemiluminescent ROS assay and neutrophil
responses to the mutant strains were compared to a planktonic wild-type (WT) strain FN23

(pFN23), which is the parental strain.

The AFadA strain stimulated the highest amount of ROS release in all types of ROS studied
(Figure 5.17A-D), however the differences were statistically significant only in the case of
superoxide release (Figure 5.17C). The same pattern was observed also in overall ROS released
(Figure 5.17H-J), with the highest values measured in AFadA and significant differences found
in superoxide release (Figure 5.17J). The AFadA strain stimulated the fastest peak ROS release,
which was significantly lower than AFap2 but not significant when compared to the WT (Figure

5.17E-G).

The opposite was observed in the case of AFap2, which stimulated the slowest peak ROS
release (Figure 5.17E-G) and stimulated the lowest amount of peak total and intracellular ROS

as well as peak superoxide (Figure 5.17A-C) and overall ROS released (Figure 5.17H-J).
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Figure 5.17. Quantification of ROS release stimulated by wild type pFN23 and Fap2 and
FadA adhesin mutants. A - D — Quantification of total peak ROS release. Note the different y
axis scale in C. E — G - Time to peak ROS release. H — J — Quantification of overall ROS
released expressed as area under the curve (AUC). Note the difference in values shown on the
y axis in J. All data are shown as mean values +£SD. Datasets were analysed using one-way
ANOVA with Tukey’s post hoc test. ns — not significant; * - p<0.05; ** - p=0.0011; *** -
p<0.001. N=4 healthy adult volunteers. MOI = 100.
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Considering that most significant differences were observed in superoxide release stimulated

by the mutant strains, we next compared the mutants with pFNA, pFNP and pFNV, subspecies.

The analysis showed that the mutant strains stimulated significantly lower amount of peak and
overall superoxide release when compared to pFNA and pFNP, while no difference was
observed in time to peak superoxide release (Figure 5.18). No differences were found between
the mutant strains and pFNV in total and overall superoxide release. Surprisingly, none of the
mutant strains was significantly different from the WT strain in this analysis. Despite this lack
of significance, some trends were observed: pAFadA stimulated two times more mean
superoxide in terms of peak (Figure 5.18A) as well as overall superoxide release (Figure 5.18C)
and a significantly shorter response when compared to pFNV (Figure 5.18B). By contrast,
pAFap2 stimulated a relatively low level of mean peak (Figure 5.18A) and overall superoxide

(Figure 5.18C), which was similar to the levels stimulated by pFNV.
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Figure 5.18. Comparison of superoxide generation in response to adhesin mutant FN23
strains pAFadA and pAFap2 and pFNA, pFNP and pFNV. A — Quantification of total peak
superoxide. B — Time measured to peak superoxide. C — Quantification of overall superoxide
release expressed as area under the curve (AUC). All data are shown as mean values +SD.
Datasets were analysed using one-way ANOVA with Tukey’s post hoc test. Only significant
differences between the mutant strains and the test samples are shown. * - p=0.02; ** - p=0.01;
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*A% - p<0.001. N(pFN23/AFap2/AFadA)=4 healthy adult volunteers, N(FNA, FNP, FNV)=6
healthy adult volunteers. MOI = 100.

5.5.2. Quantification of NET release

In addition to quantification of ROS, NET release was quantified. Overall, pFNP stimulated the
highest mean amount of DNA (Figure 5.19), however, this was significantly higher compared
to pFNA only. A high degree of variation was observed across the subspecies and none of the

test samples were significantly different from the negative control (RPMI).

NET-DNA

500000 [

40 000~ ° . .

Relative fluorescence units (RFU)

Figure 5.19. Quantification of extracellular NET-DNA. Data were analysed using one-way
ANOVA followed by Tukey’s post hoc test. Data are shown as mean values £SD. N=8 for
RPMI, N=10 for test samples. * p=0.03. MOI = 100.

5.5.3. Microscopic visualisation of NETs

In addition to fluorometric quantification of NET-DNA, NETs were also visualised
microscopically to confirm whether the DNA being measured was due to NETosis. Neutrophils
were stimulated as described in 2.26 and stained with fluorescent dyes: cell permeant DNA
stain Hoechst 33342 (HCT), and live cell impermeant dye SYTOX Green, which stains

extracellular DNA, and can therefore help visualise NETs.
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Characteristic multilobed nuclei were observed in unstimulated neutrophils when stained with
HCT (Figure 5.20A). However, unstimulated cells also displayed staining with SYTOX Green
(Figure 5.20B). In cells stimulated with planktonic and biofilm-grown F. nucleatum subspecies,

long SYTOX Green-stained structures characteristic of NETs were seen (Figure 5.20C).
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Figure 5.20. Microscopic visualisation of NETs. A — Unstimulated HCT-positive neutrophils.
20X objective lens was used. B - Unstimulated SYTOX-positive neutrophils. 20X objective
lens was used. C — SYTOX-positive neutrophils stimulated with pFNA forming a NET
structure. 40X objective lens was used. Scale bar — 20 um.
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5.5.4. Quantification of neutrophilic cytokine and enzyme release by

ELISA

Next, neutrophils were incubated with F. nucleatum subspecies and the release of selected pro-

inflammatory cytokines and neutrophil enzymes after 18 hours of incubation was quantified.

5.5.4.1. Quantification of cytokines

In order to describe quantification sensitivity of the ELISA assay as defined by the
manufacturer, the lowest concentration of each standard was chosen as the lower limit of
quantitation (LLOQ). If values were measured below the LLOQ, they were replaced with the
value equal to LLOQ)/2 as previously published (Doucet et al., 2013). The used LLOQ/2 values

were as follows: 1.95 pg/ml for IL-1p, 4.69 pg/ml for IL-6 and 7.8 pg/ml for TNF-a.

Subspecies pFNA, pFNP and bFNA most frequently elicited the lowest cytokine release, which
was most prominent in case of IL-8 (Figure 5.21D). Additionally, bFNF and bFN23 stimulated
very low cytokine release. In most cases the cytokine levels released in response to these low-
stimulating subspecies was below the LLOQ (Figure 5.21A-C). On the other hand, subspecies
pFNV and bFNV triggered the highest mean cytokine release. Differences between planktonic
and biofilm-grown stimuli were found in IL-1p in subspecies FNV (Figure 5.21A), and in TNF-

a (Figure 5.21C) and IL-8 (Figure 5.21D) in subspecies FN23.
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Figure 5.21. Quantification of cytokine release by neutrophils stimulated by F. nucleatum
subspecies. A — Quantification of IL-13; LLOQ=3.9 pg/ml. Values below the LLOQ were
replaced with LLOQ/2. B — Quantification of IL-6. Data were not normally distributed and are
therefore shown as medians and ranges. LLOQ=9.38 pg/ml. Values below the LLOQ were
replaced with LLOQ/2. C — Quantification of TNF-a. Statistical significance is detailed in a p-
value matrix. LLOQ=15.6 pg/ml. Values below the LLOQ were replaced with LLOQ/2. D —
Quantification of IL-8. Statistical significance is detailed in a p-value matrix. Subspecies

143



indicated with “$” symbols in A and B are significantly higher compared to the negative control
(RPMI). Significant differences between planktonic and biofilm-grown subspecies are
indicated by “#” symbols. Normally distributed data were analysed using one-way ANOVA
followed by Tukey’s post hoc test. Non-normally distributed data were analysed using Kruskal-
Wallis test followed by Dunn’s post hoc test. Assays were performed in technical duplicate,
N=5 healthy adult volunteers. Data in A, C and are shown as mean values £SD. LOQ — limit
of quantitation. */$ - p<0.05; **/## - p<0.01; ***/$$$ - p<0.001. MOI = 100.

5.5.4.2. Quantification of neutrophil enzyme release

With respect to neutrophil enzymes MMP-9 and HNE, the release was not stimulated in a
subspecies-specific fashion. No significant differences were found among the subspecies and
between planktonic and biofilm-grown subspecies (Figure 5.22). In the case of MMP-9 (Figure
5.22A), all subspecies led to significantly higher releases than the negative control RPMI. With

regards to HNE release (Figure 5.22B), only pFNA, pFN25, pFNV, bFNF and bFN25 differed

significantly from RPMI.
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Figure 5.22. Quantification of antimicrobial enzyme release by neutrophils stimulated by
FE nucleatum subspecies. A - Quantification of MMP-9 with no statistical difference among
the tested subspecies. B — Quantification of HNE with no statistical difference among the tested
subspecies. Subspecies indicated with “$” symbols are significantly higher compared to the
negative control (RPMI). Data were normally distributed and analysed using one-way ANOVA
followed by Tukey’s post hoc test. Assays were performed in technical duplicate, N=5 healthy
adult volunteers. Data are shown as mean values £SD. $ - p<0.05; $$ - p<0.01; $$$ - p<0.001.
MOI = 100.
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Due to the nature of the results obtained, degradation of cytokines by subspecies FNA and FNP
was hypothesised. Additionally, due to the high concentrations of neutrophil enzymes
quantified, the assessment of the kinetics of their release was deemed necessary. Therefore, a

time course release assay of neutrophil cytokines and enzymes was undertaken.

5.6. Time-course cytokine and enzyme release

The time-course release assay was carried out using pFNA, pFNP and pFNV as stimuli. Values
measured below the LLOQ were deliberately kept as the original measured values in order to
preserve the pattern of cytokine release over time, however no statistical analysis was
performed if datapoints were below the LLOQ. Intriguingly, subspecies FNA and FNP did not
appear to degrade the cytokines as their levels remained stable and significantly lower over the
incubation period when compared to pFNV (Figure 5.23A-D) in all cytokines analysed. A high
amount of both neutrophil enzymes MMP-9 and HNE (Figure 5.23E, F) was released as soon
as 1 hour after stimulation and remained overall constant for the duration of the incubation (up

to 18 hours). No differences in enzyme release were found among subspecies at any time point.
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Figure 5.23. Time-course release of neutrophil cytokines and enzymes over 18 hours
stimulated by selected F. nucleatum subspecies. A — Release of IL-1B. Only pFNA, pFNP
and pFNV after 18 hours of incubation were statistically compared. LLOQ=3.9 pg/ml. B -
Release of IL-6. No statistical analysis was performed as the majority of datapoints was below
the LLOQ. LLOQ=9.38 pg/ml. C - Release of TNF-a. No statistical analysis was performed as
the majority of datapoints was below the LLOQ. LLOQ=15.6 pg/ml. D — Release of [L-8. E —
Release of MMP-9. F — Release of HNE. All data are shown as mean values £SD. Statistical
significance was calculated at individual time points using one-way ANOVA followed by
Tukey’s post hoc test. LLOQ — lower limit of quantitation. * - p<0.05; ** - p<0.01; *** -
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p<0.001. Significant differences are in comparison to subspecies indicated by colour-coding for
each time point. N=3 healthy adult volunteers. MOI = 100.

5.7. Quantification of neutrophil apoptosis and necrosis

Since the cytokines were not confirmed to be degraded by F. nucleatum subspecies, it was
hypothesised that FNA and FNP cause premature death of neutrophils and therefore prevent the

production of cytokines.

Both apoptosis (programmed anti-inflammatory cell death) and necrosis (uncontrolled pro-
inflammatory cell death) were investigated to determine the mode of cell death triggered by the
subspecies FNA and FNP. Utilising a commercially available kit, apoptosis was measured by
quantifying luminescence emitted by Annexin V protein binding to phosphatidylserine exposed
on the apoptotic cell membrane. Necrosis was quantified by fluorescence signal of DNA-
specific dye, which only enters the cell and binds the DNA when the cell membrane loses its
integrity. Apoptosis and necrosis were measured for 18 hours after stimulation with positive
controls (100 ng/ml Fas ligand for apoptosis, 50 pg/ml LL-37 for necrosis), or with planktonic

and biofilm-grown F. nucleatum subspecies (MOI 100).

From the measured apoptosis and necrosis data, the start and rate of apoptosis and necrosis
were calculated in order to determine whether FNA and FNP cause earlier onset of cell death
as well as more rapid cell death. Start of apoptosis and necrosis was defined as a time point in
the assay at which the highest peak occurred in the second derivative of the cell death curve.
The rate of apoptosis and necrosis was determined from the highest peak of the first derivative

of the cell death curve.
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5.7.1. Bacterial fluorescence and luminescence

In the selected apoptosis/necrosis assay, apoptosis was detected by quantifying luminescence
and necrosis by fluorescence, therefore luminescence and fluorescence of F. nucleatum stimuli
in the presence of assay reagents and in the absence of neutrophils was assessed in order to

correct for possible non-specific bacterial signals measured during the assay.

Both luminescence and fluorescence were emitted by the bacteria. Interestingly, in the case of
pFNA and bFNA, considerably sharp peaks in luminescence were measured (Figure 5.24A),
while the amount of luminescence of the remaining subspecies was relatively constant for the
duration of the assay. Markedly high levels of fluorescence, in some cases increasing during

the assays (pFNA, pFNF, pFNP), were also quantified (Figure 5.24B).
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Figure 5.24. Quantification of luminescence (A) and fluorescence (B) of F nucleatum
planktonic (p) and biofilm (b) stimuli used in apoptosis and necrosis assays. Bacterial

stimuli were incubated in the absence of neutrophils. The assay was performed once in technical
duplicate.

5.7.2. Neutrophil apoptosis

To evaluate neutrophil apoptosis, luminescence values obtained from wells containing bacteria-
stimulated neutrophils were first corrected for bacterial luminescence presented above (section

5.7.1).

The start of apoptosis was in most cases observed after at least 3 hours of incubation (Figure

5.25A; Appendix 2). The only subspecies among the 3 subspecies of interest that stimulated
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apoptosis significantly earlier was pFNP (mean: 0.875 hour). Planktonic FN23 stimulated

apoptosis significantly earlier when compared to its biofilm-grown counterpart.

Secondly, when the rate of apoptosis was evaluated, no statistically significant differences were
identified among the subspecies and in comparison with the positive and negative controls

(Figure 5.25B; Appendix 2). Moreover, a large spread of data was observed in this dataset.

It is important to highlight that the positive control (Fas ligand), however, did not stimulate a
significantly higher rate or earlier onset of apoptosis when compared to unstimulated cells.
Therefore, although comparison with unstimulated control samples enables the assessment of
increases in apoptosis, the lack of a positive control does not allow for conclusions regarding

the full extent of apoptosis.
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Figure 5.25. Analysis of neutrophil apoptosis upon stimulation with F nucleatum
subspecies. A — Start of apoptosis determined from second derivative of apoptosis curves.
bFN23 indicated with “$” symbols was significantly higher compared to the negative control
(cells only). Subspecies indicated with “£” were significantly higher compared to the positive
control (Fas-L). B - Rate of apoptosis determined from the first derivative of apoptosis curves.
All data are shown as mean values +SD. Statistical significance was calculated using one-way
ANOVA followed by Tukey’s post hoc test. N=4 healthy adult volunteers. ns — not significant;
*/# - p<0.05; ** - p<0.01; ***/§$$ - p<0.001. MOI = 100.
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5.7.3. Neutrophil necrosis

Next, in order to analyse neutrophil necrosis, fluorescence values obtained from wells
containing bacteria-stimulated neutrophils were first corrected for bacterial fluorescence

reported in section 5.7.1.

Planktonic FNA, FNP and biofilm-grown FNA stimulated the onset of necrosis significantly
earlier (1.06, 1.75 and 1.44 hours post stimulation, respectively; Figure 5.26A; Appendix 3)
compared to the necrosis positive control LL-37 (7.25 hours post stimulation). However, these
subspecies were not significantly different from the remaining subspecies, except for pFNA
when compared to pFNF (Figure 5.26A). Regarding rate of necrosis, pFNA, pFNP and bFNA
were significantly lower only when compared to the positive necrosis control LL-37, however

no differences were found among the subspecies (Figure 5.26B; Appendix 3).
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Figure 5.26. Analysis of neutrophil necrosis upon stimulation with FE nucleatum
subspecies. A — Start of necrosis determined from the second derivative of necrosis curves. Test
samples were significantly different from the negative control (cells only) and the positive
control (LL-37). The level of significance was identical compared to both the negative and the
positive control, therefore only one set of symbols is shown using “$” symbols. B — Rate of
necrosis determined from the first derivative of necrosis curves. Negative control as well as test
samples were significantly different from the positive control LL-37, as indicated by “$”
symbols. Assays were performed in technical duplicate, N=4 healthy adult volunteers. All data
are shown as mean values =SD. One-way ANOVA was performed followed by Tukey’s post
hoc test. * - p<0.05; ** - p=0.01; $$$ - p<0.001. RFU — relative fluorescence units. MOI = 100.

5.8. Chapter discussion

The work presented in this chapter revealed that bacteria grown in biofilms can be successfully
quantified by viable colony counting if more advanced quantification approaches, such as

gPCR, prove to be challenging. High quality extracted DNA is necessary for accurate bacterial
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quantification by qPCR, however, an efficient extraction of DNA from F. nucleatum was not
possible with the DNA extraction methods used in this study. Work by de Bruin and Birnboim
(2016) confirmed our observations that different lysis methods significantly affect DNA release
and extraction efficiency from various bacteria, therefore DNA extraction needs further
optimisation in F. nucleatum, which is considerably more difficult to lyse compared to E. coli.
A recent study by Krieger et al. (2024) evaluating presence of F. nucleatum subspecies in
healthy and diseased conditions utilised a significantly longer chemical lysis step for gDNA
extraction (3 hours) compared to a much shorter chemical lysis in this study (maximum 30
minutes), which further supports the necessity to optimise the DNA extraction protocol.
Regarding the quantification of live and dead bacteria in the biofilm, fluorescent quantification

could be performed in the future to assess the proportion of dead bacteria in the biofilm.

While the viable colony counting utilised in this work allowed quantification of viable F
nucleatum subspecies, this approach has its limitations. It works on the premise that one colony
on the plate comes from one bacterium from the bacterial suspension. However, potential
autoaggregation of bacteria could provide inaccurate results as one colony on the agar may
come from a bacterial aggregate rather than a single bacterium. Future work using phase
contrast microscopy should confirm whether F. nucleatum subspecies form these aggregates

and thus confirm the accuracy of the results presented here.

Viability testing of live planktonic and biofilm-grown F. nucleatum subspecies stored at -20°C
and -80°C revealed that the optimal storage period length of live stimuli is up to 2 weeks at -
20°C and up to 4 weeks at -80°C, however longer storage periods at -80C did not seem to
negatively affect bacterial viability. Regular thawing and freezing of live bacterial stimuli

should be avoided as this significantly reduces viability, as observed in our viability study and
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supported by Sleight et al. (2006) who demonstrated decreased viability of E. coli after

numerous freeze-thaw cycles.

Comparison of immunogenicity of planktonic and biofilm stimuli demonstrated that the biofilm
state may be a factor influencing pro-inflammatory neutrophil responses. Biofilm-grown
bacteria stimulated higher and faster total ROS release and higher intracellular ROS release.
This could be explained by the expression of biofilm-specific levels of virulence factors, as
shown in the case of outer membrane proteins and adhesins quantified by Ali Mohammed et al.
(2021). Conversely, biofilm stimuli triggered lower IL-1P release. This could potentially be
caused by the biofilm extracellular polymeric substances (EPS) masking recognition sites on
the bacterial cells, as previously observed for Pseudomonas aeruginosa (Granton et al., 2024).
Alternatively, the decreased response could be the result of receptor internalisation due to the

presence of multiple stimuli (De Alessandris et al., 2019).

When more detailed neutrophil responses to individual subspecies were analysed, the results
indicated that specific differences exist among the subspecies. In terms of ROS generation by
neutrophils, some differences were observed in total and intracellular ROS, however the most
pronounced differences were identified in superoxide generation, with FNA and FNP
stimulating the highest, while FNV stimulated the lowest amount of superoxide. This finding is
in agreement with subspecies-specific differences observed by Kurgan et al. (2017) in HL-60
neutrophil-like cells. Interestingly, the superoxide levels were inversely correlated with the

levels of cytokines stimulated.

Quantification of ROS stimulated by mutant strains lacking adhesins FadA and Fap2 showed
that the pAFadA strain constantly stimulated the highest levels of ROS compared to the WT

and pAFap2 as well as the fastest response, and the differences were significant in the case of
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superoxide generation. When the mutant strains were compared with FNA, FNP and FNV to
find out possible similarities in immunogenicity, the WT was no longer different from the
mutant strains. Therefore there is no evidence from our results that FadA and Fap?2 are involved

in neutrophil stimulation.

While literature focusing on the involvement of F. nucleatum adhesins in innate immune
response stimulation is absent, a study performed using Helicobacter pylori showed that one of
H. pylori adhesins, SabA , is essential for activation of neutrophils as well as phagocytosis and
generation of ROS (Unemo et al., 2005). Further work is needed to understand whether adhesin
mutant strains stimulate other neutrophil responses such as phagocytosis and degranulation in
the same way as FNA, FNP or FNV and whether these and other adhesins play an important

immunostimulatory role.

Analysis of NETosis showed that pFNP stimulated the highest mean NET release, however this
was not different from the negative control. Fluorescent microscopy of NETs revealed that all
neutrophils were SYTOX-positive, which could suggest that all neutrophils were damaged and
thus dead, as this stain is non-permeable in intact cells. Nevertheless, it was also shown that
neutrophil cell death occurs after much longer incubation with bacteria than used in the NETosis
and microscopy assays. Another possibility is neutrophil autofluorescence, which has been
observed previously (Monici et al., 1995) and was also utilised as an advantage in quantification
of neutrophils in diseases using a label-free approach using 488 nm excitation/525 nm emission
(Yakimov et al., 2019). Autofluorescence could also explain a high variation in the NETosis
dataset and a high signal in the negative control, as not only NET-DNA signal but also
neutrophil fluorescent signals could have been detected. Autofluorescence was, however, not
checked without the SYTOX dye and therefore future experiments will need to confirm this

hypothesis.
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Suspected degradation of cytokines, which was confirmed in P. gingivalis (Stathopoulou et al.,
2009), was in this study disproved by the time-course cytokine release assay. Further analysis
of apoptosis and necrosis showed that none of the subspecies caused premature apoptosis apart
from pFNP. However, taking into account that the positive control did not function as intended,
data from this assay with respect to the extent of apoptosis must be interpreted with caution. In
future experiments, increasing the number of donors may also lead to clearer results, as large
interindividual differences were observed between donors. Additionally, more effective positive
controls need to be identified for future apoptosis analyses, as finding a reliable apoptosis-
inducer in the literature has been challenging. Staurosporine, even though used as inducer of
apoptosis, stimulated an unconventional, delayed apoptosis (Franz et al., 2015). Gliotoxin,
another apoptosis inducer (Taylor et al., 2007), stimulated apoptosis only in a fraction of a

studied neutrophil population (Coméra et al., 2007).

In terms of necrosis, a type of cell death with the highest destructive potential in tissues caused
by the uncontrolled release of cytotoxic neutrophil contents, all subspecies caused this form of
cell death significantly earlier compared to the positive control. Thus, these results indicate that
F. nucleatum subspecies trigger an early necrosis in neutrophils, however they do not seem to
trigger necrosis in a subspecies-specific manner. Additionally, considering that primary and
secondary necrosis have been described (Roth et al., 2015), neutrophils in this study may be
undergoing primary necrosis, since secondary necrosis follows apoptosis and the necrotic

signals in our assay were detected before apoptosis.

In conclusion, differences in immunogenicity between planktonic and biofilm-grown F
nucleatum were identified. F. nucleatum subspecies stimulated differential ROS responses, with
the most pronounced differences in superoxide generation, which in turn was found to be

inversely proportional to cytokine release by neutrophils. Subspecies stimulating the lowest
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cytokine release were not found to degrade neutrophil cytokines. Moreover, none of the
subspecies was found to conclusively stimulate significantly earlier neutrophil apoptosis or

Nnecrosis.
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CHAPTER 6: FINAL DISCUSSION AND FUTURE WORK
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In this doctoral thesis, functional and molecular responses of primary human neutrophils, an
essential group of innate immune cells, towards the key structural oral bacterium and
opportunistic pathogen F. nucleatum, were investigated. Immunogenicity of planktonic and
biofilm modes of growth of individual F. nucleatum subspecies were evaluated together with a
systematic characterisation of single-subspecies F. nucleatum biofilms formed by commercially

available ATCC type strains.

Excessive neutrophil responses triggered by F. nucleatum have been reported in periodontitis
(Matthews et al., 2007a, Ling et al., 2015, Chapple et al., 2023) as well as in CRC (Kong et al.,
2023). In these disorders, F. nucleatum resides in biofilms (Chen et al., 2022a, Choi et al., 2023),
likely expressing biofilm-specific levels of virulence factors (Ali Mohammed et al., 2021).
Consequently, it is necessary to utilise biofilm-grown rather than planktonic F. nucleatum
stimuli in in vitro assays to better simulate studied pathologies and obtain more clinically
relevant results. Before utilising biofilm-grown F. nucleatum subspecies in immunogenicity
experiments in the current study, systematic characterisation of single-subspecies biofilm
formation was performed using inexpensive and widely available surfaces and surface

modifications.

Biofilm analysis showed that F. nucleatum subspecies significantly differ in the ability to form
biofilms, with FNP not being able to form biofilms in the tested conditions. It is important to
highlight that this study utilised the ATCC type strain, which was originally isolated from
inflamed gingiva (Dzink et al., 1990). However, previous studies were performed using clinical
FNP isolates not only from the oral cavity but also from the gut (Nie et al., 2015, Queen et al.,

2022, Ma et al., 2023) and the clinical isolates differed from the type strain in terms of virulence
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genes and antimicrobial resistance genes (Ma et al., 2023). While literature studying biofilm
formation of clinical FNP isolates is scarce, Queen et al. (2022) studied colonisation of mouse
intestine employing two FNP isolates from CRC patients and they reported that the isolates
differed in their autoaggregation abilities: the non-aggregating FNP successfully colonised the
mice, whereas the strongly autoaggregating isolate failed to colonise the mice. Although this
does not directly answer the question of the ability to form biofilms, it clearly shows a high
level of heterogeneity in FNP isolates and their behaviours. Future work should compare
biofilm formation of FNP isolates from various body sites and if indeed differences are found,
their genomes as well as transcriptomes should be compared to identify the presence and
expression of genes which could be targeted in biofilm formers in order to prevent biofilm

formation.

Following biofilm characterisation, F. nucleatum subspecies were studied in the context of
immune stimulation in primary human neutrophils as well as a neutrophil-like HL-60 cell line.
The initial evaluation of neutrophil responses using formalin-fixed subspecies did not confirm
the hypothesis proposing a difference among the F. nucleatum subspecies in terms of ROS
generation and NET formation. Results obtained from assays using HL-60 cells suggested
insufficient differentiation into neutrophil-like cells and thus this cell line was not deemed a
reliable model. However, further and more detailed analysis using physiologically more
relevant live bacteria in combination with primary neutrophils revealed clear differences in the

subspecies’ immunogenicity.

Comparison of planktonic and biofilm-grown F. nucleatum subspecies showed that biofilm-
grown F. nucleatum stimulates significantly higher peak and overall ROS release in the case of
total (combining intra- and extracellular ROS) and intracellular ROS. Time to peak total ROS

was significantly shorter in response to biofilm-grown stimuli. As described in the thesis
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introduction, intracellular ROS is crucial for clearance of phagocytosed microorganisms as it is
released into the phagolysosome (Nguyen et al., 2017). Extracellular ROS is generated to
eliminate extracellular pathogens that cannot be phagocytosed due to their size or high numbers

(Dupré-Crochet et al., 2013), however this can lead to tissue damage.

Similarly to our study, Hahn and Gunn (2020) measured differential levels of ROS production
by neutrophils when comparing planktonic and biofilm-grown Salmonella enterica serovars
Typhi and Typhimurium. Interestingly, this was serovar-specific, as S. Typhi stimulated a higher
ROS response in the biofilm state, while S. Typhimurium led to higher ROS release in the
planktonic state. In addition, the authors systematically tested EPS produced by biofilm forming
Salmonella and revealed that specific EPS can modulate neutrophil and macrophage responses.
Future studies should assess the immunogenicity of EPS components of F. nucleatum biofilms

in order to distinguish between bacterial cell-mediated and EPS-mediated virulence.

Stimulation of neutrophil ROS generation by individual subspecies demonstrated that this
process is likely subspecies-specific, with most pronounced differences observed in superoxide
generation. As mentioned earlier in this thesis, Kurgan et al. (2017) also observed subspecies-
specificity in a neutrophil-like cell line, however, they reported opposing results: F. nucleatum
ssp. polymorphum blocked superoxide generation and ssp. vincentii triggered the highest
amount of superoxide. This difference could be explained by differences in methodology, as
this group used a neutrophil-like cell line, while our study analysed the responses of primary
human neutrophils, noting that the HL-60 cell line was reported to differ in antimicrobial
responses when compared to primary neutrophils (Yaseen et al., 2017). In spite of this
discrepancy with our findings, the results show that F nucleatum subspecies significantly differ

in their ability to stimulate superoxide generation by neutrophils.
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The importance of superoxide stems from the fact that this specific ROS is the primary radical
produced in neutrophils both within the cell and extracellularly. Superoxide radicals can react
further in a chain reaction, producing other downstream radical species (Nguyen et al., 2017,
Fujii et al., 2022). This is especially critical in the extracellular milieu, where excess of
superoxide together with other ROS can cause significant oxidative stress and damage proteins,
lipids and other crucial biomolecules (Fujii et al., 2022), leading to cell death and tissue damage.
Considering that our study demonstrated subspecies-specific production of extracellular
superoxide, it can be speculated that individual subspecies have distinct tissue-destructive

potential when interacting with neutrophils.

In addition to wild-type F. nucleatum subspecies, adhesin FadA- and Fap2-deficient strains
were used to identify possible involvement of selected adhesins in F. nucleatum virulence. The
AFap2 strain stimulated levels of superoxide similar to FNV, the subspecies stimulating the
lowest superoxide release, yet this was not statistically different from the parental strain. The
AFadA strain stimulated higher and faster superoxide response in comparison with the parental
strain and the AFap2 strain, however this was not statistically significant and it most cases the
response was significantly lower compared to the subspecies of interest pFNA and pFNP. While
stimulation of ROS release has not been studied to date, Ellett et al. (2023) showed that a Fap2
mutant successfully survives in human neutrophils and increases neutrophil velocity during
chemotaxis. To the best of the author’s knowledge, FadA mutant strain has not been studied in
the context of neutrophil responses to date. Even if the adhesin mutants in the present study did
not provide possible mechanistic answers explaining differences among the subspecies, future
work should explore immunogenicity of mutant strains deficient of the remaining adhesins,

such as FomA, RadD or CmpA or combinations of these.
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Quantification of NETs revealed that neutrophils released the highest mean amount of NETs
upon stimulation with FNP. This finding is in agreement with the results of Hirschfeld and
colleagues (2017): the amount of NET-DNA released from neutrophils was higher when
stimulated with ssp. polymorphum compared to ssp. nucleatum, but the difference was not
statistically significant, similarly to the current study. Lack of statistical significance in our
study was due to considerable inter-donor variation of neutrophil responses. This
interindividual variability even in healthy and younger individuals has frequently been reported
elsewhere (Yang et al., 2003, Hirschfeld et al., 2015, Hoffmann et al., 2016), and could be
overcome by recruiting more neutrophil donors in future studies. Additionally, due to the fact
that NET-DNA was quantified spectrofluorometrically, autofluorescence of neutrophils should
be considered and potentially a different approach targeting NET-bound proteins should be used

in future experiments.

The release of pro-inflammatory cytokines in our study was highly subspecies-specific, with
subspecies vincentii consistently stimulating the highest levels of cytokine release and
subspecies animalis and polymorphum the lowest, which was inversely correlated to superoxide
release. Similar results were obtained by Ling et al. (2015), who measured cytokine release in
neutrophils from healthy volunteers and in patients with periodontitis stimulated with FNP, and
the concentrations of IL-6, TNF-o and IL-1p measured in their study, despite statistically
significant differences, were markedly low. In combination, these results demonstrate the
importance of either careful choice of the F. nucleatum subspecies used for experimentation, or
of inclusion of more than one F. nucleatum subspecies in order to obtain clinically relevant

results.

Secretion of neutrophil enzymes in this study was not shown to be subspecies-specific. HNE

and MMP-9 are stored in the neutrophil granules, ready to be released rapidly upon bacterial
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stimulation (Chakrabarti et al., 2006, Zeng et al., 2023). A rapid response was confirmed in this
study, as both enzymes were detected in high concentrations as soon as 1 hour post stimulation.
Both of these enzymes play a role in the resolution of infection, however, their activities have
been reported to negatively affect a number of F. nucleatum-related diseases. Hiyoshi et al.
(2022) demonstrated that HNE exacerbates periodontitis by breaking the gingival epithelial
barrier and contributing to periodontal bone loss. In the context of CRC, HNE from NETs was
found to significantly increase the migratory activity of CRC cells in vitro and inhibition of
HNE activity in mice decreased migration of tumour cells to liver tissue, suggesting that HNE

plays a role in the formation of liver metastases in CRC (Okamoto et al., 2023).

MMP-9, which can cause pathological connective tissue destruction, is detected in higher
amounts in chronic periodontitis (Bildt et al., 2008, Luchian et al., 2022). Higher levels of
MMP-9 were quantified in the saliva of patients with earlier stages of periodontitis (localised
periodontitis), compared to later stages (generalised periodontitis) (Gursoy et al., 2013).
Additionally, increased levels were also measured in gingival crevicular fluid in the early stages
of periodontitis (Luchian et al., 2022). Considering that all . nucleatum subspecies stimulated
a considerably higher release of MMP-9 from neutrophils and that MMP-9 seems to be highly
expressed early in periodontitis, future studies could focus on correlations between MMP-9
level and number of F. nucleatum ssp. present in periodontal lesions, shedding more light on

the role of F. nucleatum subspecies in periodontitis onset.

Analysis of CRC tumour tissues showed that the expression of MMP-9 is significantly higher
compared to the adjacent healthy tissue. Moreover, there was a strong correlation between high
MMP-9 expression and pathological parameters such as lymph node and distant metastasis as
well as poorer patient survival (Wang et al., 2019). MMP-9 produced by tumours was reported

to promote breast cancer progression, metastasis and angiogenesis (Mehner et al., 2014, Guo et
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al., 2024). Considering that tumour-associated neutrophils were found to be major producers of
MMP-9 in tumour tissues (Deryugina et al., 2014) and F. nucleatum translocates to breast
tissues, colonises them and plays a role in breast cancer metastasis (Guo et al., 2024), the
influence of F. nucleatum-stimulated MMP-9 release by neutrophils should not be overlooked

in future cancer studies.

This study also investigated the potential ability of ssp. animalis and polymorphum to degrade
pro-inflammatory cytokines. Analysis of time-course cytokine release indicated that the
selected subspecies did not seem to degrade cytokines released by neutrophils as was initially
hypothesised based on the end-point cytokine quantification. This could be explained by the
fact that F. nucleatum does not produce gingipains (Farrugia et al., 2022), proteases used by P.
gingivalis to degrade cytokines (Stathopoulou et al., 2009). Taking together the low cytokine
release stimulation with concurrent high superoxide generation in response to ssp. animalis and
polymorphum, it was hypothesised that these subspecies trigger premature disorderly death
(necrosis) of neutrophils. This hypothesis was supported by the fact that extracellularly
produced superoxide can be pumped back inside the cell, where it can cause oxidative cell

damage and potentially cell death if produced excessively (Fujii et al., 2022).

Subsequent analysis of the start of necrosis, however, did not show significant differences in
the selected subspecies, except ssp. animalis, which stimulated necrosis significantly earlier
than ssp. fusiforme. Analysis of the rate of necrosis also indicated no differences among the
subspecies. Analysis of apoptosis, a controlled cell death, was performed as a comparison with
necrosis. FNP was found to stimulate apoptosis significantly earlier compared to the remaining
subspecies, while there were no differences in the rate of apoptosis. Nevertheless, a different
type of cell death cannot be excluded as in addition to apoptosis and necrosis, neutrophils were

reported to undergo necroptosis and pyroptosis (Pérez-Figueroa et al., 2021). Necroptosis is
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also a programmed cell death, however the cells do not undergo apoptosis-specific
morphological changes and DNA is not fragmented in the process. Stimulation of TLRs has
been reported as one of the necroptosis pathway activators (Pérez-Figueroa et al., 2021).
Costigan et al. (2023) described a protocol utilising phase-contrast microscopy to distinguish
between necrosis and necroptosis using specific necroptosis inhibitors called necrostatins,
however there is no commercial quantification kit available. Pyroptosis relies on caspase-1, a
protease not utilised in apoptosis, and a complex of proteins called inflammasome. During
pyroptosis, pores in the plasma membrane are formed via the activity of caspase-1, DNA is
fragmented and the cell is osmotically lysed, releasing pro-inflammatory contents (Pérez-
Figueroa et al., 2021). Annexin V, also used in this study to quantify apoptosis, does not
discriminate between apoptosis and pyroptosis (Yu et al., 2021), therefore this kind of cell death

cannot be ruled out in our study.

Apart from considering cell death, based on the patterns observed, it can be further speculated
that these subspecies may modulate cytokine production, potentially at the transcriptional level.
Wright et al. (2011) studied transcriptional regulation by ssp. polymorphum in human
neutrophils and revealed that neutrophils stimulated with this subspecies upregulated genes for
cytokines CXCL-1, CXCL-2 and CXCL-3. However, a comparison with the remaining
subspecies was not performed, therefore future work should include comparisons of individual
F. nucleatum subspecies and their ability to modulate neutrophil pro-inflammatory gene

expression.

In an excessive response, release of ROS from neutrophils into the surrounding tissue creates
oxidative stress, which leads to tissue damage. Products of host tissue damage serve as nutrients
for pathogens resident in this niche, exemplified by the thriving pathogenic community in

periodontal pockets (Gasmi Benahmed et al., 2022). Multiple pathogens have developed
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protective mechanisms, such as antioxidant generation, in response to ROS attack (Li et al.,
2021). Based on our results and current literature, it is possible that F. nucleatum ssp. animalis
and polymorphum act as more pathogenic subspecies, stimulating higher superoxide release in
order to liberate more nutrients during oxidative tissue damage whilst resisting ROS-related
killing by neutrophils. Survival of F. nucleatum ssp. nucleatum and polymorphum in human

neutrophils was shown by Ellett et al. (2023), which may support this hypothesis.

Interestingly, a recent study by Krieger et al. (2024) focusing on the presence of F. nucleatum
subspecies in healthy dental plaque and disease-related odontogenic abscesses showed distinct
subspecies patterns. Ssp. animalis was more abundant in the abscess specimens while ssp.
polymorphum was more abundant in dental plaque, suggesting that they differ in virulence and
thus not support our hypothesis. However, the samples analysed were obtained from paediatric
dental patients, collecting supragingival plaque and abscess samples during tooth extraction,
which may not be comparable to the inflammatory environment in periodontal pockets and

responses of an adult immune system.

Considering subspecies animalis and polymorphum stimulated very low levels of pro-
inflammatory cytokines, they may be able to evade immune clearance by downregulating the
expression of neutrophil cytokines, which are important in activating and recruiting additional
leukocytes (Fernando et al., 2014, Tecchio et al., 2014, Wajant and Siegmund, 2019). It is
conceivable that ssp. vincentii, which stimulates very low superoxide and high cytokine
production, might be much less virulent, not stimulating excessive oxidative stress and
facilitating immune clearance by attracting leukocytes to the site of infection via increased pro-
inflammatory cytokine release. In future studies of F. nucleatum pathogenicity, it would be

interesting to explore whether ssp. vincentii and the remaining subspecies survive neutrophil
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phagocytosis or whether they can be cleared successfully, which can further support the

hypothesis of subspecies-specific virulence.

In conclusion, the findings of this doctoral project contributed to understanding of F. nucleatum
single-subspecies biofilm formation, which has not been previously evaluated comparing all
subspecies. While it is clinically relevant to study F. nucleatum in multi-species biofilms,
information obtained from single-subspecies F. nucleatum biofilms without the presence of
additional binding partners is necessary for better understanding of biofilm-related
immunogenic and pathogenic properties of F. nucleatum subspecies and virulence factor
expression. Moreover, significant differences in neutrophil antimicrobial responses towards
individual subspecies were identified. More detailed understanding of F. nucleatum subspecies-
specific immunogenicity, virulence properties and interaction with neutrophils can help identify
both bacterial and neutrophil therapeutic targets not only in periodontal disease, but also in F.

nucleatum-related systemic diseases.
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Appendix 1. Time-course of total and intracellular ROS and superoxide detected by the
enhanced chemiluminescent assay. Graphs show chemiluminescence detected over the course
of the assay (150 minutes) in response to planktonic (p) and biofilm-grown (b) F. nucleatum
subspecies. A — E: Total ROS measured over time. F — J: Intracellular ROS measured over
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time. K — O: Superoxide measured over time. Solid lines indicate mean ROS values, shaded
areas above and below the solid line represent 95% confidence intervals. Yellow-shaded curves
show baseline chemiluminescence of the negative control (GPBS). Experiments were
performed in technical duplicates, N=8 healthy adult donors for total and intracellular ROS,
N=6 healthy adult donors for superoxide.
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Appendix 2. Apoptosis curves with their respective first and second derivative curves. Left
y-axis shows the relative luminescence units (RLU). The right y-axis shows the first and second
derivative of the apoptosis curves. The highest peak in the first derivative (blue line) indicates
the maximum rate of apoptosis while the highest peak in the second derivative (pink line) shows
the start of apoptosis. Please note differences in the ranges of values on the right y-axes in order
to clearly show first and second derivative peaks. Experiments were performed in technical
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duplicate, N=4 healthy adult donors. Values shown as means with standard deviations at each
time point.
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CALCULATE THE START AND RATE OF NECROSIS

199



Cells only . LL-37 pFNA

8 000 150 000 20000 150 000 r 10 000

6 000 (15 000

100 000 [} 5 000

4000 “}10000

2000 5000

Relative fluorescence units (RFU)
Relative fluorescence units (RFU
Relative fluorescence units (RFU)

50 000 f 50 000 o
0 \ Bt
i
T T T T T -2 000 B I e e AL -5000 | L B L S S S -5000
0 2 4 & 8 10 12 14 16 18 0 2 4 & 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Time (hours) Time (hours) Time (hours)
—@— Fluorescent signal ——  First derivative (RFU/hr) ——  Second derivative (RFU/hr?)
— PFNF - pFN23 _ pPFN25
= = 5
e rd i
& 150 000 15 000 @ 150 000 10 000 o 150 000 8 000
& £ a
5 10 000 5 5 6000
¢ 100000 ¥ 100000 _+5000 @ 100 000
c c il c 4000
8 5000 8 3
S 3 F 2000
S 50000 - S 0 S 50000
s A (s ST 11 = = 0
% s . S and
= = =
= 0 T T T T -5 000 = I+ T T T T T T -5000 s 0 T T T T 2000
& ¢ 2 4 & 8 10 12 14 16 18 & 0 2 4 6 8 10 12 14 16 18 o 0 2 4 6 8 10 12 14 16 18
Time (hours) Time (hours) Time (hours)
| ~—@— Fluorescent signal —— First derivative (RFU/hr) ——  Second derivative (RFU/hr?)
— pFNP — pFNV — bFNA
=) = =)
i e i
o 10 000 o 10 000 o 150 000 r 15 000
] 2 2
5 5 5 | 10 000
3 5 000 o 5000 & 100000 —.
3 | 8 8 t 5000
@ @ ®
2 e 2
5 ‘to 5 -Fo 5 500004 /
El E ERR IOy . = ¥
= = = R
@ @ ©
> > =
= o T T T T T T -5 000 = T -5 000 = 0 L N R -5 000
& 0 2 4 6 8 10 12 14 16 18 & & 0 2 4 6 8 10 12 14 16 18
Time (hours) Time (hours) Time (hours)
—@—  Fluorescent signal ——  First derivative (RFU/hr) ——  Second derivative (RFU/hr%)
— bFNF — bFN23 — bFN25
5 = 5
e T i
4 15000 @ 150000 10 000 & 150 000 15000
] pid &
c 10 000 B g 7 10 000
o @ 100 000 5000 @ 100 000
2 5000 2 2
3 S 3 5000
o o n
@ 0 @ @
5 5 50000 :Fo s 50000
= -5 000 = = P! ¥}
@ @ ©
> > 2z
5 =TT T T —1-10000 B 0 T T T T T 1 5000 = T T T T T T T T 15000
& 0 2 4 & 8 10 12 14 16 18 & o 2 4 6 8 10 12 14 16 18 & 0 2 4 6 8 10 12 14 16 18
Time (hours) Time (hours) Time (hours)
~—@— Fluorescent signal —— First derivative (RFU/hr) ——  Second derivative (RFU/hr?)
= bFNV
=)
e
© 150 000 10 000
i)
g
@ 100000 5000
c
@
o
&
@
o preveren) 1]
®
Z
s 0 T T T T T T -5000
e 0 2 4 & B 10 12 14 16 18

Time (hours)

Appendix 3. Necrosis curves with their respective first and second derivative curves. Left
y-axis shows the relative fluorescence units (RFU). The right y-axis shows the first and second
derivative of the necrosis curves. The highest peak in the first derivative (blue line) indicates
the maximum rate of necrosis while the highest peak in the second derivative (pink line) shows
the start of necrosis. Please note differences in the ranges of values on the right y-axes in order
to clearly show first and second derivative peaks. Experiments were performed in technical
duplicate, N=4 healthy adult donors. Values shown as means with standard deviations at each
time point.
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Microbiology Society Travel Grant, 2022
o £750 awarded by the Microbiology Society to support travel to attend the
Anaerobe 2022, The 16th Biennial Congress of the Anaerobe Society of the

Americas, Seattle, WA USA 2022

Workstation Travel Grant, Don Whitley Scientific, 2022
o £250 awarded by the Don Whitley Scientific to support travel to attend the
Anaerobe 2022, The 16th Biennial Congress of the Anaerobe Society of the

Americas, Seattle, WA USA 2022

Oral Microbiology and Immunology Group Bursary, 2022
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British Society for Oral and Dental Research, UK) to support the attendance of

the Anaerobe 2023, Focused Meeting of the Microbiology Society, Cardiff, UK
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Development of dysbiosis in complex multispecies bacterial biofilms forming on teeth,
known as dental plaque, is one of the factors causing periodontitis. Fusobacterium
nucleatum (F. nucleatum) is recognised as a key microorganism in subgingival dental
plaque, and is linked to periodontitis as well as colorectal cancer and systemic diseases.
Five subspecies of F. nucleatum have been identified: animalis, fusiforme, nucleatum,
polymorphum, and vincentii. Differential integration of subspecies into multispecies
biofilm models has been reported, however, biofilm forming ability of individual F
nucleatum subspecies is largely unknown. The aim of this study was to determine
the single-subspecies biofilm forming abilities of £ nucleatum ATCC type strains.
Static single subspecies F. nucleatum biofims were grown anaerobically for 3 days
on untreated or surface-modified (sandblasting, artificial saliva, fibronectin, gelatin, or
poly-L-lysine coating) plastic and glass coverslips. Biofilm mass was quantified using
crystal violet (CV) staining. Biofilm architecture and thickness were analysed by scanning
electron microscopy and confocal laser scanning microscopy. Bioinformatic analysis
was performed to identify orthologues of known adhesion proteins in £ nucleatum
subspecies. Surface type and treatment significantly influenced single-subspecies biofim
formation. Biofilm formation was overall highest on poly-L-lysine coated surfaces and
sandblasted glass surfaces. Biofilm thickness and stability, as well as architecture,
varied amongst the subspecies. Interestingly, £ nucleatum ssp. polymorphum did
not form a detectable, continuous layer of biofilm on any of the tested substrates.
Consistent with limited biofilm forming ability in vitro, F nucleatum ssp. polymorphum
showed the least conservation of the adhesion proteins CmpA and Fap2 in silico.
Here, we show that biofim formation by £ nucleatum in vitro is subspecies- and
substrate-specific. Additionally, F. nucleatum ssp. polymorphum does not appear to
form stable single-subspecies continuous layers of biofilm in vitro. Understanding the
differences in F. nucleatum single-subspecies biofilm formation may shed light on
multi-species biofilm formation mechanisms and may reveal new virulence factors
as novel therapeutic targets for prevention and treatment of F nucleatum-mediated
infections and diseases.
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Frontiers in Oral Health | www.frontiersin.org

1 March 2022 | Volume 3 | Article 853618


https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/journals/oral-health#editorial-board
https://www.frontiersin.org/journals/oral-health#editorial-board
https://www.frontiersin.org/journals/oral-health#editorial-board
https://www.frontiersin.org/journals/oral-health#editorial-board
https://doi.org/10.3389/froh.2022.853618
http://crossmark.crossref.org/dialog/?doi=10.3389/froh.2022.853618&domain=pdf&date_stamp=2022-03-15
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:j.hirschfeld@bham.ac.uk
https://doi.org/10.3389/froh.2022.853618
https://www.frontiersin.org/articles/10.3389/froh.2022.853618/full

Muchova et al.

Fusobacterium nucleatum Biofilm Forming Ability

INTRODUCTION

The oral environment consists of a multitude of bacterial species
living on both soft and hard tissues in complex multispecies
communities known as biofilms [1]. Dental plaque, a type
of biofilm which forms on the surface of teeth, has been
extensively studied for decades due to its association with
periodontitis, a chronic inflammatory disease of the tooth-
supporting tissues [2]. Periodontitis causes connective tissue
attachment loss, inflammation and, if left untreated, tooth
loss [2, 3]. One of the factors leading to periodontitis is the
accumulation of dental plaque and emergence of dysbiosis
therein [2, 3].

Health-related supra- and sub-gingival bacterial communities
are often composed of Gramme-positive and Gram-negative
early colonisers including Streptococcus, Neisseria, Prevotella,
Haemophilus, and Rothia genera, among other less abundant
genera, creating a distinct signature of a healthy, symbiotic state
[4-7]. However, studies analysing diseased periodontal sites
exhibited a shift toward communities containing anaerobic,
Gram-negative periodontal pathogens belonging to Socransky’s
“red complex” and leading to dysbiosis with an associated
destructive immune-inflammatory response resulting in tissue
damage [8-12].

Fusobacterium nucleatum, an anaerobic commensal member
of dental biofilms [13], is present in low numbers in healthy
subgingival dental biofilm [4] but is enriched in periodontal
pockets [14]. It has been identified as a key bridging organism
between the early colonisers and periodontal pathogens [15]. It is
also considered an opportunistic pathogen due to its association
with systemic diseases, such as cardiovascular disease, ulcerative
colitis and colorectal cancer [13, 16], as well as with extra-
oral infections which can lead to adverse pregnancy outcomes
[13]. Five subspecies of F. nucleatum have been identified to
date: animalis, fusiforme, nucleatum, polymorphum, and vincentii
[13]. Some authors only recognise four subspecies, classifying
fusiforme and vincentii as one subspecies vincentii [17].

Despite the close genomic relatedness of all subspecies,
differences in pathogenicity have been recognised, such as host
immune response modulation: subspecies nucleatum (ATCC
25586), polymorphum (ATCC 10953) and vincentii (ATCC
49256) were shown to prevent superoxide generation induced
by N-formylmethionyl-leucyl-phenylalanine in neutrophil-like
HL-60 cells. Additionally, subspecies polymorphum increased
the rate of apoptosis in HL-60 cells when compared to the
other subspecies [18]. F. nucleatum subspecies were also studied
in in vitro multi-species biofilm models. Differences in the
incorporation of subspecies into the biofilm were described,
where bacterial numbers of F. nucleatum ssp. vincentii and ssp.
polymorphum were significantly lower in comparison with ssp.
nucleatum [19].

F. nucleatum adhesion proteins have been identified, which
mediate coaggregation and biofilm formation with various
oral microbes as well as salivary proteins: outer membrane
protein RadD with a putative accessory protein Aidl [20],
autotransporter Fap2 [20], porin FomA [20], outer membrane
protein CmpA [20], and adhesin FadA [21]. Homologues of
adhesins from other bacterial species have also been identified in

F. nucleatum in silico, such as YadA-like adhesin originally found
in Yersinia species [22].

Surprisingly, despite its structural importance in dental
plaque and its role in pathogenic biofilms in colorectal cancer
and other diseases, biofilm formation by single F. nucleatum
subspecies is poorly understood. Moreover, few authors have
used type strains as reference strains to the clinical isolates
in studies of F. nucleatum, and many have not reported the
subspecies used, making a comparison of these results difficult.
While it is clinically relevant to study F. nucleatum in multi-
species biofilms, information obtained from single-subspecies F.
nucleatum biofilms without the presence of additional binding
partners is necessary for better understanding of biofilm-
related immunogenic and pathogenic properties of F. nucleatum
subspecies and virulence factor expression.

Therefore, this study aimed to investigate single-subspecies
biofilm formation abilities by F. nucleatum subspecies along
with analysis of differences in adhesins known to mediate
biofilm formation and aggregation. A further aim was to utilise
a simplified in vitro single-subspecies biofilm model which
could be repeated by other researchers, using widely available
substrates and substrate coatings, to better understand biological
properties of each subspecies. We hypothesised that there is
no difference in biofilm formation and architecture among F.
nucleatum subspecies.

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions

The following type strains of F. nucleatum were obtained from
the Periodontal Research Group culture collection (School of
Dentistry, University of Birmingham, UK) and were originally
purchased from the American Tissue Culture Collection (ATCC):
F. nucleatum ssp. animalis ATCC 51191 (ENA), F. nucleatum
ssp. fusiforme ATCC 51190 (FNF), F. nucleatum ssp. nucleatum
ATCC 25586 (FNN25), F. nucleatum ssp. polymorphum ATCC
10593 (FNP), and F. nucleatum ssp. vincentii ATCC 49256
(FNV). Additionally, a genetically tractable strain F. nucleatum
ssp. nucleatum ATCC 23726 (FNN23) was kindly provided
by Dr. Daniel Slade (Virginia Polytechnic Institute and State
University, Blacksburg VA, USA). The identity of all subspecies
was confirmed by 16S rRNA sequencing.

All subspecies were grown at 37°C in an anaerobic chamber
(80% N3, 10% CO,, and 10% Hj; Don Whitley DG250 Anaerobic
Workstation, Don Whitley Scientific, Bingley, UK) on Schaedler
anaerobe agar plates (SAA; Sigma-Aldrich/Merck, Darmstadt,
Germany). Liquid cultures were grown in Schaedler anaerobe
broth (SAB; Oxoid, Basingstoke, UK).

Surface Coating and Biofilm Growth

In order to evaluate biofilm formation of F. nucleatum subspecies,
substrates commonly used for in vitro biofilm studies were
used: glass (12mm diameter; Marienfeld Superior, Lauda-
Konigshofen, Germany) and plastic (13 mm diameter; Thermo
Scientific™ Nunc™ Thermanox™, Thermo Fisher Scientific,
Loughborough, UK; referred to as “Thermanox” hereafter)
coverslips placed in a 24-well-plate. Artificial saliva (AS) was
used as a coating agent to mimic human saliva and formation
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of salivary pellicle to promote bacterial adhesion [23]. AS was
prepared according to Millhouse et al. [24] by using the following
reagents: porcine stomach mucins 0.25% w/v, potassium chloride
0.02% w/v, calcium chloride dihydrate 0.02% w/v, yeast extract
0.2% w/v, proteose peptone 0.5% w/v (all obtained from
Sigma-Aldrich/Merck, Darmstadt, Germany), sodium chloride
0.35% w/v (Thermo Fisher Scientific, Loughborough, UK), and
Lab-Lemco powder 0.1% w/v (Oxoid, Basingstoke, UK) in
ultrapure water (Milli-Q, Merck Millipore, Burlington, MA,
USA); urea was added after autoclaving to a final concentration of
0.05% v/v (Sigma-Aldrich). Additionally, substrates were coated
using agents promoting cell attachment to culture surfaces:
fibronectin (from human plasma, Merck Millipore) [25], gelatin
(from porcine skin) [26], and poly-L-lysine (both from Sigma-
Aldrich/Merck) [27].

Substrate coating was performed as follows: AS was added
to coverslips and incubated at 37°C for 1h [28]. Next, AS was
removed and bacterial cultures were added immediately without
substrate washing or drying to simulate in vivo conditions.
Fibronectin diluted in PBS (5 pg/cm?) was applied and
incubated for 45min at room temperature. Gelatin solution
(0.1% in PBS) was incubated for 20 min at 37°C. Poly-L-lysine
coating was performed for 10 min at room temperature. These
surface coatings were left to dry in a laminar flow hood as per the
manufacturers instructions without washing. Additionally, a set
of glass coverslips was sandblasted to create a roughened surface.
Sandblasting was completed using a Basic quattro sandblasting
unit (Renfert, Hilzingen, Germany), in which each coverslip
was treated for 5s with aluminium oxide (25 pum grit size,
1.2 mm nozzle).

To initiate biofilm growth, planktonic F. nucleatum cultures
were washed once with PBS and the optical density of each
culture was adjusted to ODgpp = 1 in SAB, corresponding to 1.62
x 10° CFU/ml for each subspecies. For each single-subspecies
biofilm, 400 ] of bacterial suspension was added to each well
containing studied substrates and biofilms were incubated static
for 72 h, under anaerobic conditions. SAB was replaced after 24
and 48 h and biofilms were monitored for contamination daily.

Biomass Quantification Using Crystal

Violet

Biofilm biomass was quantified by crystal violet (CV) staining.
After 72h of incubation, biofilms were carefully washed once
with 100 w1 PBS and air-dried for 2 h at 37°C, then stained with a
CV solution (200 pl, 0.05 % w/v) at room temperature for 30 min.
After staining, biofilms were gently washed with 200 1 PBS and
air dried at 37°C for 2h. Ethanol (100%, 200 1) was used to
destain the biofilms for 1h on a plate shaker. Ethanol solution
from each well was diluted in Milli-Q water 1:10 in a 96-well
plate and the absorbance was measured at 600 nm (Microplate
reader Spark®, Tecan; software SparkControl, v. 2.3, Tecan).
To account for differences between glass and plastic coverslip
surface area, absorbance readings per cm? were calculated using
the formula below. The surface area of a glass coverslip was
113.04 mm?, the area of a Thermanox coverslip was 132.67 mm?.

average CV absorbance corrected for blank x

Fluorescent Biofilm Staining and Confocal

Laser Scanning Microscopy (CLSM)

Biofilms for CLSM analysis were grown in 24-well black
plates with clear base (polystyrene, thickness 190 pm, Vision
Plate™, 4titude, Surrey, UK) either with no surface treatment,
or coated with fibronectin, gelatin or poly-L-lysine as stated
above. In order to avoid excessive detachment, biofilms were
first fixed with 4% paraformaldehyde for 10 min, then washed
in PBS and stained using green fluorescent, cell permeant
nucleic acid stain SYTO™ 9 (FilmTracer™ LIVE/DEAD®
Biofilm Viability Kit, Invitrogen, Renfrew, UK) according to
the manufacturer’s instructions. Briefly, 3 i1l of SYTO™ 9 were
added to 1ml of sterile PBS and biofilms were stained with
200 pl of the diluted stain for 20 min at room temperature
in the dark.

Samples were imaged immediately after staining using CLSM
(LSM 700, Zeiss, Germany), with a 40X oil immersion objective
at 488/500 nm. Maximum thickness of the biofilms was estimated
by obtaining z-stack horizontal images at 1.3 um intervals.
Biofilms were grown in triplicate in one experiment and images
were acquired in the centre of each well using Zeiss Zen
2011 software.

Preparation of Biofilms and Scanning
Electron Microscopy (SEM)

In order to examine single-subspecies biofilm architecture
using SEM, biofilms were grown on poly-L-lysine coated
plastic (Thermanox™) coverslips in 24-well plates. Biofilms
were fixed using 2.5% glutaraldehyde (Agar Scientific, Stansted,
United Kingdom) in 0.1 M sodium cacodylate buffer (pH 7.4,
BioWorld, Dublin, Ireland) for 10 min at room temperature.
Following fixation, biofilms were dehydrated with increasing
ethanol concentrations (20-100%) and incubated for 10 min at
each step.

Finally, drying agent hexamethyldisilizane (Sigma-
Aldrich/Merck, Darmstadt, Germany) was applied and left
to evaporate overnight. Coverslips with biofilms were mounted
onto aluminium specimen stubs (Agar Scientific, Stansted,
United Kingdom), sputter coated with two layers of gold and
visualised using a scanning electron microscope (Zeiss EVO
MA10). A visible layer of biofilm was chosen after visual
evaluation of each specimen under low magnification (50X) and
recorded at 1000X and 5000X magnification.

Bioinformatics and Phylogenetic Analyses
Bacterial genomes of F. nucleatum ssp. animalis ATCC 51191
(GCA_000220825), F. nucleatum ssp. nucleatum ATCC 23726
(GCA_000178895), F. nucleatum ssp. nucleatum ATCC 25586
(GCA_000007325), F. nucleatum ssp. polymorphum ATCC
10953 (GCA_000153625), F. nucleatum ssp. vincentii ATCC
49256 (GCA_000182945) were retrieved from EnsemblBacteria
(Release 52) [29]. F. nucleatum ssp. fusiforme data were not
available on this portal, possibly due to their close genetic
relatedness with F. nucleatum ssp. vincentii.

100 mm?

area of the coverslip (mm?)
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Orthologues were identified using blastp (v. 2.12.0) [30] with
default parameters and F. nucleatum, ssp. nucleatum ATCC
25586 proteins as queries, with a cutoff e-value of 1e-10. Protein
domains were annotated using InterPro [31] with a cutoff e-
value of le-5. Multisequence alignment of CmpA and Fap2
proteins was performed using MAFFT (v. 6) [32] with the “-
auto” option. The phylogenetic tree was constructed using the
Neighbour-Joining method [33], JTT substitution model and
bootstrap 1000.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(version 9.3.0 for Windows, GraphPad Software, San Diego,
California, USA). Biomass quantification data were analysed
using Shapiro-Wilk normality test and shown to conform
to normal distribution. Samples were compared within
subspecies and either untreated Thermanox™ surface or
untreated glass surface were considered as controls. Values
were analysed by one-way ANOVA, followed by Dunnetts
post-hoc test. Results were considered statistically significant
if p < 0.05. Graphs were created using GraphPad Prism,
version 9.3.0.

RESULTS

Biofilm Thickness and Stability Varies
Among F. nucleatum Subspecies and on

Different Surfaces

All subspecies formed biofilms detectable with CV, with the
exception of FNP, which did not form a continuous biofilm
on any of the tested surfaces. When examined visually during
the incubation period, this subspecies was found to remain
planktonic in the biofilm supernatant.

Differences in biofilm mass were seen amongst the subspecies
and on the different surfaces (Figures1A,B): Generally,
sandblasted glass surfaces supported biofilm formation best
with significantly higher biofilm mass in most subspecies
compared to untreated glass. Second best surface coating
was AS, supporting significantly higher biofilm formation by
FNN25 and FNP on glass surfaces, and FNN25, FNP, and
FNV on plastic surfaces. However, even though absorbance
values of FNP biofilms were significantly higher on both glass
and plastic coated with AS compared to untreated surfaces
(p = 0.04 and p = 0.02, respectively), the amount of biofilm
quantified was consistently low (mean absorbance values
of 0.017 and 0.029, respectively). FNF adhered significantly
better to uncoated Thermanox coverslips when compared
to uncoated glass (p = 0.002), however the other subspecies
showed no difference in biofilm formation between glass and
plastic surfaces. FNA and FNF were the best biofilm formers on
plastic surfaces.

Biofilm thickness was also examined using CLSM and
mean values estimated from three-dimensional biofilm images
(Figure 2). Similar to the results obtained by CV staining, all
subspecies except FNP formed a continuous layer of biofilm.
Only single bacterial cells of FNP were observed on untreated

and coated surfaces (Supplementary Figure 1). A small area of
biofilm formation by FNP was detected in the centre of poly-
L-lysine coated wells, for which the thickness was determined
(Figure 2B; 9.1 1.3 um, mean =+ SD).

Large standard deviations were associated with some
subspecies-surface combinations (FNA, FNF) and were seen in
both CV and CLSM experiments. These reflect a high degree
of visually observed biofilm detachment during handling,
indicating low adhesive strength of these biofilms.

Biofilm Architecture Differs Among F.

nucleatum Subspecies

Thermanox coverslips coated with poly-L-lysine were chosen
as the surface for biofilm analysis by SEM based on CLSM
results, which showed higher biofilm thickness on this type
of surface. Overall, high magnification (1000X, Figure 3A)
revealed uneven layers of biofilm with raised areas and water
channels. FNA, FNE and FNN25 formed continuous, multi-
layered biofilms with visible aggregates, whilst FNN23 formed
thinner biofilms, mostly observed as mono-layers with smaller
aggregates. Biofilms formed by FNV appeared as flat, continuous
mono-layers. Again, FNP did not form a continuous layer of
biofilm, but individual bacteria and small pre-biofilm aggregates
were observed.

Cell-to-cell cohesion was observed in more detail under 5000X
magnification (Figure 3B). In all biofilms, bacterial cells were
found to cohere with neighbouring cells either in a parallel
fashion, or cells were intertwined. Interestingly, all analysed
biofilms seemed to be lacking extracellular matrix (ECM). Taken
together, biofilm architecture visibly differed among F. nucleatum
subspecies with regard to thickness and formation of aggregates
and water channels. Cell-to-cell cohesion did not seem to differ
among subspecies.

Conservation of Adhesion Protein
Orthologues Varies Among F. nucleatum

Subspecies
To investigate possible differences in adhesion proteins amongst
the subspecies, which might explain the observed lack of biofilm
formation in FNP, analysis of the bacterial genomes was carried
out. Sequence alignments of Aidl, CmpA, FadA, Fap2, FomaA,
RadD, and YadA from FNN25 identified orthologous proteins in
the F. nucleatum ATCC subspecies genomes publicly available
on EnsemblBacteria (Release 52) [29]. As expected, FNN23
orthologues were highly conserved (identity >90%). In contrast,
our approach did not identify any Aidl, FomA, and RadD
orthologues in FNV and any FadA and YadA orthologues in FNA.
The genome of FNF was not available on this database.
Orthologues of all the considered proteins were found
in FNP. Interestingly, CmpA and Fap2 orthologues were
identified in all subspecies; however, FNP orthologues were
less conserved with the lowest identity percentage among the
four analysed subspecies (Figure 4A). Annotation of the protein
domains highlighted variability in protein domains and length
of proteins. Interestingly, both CmpA and Fap2 presented an
Autotransporter domain in FNN25 (Figure 4A). Phylogenetic
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FIGURE 1 | Crystal violet biomass quantification results. (A) Quantification on glass coverslips with or without (control) surface coatings. No significant differences
were found for FNN23. (B) Quantification on Thermanox coverslips with or without (control) surface coatings. No significant differences were found for FNA, FNF, and
FNN23. Assays were carried out as three independent experiments in triplicate. Mean values with standard deviations are shown. One-way ANOVA was performed
followed by Dunnett’s post-hoc test for within subspecies differences between control (uncoated glass/uncoated Thermanox) and test samples ("o < 0.05; *p <

analysis of CmpA and Fap2 shows that the respective orthologues
in all the subspecies are highly conserved, except for the FNP
proteins, which are more distantly related (Figure 4B).

DISCUSSION

F. nucleatum as a commensal microorganism, opportunistic
pathogen, and emerging oncobacterium in the oral cavity and
at extraoral sites has received considerable attention in recent
years [16]. Individual subspecies have been differentially related
to oral health and disease: FNN and FNA have been associated
with disease [34-36]; while FNF and FNV have been identified in
healthy sites [13, 34]; interestingly, FNP is found in both healthy
[34] and diseased periodontal tissues [35].

Differential involvement of subspecies in health and disease
might suggest differences in their virulence properties. It is

increasingly evident from in vitro studies that differences
in pathogenicity among F. nucleatum subspecies exist, such
as differences in coaggregation with other oral bacteria and
biofilm formation in multispecies biofilm models [19]. To the
authors’ knowledge, formation of single-subspecies biofilms by
F. nucleatum ATCC type strains has not been addressed in the
literature to date, and data presented in this study showed for
the first time that not all F. nucleatum subspecies have the ability
to form stable single-subspecies biofilms. In our study, FNP
did not form biofilms but only small bacterial aggregates. In
support of this finding, similar results were obtained by Karched
et al.,, who showed poor single-subspecies biofilm formation by
FNP, whilst a strong autoaggregating ability was shown in this
subspecies [37].

Biofilm stability of F. nucleatum subspecies has not been
addressed in the literature to date. The present study showed
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FIGURE 2 | Biofilm thickness of F. nucleatum subspecies determined by CLSM. (A) Representative Z-stack 3D images of single-subspecies biofilms grown on
poly-L-lysine coated plastic surface. Biofims are enclosed in a bounding box with scaled coordinates; x, y, and z axes show the dimensions indicated in wm.
Differences in biofilm thickness can be observed. (B) Biofilm thickness estimated from z-stacks. Experiment was performed once with biofilms grown in triplicates.
Mean values with standard deviations are shown.
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FIGURE 3 | Micrographs of single-subspecies F. nucleatum biofilms grown on poly-L-lysine coated Thermanox coverslips. (A) Micrographs showing differences in
biofilm architecture. White arrows indicate bacterial aggregates within the biofilm. 1000X magnification, scale bar 20 pm. (B) Micrographs showing cell-to-cell
cohesion. White arrow heads indicate presumed water channels. 5000X magnification, scale bar 5 wm. Biofims from two independent experiments grown in
duplicates were imaged and representative micrographs are shown.
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FIGURE 4 | Bioinformatic analysis of adhesion proteins in F. nucleatum subspecies. (A) Conservation of adhesion proteins in ATCC strains of F. nucleatum. The
heatmap shows the percentage of identity with the FNN25 adhesion proteins Aid1, CmpA, FadA, Fap2, FomA, RadD, YadA. Protein length and domain organisation
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blue, pectin lyase-like domains in pink. Figures were drawn with seaborn (version 0.11.2) and R (version 4.1.2).

Frontiers in Oral Health | www.frontiersin.org 8 March 2022 | Volume 3 | Article 853618


https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles

Muchova et al.

Fusobacterium nucleatum Biofilm Forming Ability

considerable biomass variation likely caused by unstable biofilm
formation. Under physiological conditions in the oral cavity,
F. nucleatum grows as a component of complex multi-species
biofilms in the presence of multiple binding partners, especially
early colonisers [38]. Periasamy et al. showed that subspecies
polymorphum formed stable biofilms with the early coloniser
Actinomyces naeslundii, however, it did not form single-
subspecies biofilms in saliva [39]. This further supports our
observation that FNP does not form stable biofilms on its own.
Another factor, which was not considered in the present study,
is pH: its manipulation and increase to 8.2 was found to induce
biofilm growth in subspecies polymorphum [40, 41]. Investigating
the impact of pH on biofilm formation by all subspecies may be
an important parameter to include in future experiments.

In our study, formation of stable biofilms was also substrate-
specific. First, surfaces were coated with AS, which is used to
mimic in vivo conditions and improve adhesion of bacteria to
substrates [23]. The advantage of using AS is the elimination of
potentially confounding effects of human salivary components
and their natural fluctuations, such as antimicrobial peptides,
presence of other bacterial species and their products, and
extrinsic or systemic factors [42]. AS significantly supported
biofilm formation only in case of FNN25 grown on glass
and plastic and FNV grown on plastic surfaces. To the best
of the authors’ knowledge, F. nucleatum single-species biofilm
formation on AS coated surfaces has not been reported in the
literature to date, however Tavares et al. showed stable single-
species biofilm formation by FNF on plastic surfaces coated with
human saliva [43]. Using human saliva in future studies of F.
nucleatum single-species can help to understand whether and
how specific salivary properties may influence the selection and
growth of certain subspecies in the oral cavity.

Secondly, surfaces coated with fibronectin, a glycoprotein
present in physiological fluids such as plasma and saliva [44],
were covered with an intermediate amount of biofilm biomass
by all subspecies but FNP. In a previous study, F. nucleatum
was shown to adhere to fibronectin [45] and more specifically,
subspecies polymorphum ATCC 10953 was found to adhere
to fibronectin-coated gingival epithelial cells and fibronectin-
coated coverslips as single cells, whilst biofilm formation was
not investigated. This supports our finding that single FNP
cells adhere to fibronectin coated surfaces, however, studies
analysing FNP biofilm formation on fibronectin coated surfaces
are missing.

Thirdly, gelatin, a derivative of collagen found in the
extracellular matrix of tissues, is a commonly used polymer
for coating tissue culture vessels [26]. Benn et al. reported
that adhesion of Escherichia coli (E. coli) was improved by
gelatin, but was dependent on specific buffering conditions
and bacterial strains [46]. In our study, however, gelatin
supported only a low amount of biofilm formation and
may therefore not be a recommendable coating agent for F.
nucleatum biofilms. Additionally, surfaces coated with poly-L-
lysine, a cationic coating agent promoting bacterial adhesion
by electrostatic interactions as mostly shown in E. coli studies
[46, 47], led to higher amounts of biofilm in the present
study seen microscopically (Figures2, 3), but this was not

statistically significant in CV assays (Figure 1). Nevertheless, we
recommend poly-L-lysine as a biofilm-supporting coating agent
for F. nucleatum.

Apart from surface coatings, surface roughness was also found
to promote biofilm formation on multiple types of surfaces by
providing a larger surface area for adhesion of bacteria and also
protecting adherent bacteria from detachment by shear forces
[48]. In this study, the highest mean amount of biomass on
glass surfaces was measured on sandblasted glass coverslips.
Sandblasting, however, makes glass opaque, rendering biofilm
analysis by conventional CLSM challenging if an inverted CLSM
is not available. Another material frequently used for oral
biofilm assays is hydroxyapatite (HA) [49], mimicking dental
enamel surfaces. In vivo, periodontal biofilms predominantly
adhere to enamel, dentine [50] and cementum [51]. In future
studies, utilising dental tissue substrates such as dentine slices or
other relevant surfaces such as titanium used in dental implant
manufacturing, in combination with inverted CLSM [52] or
atomic force microscopy [53, 54] could provide more detailed
information on bacterial adhesion and biofilm architecture.

Assessment of the architecture of single-subspecies biofilms
showed observable differences among subspecies. Similar
observations were made in a previous study investigating
Staphylococcus aureus and Pseudomonas aeruginosa, showing
strain-specific  differences such as large mushroom-like
structures, aggregates and differences in thickness [55].
Possible underlying reasons for differences in architecture might
be differences in utilisation of available nutrients by subspecies
affecting biofilm maturation or subspecies-specific combination
of outer membrane proteins influencing coaggregation.

Of note, biofilm structure also differed between microscopy
techniques in our study. For example, FNA biofilms analysed
with CLSM appeared as mono-layered structures, while FNA
biofilms imaged with SEM were shown to be multi-layered. This
may have been due to the fixation procedures affecting the degree
of biofilm detachment. Fixation preserves cell morphology and
the native structure of biofilms [56], however the degree of
paraformaldehyde fixation might have been insufficient in our
study due to a short fixation period. Longer incubation in
paraformaldehyde [52, 56] and comparison with other types of
fixatives in future studies may resolve this issue.

In general, biofilm sample preparation for imaging is often a
destructive process, involving multiple washing steps, which may
affect biofilm structure and introduce artefacts [57]. Presumed
water channels, which were observed in the studied biofilms,
could also be considered as such artefacts. Additionally, ECM
was not observed in any of the samples assessed in this study.
Lack of ECM is likely attributed to the preparation technique
for microscopy, as it was demonstrated that biofilm fixation and
dehydration for SEM can damage ECM [58]. Presence of ECM
in F. nucleatum biofilms has been observed in a number of
studies, suggesting that F. nucleatum forms biofilms according
to the definition by Costerton et al. [59]. Ali Mohammed
et al. characterised overall composition of ECM in single-species
biofilms formed by F. nucleatum ssp. nucleatum (ATCC 25586)
[60]. Subsequently, ECM proteins of the same subspecies were
further analysed [61]. Tavares et al. reported ECM surrounding
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F. nucleatum ssp. fusiforme cells in single-species biofilms [43].
However, the ECM of the remaining F. nucleatum subspecies has
not been studied in a single-species biofilm context.

In order to address the limited ability of FNP to form stable
biofilms, bioinformatic analysis of known adhesion proteins was
performed and showed that a number of orthologues found in
this subspecies have very low identity when compared to FNN25,
a biofilm forming strain often used as a control in biofilm models
[19]. The analysed adhesion proteins RadD, Aid1 [20, 62], Fap2
[63], FadA [21], and CmpA [64] were mainly reported to adhere
to other oral pathogens, however they have not been studied
in relation to autoaggregation and biofilm formation within the
same F. nucleatum subspecies. FomA binds to human protein
statherin found in saliva [65]. The YadA-like protein, which
was originally reported as an adhesin and virulence factor in
Yersinia species and was identified in F. nucleatum [66], adheres
to fibronectin and collagen present in the salivary pellicle and
extracellular matrix of human cells [22].

Based on our analysis, all proteins were found in the FNP
genome, however four of these (CmpA, Fap2, FomA, and RadD)
were not well-conserved. Only two proteins, CmpA and Fap2
were detected in all subspecies and were found to share a
common autotransporter domain in FNN25. In addition, our
in silico analysis found the autotransporter domain in Fap2 in
all subspecies. Hence, one may speculate that these adhesion
proteins and perhaps the autotransporter domain are important
for cell-cell adhesion in single-subspecies biofilms. CmpA and
Fap2 had a very low identity in FNP, and this subspecies was
the most distant in the phylogenetic tree. This might indicate an
inability to form stable single-subspecies biofilms. It is, however,
important to note that these bioinformatic results have to be
considered with caution and no final conclusions can be drawn
due to the small scale of the analysis. Only a selected set of
adhesion proteins reported in the literature was analysed and it
is likely that other putative adhesion proteins involved in biofilm
formation remain to be discovered.

With the method employed here, no autotransporter domains
for CmpA were detected in subspecies FNA and FNN23.
Additionally, despite a high identity of the YadA-like protein in
FNP, a general lack of enhanced adhesion of FNP to fibronectin
and gelatin in our study might suggest that YadA in FNP does not
play a key role in adhesion to these proteins. Mutagenesis studies
could be performed in the genetically modifiable strain FNN23
in order to validate these findings. Mutants lacking each of the
above-mentioned adhesion proteins could be studied regarding
their adhesion, autoaggregation and biofilm forming ability.

Many authors have utilised planktonic cultures in
pathogenicity studies of F. nucleatum, however this might
not reflect true virulence of this anaerobic microorganism, as
virulence genes have been shown to be upregulated in biofilms
[67, 68]. Availability of F. nucleatum single-subspecies biofilm
characterisation data might help researchers to perform more
biologically relevant F. nucleatum pathogenicity studies using
single-subspecies biofilms. Our experiments showed that in
general both glass and plastic surfaces supported biofilm growth
and thus can be utilised for studies of F. nucleatum subspecies

biofilms when transparent substrates are required. Additionally,
surface coatings do not seem to be necessary when quantity of
the biofilm is not a priority.

Whilst we appreciate that behaviour of laboratory type strains
might differ significantly from clinical isolates obtained from
patients, we believe that it is important to first characterise
virulence properties of subspecies of F. nucleatum, represented
by widely available ATCC type strains, to build a knowledge base,
which can later be utilised to study virulence of specific clinical
isolates. As biofilm formation is one of the virulence properties
of bacteria, understanding the differences in pathogenicity of
individual F. nucleatum subspecies may reveal new virulence
factors as novel therapeutic targets for prevention and treatment
of F. nucleatum-mediated infections and diseases.
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