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ABSTRACT 
 

Increasing evidence links periodontal pathogens with several systemic diseases, including 
cardiovascular disease, atherosclerosis, diabetes and Alzheimer’s disease. A well-established 
example is the association between periodontal disease that affects over 300 million people 
worldwide, and cardiovascular disease. Several periodontal pathogens have been detected in 
atherosclerotic plaques and patient vascular samples. These pathogens can enter the 
bloodstream through recurrent bleeding, disseminating systemically resulting in transient 
bacteraemia. However, little is known about how periodontal pathogens interact with the 
vasculature and which molecular mechanisms and virulence factors are responsible for 
initiation or potentiation of cardiovascular disease. Most research has focused on the oral 
pathogen Porphyromonas gingivalis (Pg), at the exclusion of other oral microorganisms 
identified in the circulation and atherosclerotic plaques, including Fusobacterium nucleatum 
(Fn) and Tanerella forsythia (Tf). Pg has been termed a ‘keystone pathogen’ and produces 
several virulence factors including cysteine proteases, gingipains and outer membrane 
vesicles (OMV). This study investigated the role of Pg gingipains in whole cell bacteria, as well 
as from OMV, in mediating endothelial damage assessed through cell adhesion molecule 
degradation and endothelial permeability in vitro and in vivo using a zebrafish larvae systemic 
infection model. In addition, since periodontitis is a polymicrobial infection, effects of Fn and 
Tf single species as well as multispecies endothelial infections with Pg were also assessed. 

The adhesion molecule E-selectin was expressed by Primary human microvascular endothelial 
cells (HDMEC) but not immortalised human microvascular endothelial cells (HMEC-1) cells, 
while Pg invaded both endothelial cell types equally, contrasting previously published data 
that E-selectin is essential for Pg endothelial invasion. In vitro and in vivo infection with Pg 
resulted in significantly increased endothelial invasion, permeability, zebrafish embryo 
mortality and reduced Platelet endothelial cell adhesion molecule-1 (PECAM-1) and Vascular 
endothelial-cadherin (VE-cadherin) abundance in a gingipain-dependent manner. Similar 
findings were observed after infection with OMV generated from W83 but not from the 
gingipain-null mutant ΔK/R-ab. In single species infections, W83 Pg and Fn but not Tf induced 
a significant decrease in PECAM-1 abundance and increase in endothelium permeability. In 
multispecies infections, PECAM-1 reduction and increased endothelium permeability was 
associated with presence of Fn. In vivo Fn resulted in a significant increase in the number of 
diseased zebrafish embryo compared to PBS. Confocal imaging revealed colocalization of Fn 
in the endothelium, while in multispecies in vivo imaging some species appeared in close 
proximity to others suggesting aggregate formation or co-localised infection at the endothelial 
surface. 

The data presented in this thesis show that Pg and Fn, but not Tf, mediate disturbance of 
endothelium integrity through decreased cell adhesion molecule expression. In Pg single 
species and OMV infection, this is mediated by gingipains. Multispecies data suggests that Fn 
also plays a role in mediating endothelial damage and highlights the need for further research 
on the role of Fn and multispecies interactions in cardiovascular disease. 
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CHAPTER 1: Introduction and literature review 
 

1.1  THE ORAL MICROBIOME 

In recent years the role of the oral microbiome has been intensely investigated. The scientific 

community is slowly unravelling its complexity and its role in both health and disease (Kilian 

et al. 2016). 

 

Humans are far from autonomous organisms, our bodies include several microbial 

communities living symbiotically (Bordenstein and Theis 2015). Such communities can also be 

found thriving in our oral cavity that provides several different habitats for microbial 

colonisation (Zhou, Xu and Shi 2017). Up to 11 microbial habitats have been described and 

include the hard palate, saliva, dorsum of tongue, pharynx, palatine tonsils, buccal mucosa, 

supra-gingival plaque, subgingival plaque and vermillion (Jia et al. 2018). These habitats 

provide distinct and varied environmental conditions for a wide range of microorganisms, 

making the oral cavity one of the most heavily colonised parts of the human body (Kilian et al. 

2016). Developments in culture-independent methods and next generation DNA sequencing 

are providing a deeper analysis of the oral microbiome composition and its role in the oral 

cavity and other regions in the body. Nonetheless, further research is required to fully 

understand host-microbiome interactions and their role in health and disease (Dewhirst et al. 

2010). The Human Oral Microbiome Database (HOMD) was developed to provide a much-

needed site-specific database for the prokaryotic species present in the oral cavity and aims 

to coordinate the storage, raw data distribution and sharing of information produced through 

the Health Human Microbiome Project (HMP) (Chen et al. 2010). It is now recognised that the 

oral microbiome is an extremely diverse and complex environment, which comprises of a 

mixture of viruses, protozoa, archea, fungi and over 500 different species of bacteria (Wade 

2013, Zhang et al. 2018).  

 

1.1.1 Bacteria 

Hundreds of bacterial species colonise the oral cavity’s diverse environments (Kilian et al. 

2016, Holt and Ebersole 2005). The phyla Firmicutes, Bacteroidetes, Proteobacteria, 
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Actinobacteria, Spirochaetes and Fusobacteria account for 96% of detected species in the oral 

cavity (Wade 2013). While Streptococci, in the Bacilli class and phylum Firmicutes are the most 

abundant bacterial species in the oral cavity. The related, but less frequently studied 

Abiotrophia, Gemella and Granulicatella species are also very common (Dewhirst et al. 2010). 

 

Understanding and identifying the components of the oral microbiome comes with several 

challenges. A large portion of the currently known oral cavity colonisers cannot, as yet, be 

grown in culture (Kilian et al. 2016). In fact, it has been claimed that up to half of the bacteria 

in the mouth have yet to be cultured (Wade et al. 2016). The advent of culture-independent 

methods has allowed identification of organisms that were previously unknown (Kilian et al. 

2016). 16S ribosomal RNA PCR amplification and amplicon sequencing are currently the most 

commonly used approaches to characterise microbial communities.  Although these methods 

are useful for providing information regarding community membership and phylogenic 

relationships, they do not provide much information about the community’s functional 

potential. Alternative methods are therefore being used, such as metagenomics, due to their 

ability to assess functional potential, even in species other than bacteria (Pride et al. 2012). 

The oral cavity is in constant contact with the outside environment and therefore 

identification of transient from endogenous species is important. This cannot be achieved 

through human sampling studies alone and pairing with environmental studies is necessary 

(Dewhirst et al. 2010). 

The oral microbiome is  among the most studied of the human microflora (Chen et al. 2010) 

and its complexity and gaps in knowledge on its role in human oral and systemic health 

continue to intrigue the scientific community worldwide.  

 

1.1.2 Viruses 

Viruses documented in the oral cavity have been generally thought to be disease associated, 

such as the human papilloma virus and the herpes simplex virus (Wade 2013, Zhang et al. 

2018). Very few studies have attempted to characterise oral viral communities, but more 

recent evidence is unravelling further species, particularly bacteriophages with integrase 

homologs, suggesting a role in lysogeny (Pride et al. 2012, Edlund et al. 2015). Viruses may 
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therefore also play a role in both health and disease, such as in chronic periodontitis (Górski 

and Weber-Dabrowska 2005).  

 

1.1.3 Archaea and protozoa 

Archaea do not normally make up a large component of the healthy oral microbiome and are 

most prevalent in subjects with periodontitis (Wade 2013). Most studies suggest that 

Methanobrevibacter oralis and other closely related phylotypes are the most predominant 

archaea in the oral cavity. (Horz et al. 2015) Similar to archaea, only a few protozoa have been 

found in the oral cavity. These include Entamoeba gingivalis and Trichomonas tenax that are 

also more prevalent in cases of poor oral hygiene and gingival diseases. These organisms are 

not currently considered to be pathogens (Wade 2013). 

 

1.1.4 Fungi 

Fungi have been characterised in detail in the oral cavity and are widely present even in 

healthy subjects. Candida species are the most frequent, but over 100 fungal species have 

been characterised in healthy subjects. In fact, each individual has up to 23 different fungal 

species residing commensally in their oral cavities, with Candida albicans being the most 

predominant. Other species frequently present include Cladosporium, Aureobasidium, 

Saccharomyces, Aspergillus, Fusarium, and Cryptococcus (Zhang et al. 2018, Ghannoum et al. 

2010). The prevalence of Fungi increases with age and they have also been documented to 

contribute to a wide range of opportunistic acute and chronic oral infections (Wade 2013, 

Arendorf and Walker 1979). 

 

1.2  ORAL MICROBIOME AND ORAL DISEASES 

The oral microbiota, similar to other microbial communities, tend to form highly organised 

multicellular communities known as biofilms (Kilian et al. 2016).  In a biofilm multiple species 

interact and communicate while attached to a surface. (Kilian et al. 2016, Szafranski et al. 

2017). Biofilm microbial communities are better equipped at adapting to environmental 

challenges, partly due to their non-crystalline extracellular matrix made up of polysaccharides 

and proteins (Bowen et al. 2018).  Biofilms are also able to adapt to changes in the 
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enviornment through genetic changes controlled by quorum-sensing. Quorum-sensing can be 

described as interbacterial communication or signalling and has been shown to be involved in 

the pathogenic potential of microorganisms (Szafranski et al. 2017). 

Resident species of the human microbiome maintain a healthy relationship with their 

environment through a complex equilibrium. Loss of this equilibrium, a process also referred 

to as dysbiosis, results in a disease state. Microbial community diversity and balance can be 

disrupted by a single or few predominating disease associated species, a process known as the 

dysbiotic shift (Kilian et al. 2016, Cho and Blaser 2012). 

 

The dysbiosis theory can be applied to explain the pathophysiology of the major oral diseases, 

which include caries (tooth decay) and periodontitis (gum disease). Dysbiosis can be triggered 

by several biological changes, as well as modifiable factors. These factors include poor oral 

hygiene, dietary habits, smoking and salivary gland dysfunction (Kilian et al. 2016, Marsh, Head 

and Devine 2014, Wu et al. 2016). Oral microbiota adhere to and grow on different surfaces 

in the oral cavity, forming organised multispecies community biofilms that interact and 

develop depending on their environment. This organised biofilm is known as dental plaque 

and is illustrated in Figure 1.1 (Pitts et al. 2017, Kolenbrander 2000). 

 

 

Figure 1.1: Dental biofilm and tooth anatomy illustration (Pitts et al. 2017) (Licence number 4413090246683) 
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1.2.1 Dental caries and endodontic disease 

Untreated dental caries is the most common human disease worldwide, (Hay et al. 2017)  with 

around 37% global impact increase between 1990 and 2013 (Jepsen et al. 2017). Dental caries 

involves a process of localised chemical dissolution of enamel and dentine by dental biofilm 

acid production, which results from sugar exposure (Jepsen et al. 2017). The loss of balance 

between protective factors such as high salivary flow and pathological factors such as sugar 

consumption and biofilm formation determines the initiation and progression of this oral 

disease (Pitts et al. 2017). 

The link between caries and oral microorganisms has been established since the 19th century, 

particularly the role of acid producing streptococci (Tucker 1932). Nowadays, several 

organisms have been identified in caries lesions and several different species have been 

associated with dental caries at different stages of the disease (Pitts et al. 2017). Streptococci, 

particularly Streptococcus mutans and Streptococcus sobrinus used to be considered the main 

agents in enamel caries formation. Through the fermentation of sucrose, these bacteria 

produce organic acids such as lactic acid that soften tooth tissues. These organisms also form 

insoluble extracellular polysaccharides that provide enhanced adherence and biofilm 

formation. Lactobacilli, Streptococcus mitis and more recently Bifidobacterium species (spp), 

Actinomyces spp, Propionibacterium spp and Scardovia wiggsiae have also been associated 

with caries (Pitts et al. 2017). The increasing number of associated bacteria as well as the 

presence of disease in the absence of what were once known as the “key causative bacteria” 

has led to a shift from the “specific plaque hypothesis”.  It is no longer thought that caries is 

only caused by a limited subset of species as previously described through this hypothesis. 

Nowadays the ecological plaque hypothesis (such as the “extended caries ecological 

hypothesis”) are accepted as more plausible explanations of the aetiology of dental caries 

(Bacci et al. 2016, Marsh 1994, Marsh and Zaura 2017, Pitts et al. 2017). This is because the 

ecological hypothesis reflects the ability of oral microorganisms to adapt to varying ecological 

factors, such as acid stress and prolonged low pH. These hypotheses further highlight that 

caries is not a classic infectious disease, but more of a shift in the balance of resident 

microorganisms as a result of changes in lifestyle and the oral environment (Pitts et al. 2017).  
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Figure 1.2: Dental caries, root canal infection and apical periodontitis.  

If left untreated, dental decay may lead to an influx of microorganisms into the root canal. 

This in turn leads to infection of the root canal, which is referred to as endodontic infection 

(Figure 1.2). Unlike the oral cavity, in a healthy root canal system, there are no commensal 

microorganisms. Therefore, any microorganism that manages to survive inside the root canal 

can be considered as a pathogen. Infection of the root canal can lead to reversible pulpitis, 

pulp necrosis and eventually apical periodontitis. All of which can only develop in the presence 

of microorganisms (Persoon and Özok 2017). Apical periodontitis is described as an 

inflammatory response of the periodontal tissues past the apex of the root to an infected root 

canal system. Calcified periapical tissues erode, forming a bony lesion. This process is a result 

of toxic irritation from the infected root canal, the host immune response and through 

microorganisms that manage to travel past the apex (Persoon and Özok 2017, Siqueira and 

Roccas 2008, Siqueira and Rocas 2009). Exposure of the root canal through dental decay or 

dental trauma creates access to a new environment for the commensal microbiota and 

therefore a wide range of microorganisms have been identified in endodontic infections 

(Siqueira and Roccas 2008, Siqueira and Rocas 2009, Persoon and Özok 2017, Persoon et al. 

2017). It is widely accepted that bacteria are the major contributors to endodontic infections 

(Persoon and Özok 2017, Persoon et al. 2017). For bacteria to cause infection a population 

load or density needs to be reached. This in turn leads to tissue damage through the bacteria 

themselves or due to host response to the infection (Siqueira and Rôças 2007). Lactobacillus, 

Actinomyces, and Streptococcus are the most abundant bacterial genera identified in apical 

periodontitis, but recent analytical techniques have been uncovering the diversity of root 

canal infections (Persoon and Özok 2017, Ozok et al. 2012). Systematic reviews of recent next 



CHAPTER 1 

24 
 

generation sequencing studies showed that Prevotella, Fusobacterium, Parvimonas, 

Porphyromonas and Streptrococcus were the key genera identified in primary and persistent 

infected root canals and Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and 

Fusobacteria the most abundant phyla (Shin et al. 2018, Manoil, Al-Manei and Belibasakis 

2020, Abusrewil et al. 2020). The microbiota of endodontic infections is much more complex 

than previously thought and varies between symptomatic and asymptomatic forms (Persoon 

and Özok 2017), as well as differences between the microbiota in coronal areas when 

compared to the apical areas (Ozok et al. 2012). Fungi, viruses and archaea have also been 

detected in infected root canals (Persoon and Özok 2017), and their interaction with bacterial 

communities within the root canal may contribute to different treatment outcomes (Persoon 

et al. 2017, Siqueira and Roccas 2008). Endodontic or root canal treatment aims to eliminate 

microbial populations from within the root canal and seal/obturate the remaining spaces in 

to cause “entombment” of any remaining microorganisms, therefore preventing their growth 

(Siqueira and Rôças 2007).  

 

1.3  PERIODONTAL DISEASE 

Even though dysbiosis and infection are a common denominator in most oral diseases (as 

highlighted in the previous section), differences in the local and systemic host environment 

play a major role in disease progression, outcome and complexity. One of the most complex 

examples of host-pathogen interactions mediated by local and systemic factors is the 

progression of periodontal disease. In periodontal disease our host immune-recognition 

system behaves differently in response to a number of opportunistic pathogens, and this 

response can lead to a cascade effect with tissue destruction as an endpoint. (Ebersole et al. 

2017) 

Periodontal disease (also known as gum disease) is one of the most common bacterial 

infections in humans (Chen et al. 2018a). It affects 20-50% of the population and is prevalent 

in both developed and developing countries. Risk factors for developing periodontal disease 

include smoking, diabetes, age, genetic predisposition, stress and poor oral hygiene (Nazir 

2017). Similarly to dental caries, microbial clusters in dental plaque play a major role in the 

formation and progression of periodontal disease (Kolenbrander 2000).  
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Periodontal disease develops through chronic inflammatory mediators, stimulated by 

microorganisms that cause imbalances in the relative abundance of groups of microorganisms 

associated with disease and those generally abundant in health (Hajishengallis, Darveau and 

Curtis 2012, Chen et al. 2018a).  The bacteria-induced chronic inflammation (Darveau 2010), 

initiated by biofilm accumulation on teeth, leads to the initial reversible stage of the disease 

known as gingivitis (Murakami et al. 2018).  Plaque-induced gingivitis can exhibit several 

patterns of observable signs and symptoms of inflammation. It is generally localized to the 

gingiva and is characterised by inflamed, red and bleeding gums (Figure 1.3). As the disease 

and inflammation progresses it results in an irreversible form of the disease known as 

periodontitis. In periodontitis, chronic inflammation leads to destruction of the periodontium, 

which consists of the tooth’s supporting structures, including the gums and surrounding bone 

(Darveau 2010, Murakami et al. 2018). The clinical presentations of gingivitis and periodontitis 

are illustrated in Figure 1.4. Destruction of the periodontium, leads to attachment loss 

between the teeth and gingivae, resulting in the formation of a periodontal pocket (Wade 

2013). This space is ideal for anaerobic bacteria colonisation, which triggers further host 

inflammatory responses. The host responses produce proteases that lead to further tissues 

destruction (Wade 2013, Darveau 2010). If destruction of the tooth’s supporting structures 

progresses, affected teeth lose their stability, become mobile in the tooth socket and are 

eventually lost or extracted (Wade 2013) (Illustrated in Figure 1.3B). 

 

 

Figure 1.3: Periodontium in health, gingivitis and periodontitis  
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Figure 1.4: Clinical presentations of gingivitis and periodontitis. Localised gingivitis (A) typically presents as 
red, inflamed gingiva as marked by the black arrow. Figure B illustrates bone destruction and exposure of roots 
typical of periodontitis (highlighted by black arrow). Images adapted from Khan et al. 2015 (Khan et al. 2015). 

 

Periodontal disease classification has been updated in 2018 through collaborative efforts from 

experts worldwide, the American Academy of Periodontology (AAP) and the European 

Federation of Periodontology (EFP). The classification was developed to reflect more recent 

scientific knowledge and understanding of the disease. The classification report also highlights 

that in some areas, scientific data is still lacking (Caton et al. 2018). Through a series of reports 

it was concluded that patients affected by gingivitis can revert to a healthy state but patients 

suffering from periodontitis require life-long supportive care even after successful therapy 

and remain a periodontitis patient for life (Caton et al. 2018, Chapple et al. 2018). Several 

changes were made to the previous classification to reflect current scientific knowledge 

(Caton et al. 2018). The changes from the 1999 classification are a reminder that even 

common based knowledge must not be taken for granted and that there is much left to be 

understood on how periodontal diseases affect the host both locally and systemically. 

 

1.3.1 The healthy periodontium 

The periodontium is made up of the tooth supporting structures. These include the gingiva, 

cementum, periodontal membrane/ligament and the alveolar bone. The components are 

illustrated in Figure 1.5 (Goldman 1953). 
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Figure 1.5: Anatomy of the periodontium 

 

The gingivae protect underlying tissues and hold the teeth in line and are divided into different 

sections. The gingival margin is located at the tip of the gingiva and attaches to the tooth 

surface through epithelial attachments to form the gingival sulcus. The gingival sulcus is lined 

by sulcular epithelium and is the space between the free or unattached gingiva and the tooth. 

The attached gingiva is attached firmly to the underlying tooth or bone and has a clinically 

stippled appearance (Goldman 1953). 

The cementum is a specialised mineralised tissue containing collagen fibrils in an organic 

matrix. It is continuously deposited throughout life on the root portion of the tooth and in 

small portions of the crown and does not have a lymphatic, blood supply or innervation.  It 

attaches the periodontal ligament to the root and plays a role in root surface repair. In 

contrast, the periodontal ligament is composed of richly cellular and vascular connective 

tissue. It surrounds the root surface and joins the cementum to the wall of the alveolar socket. 

Its function is to allow distribution of masticatory forces and tooth mobility to a certain extent. 

The alveolar bone that forms and supports the sockets of the teeth is referred to as the 

alveolar process. In conjunction with the cementum and periodontal ligament it distributes 

generated forces. The portion of bone facing the periodontal ligament is known as the dense 

alveolar bone proper. In between the dense portions of the alveolar process stands cancellous 

bone consisting of mineralised bone and bone marrow. The alveolar portion is remodelled by 
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osteoclasts and renewed by osteoblasts in response to the functional demands. During this 

process bone trabeculae and cortical bone mass are resorbed and reformed. This is mediated 

by proliferating blood vessels, which form lamellae around them in centric layers and refill 

with new bone (Lang, Lindhe and Lang 2015).  

The main source of gingival blood supply originates from vessels situated on the gingival side 

of the periosteum of the alveolar bone, with lymphatic drainage following a similar course 

(Goldman 1953).  These are known as supraperiostial blood vessels and are terminal branches 

of several arteries including the sublingual, mental, buccal, facial and greater palatine artery. 

Specific arteries are considered to supply well-defined regions of the dentition and 

periodontium, but due to numerous anastomoses along the supplying circulation, it is more 

adapt to describe the supply from an entire system of blood vessels, rather than individual 

vessels (Goldman 1953, Lang et al. 2015). 

Periodontal health is defined as a “state free from inflammatory periodontal disease” that 

provides full function, avoiding consequences from current or past episodes of the disease. 

Assessment of periodontal health must be carried out and defined at both the site and patient 

level (Chapple et al. 2018). Clinically healthy gingivae are of varying shades of pink (depending 

on the level of keratinisation), firm and with a shallow sulcus (2 mm). The tooth anatomical 

crown coincides with the clinical crown (Goldman 1953). The latest classification provides 

further specifications related to periodontal assessment. Classification is dependent on 

whether one is assessing gingival health on an intact periodontium or on a reduced 

periodontium (either due to previous periodontal disease or due other non-related factors 

such as traumatic recession). This is meant to promote clearer clinical guidelines, as well as 

increase uniformity in assessment for research purposes. Despite the changes, the main 

characteristic of periodontal health still remains the absence of bleeding on probing, 

erythema, oedema and patient symptoms (Chapple et al. 2018). 

As previously mentioned, absence of disease does not mean absence of microorganisms. In 

fact, different genera were found to be associated with subgingival plaque in health. These 

include Capnocytophaga, Corynebacterium, Streptococcus, Actinomyces, Veillonella, 

Exiguobacterium, Paludibacter, Opitutus (Socransky et al. 1998, Chen et al. 2018a), Atopobium 

rimae, Atopobium parvulum species (Kumar et al. 2003), as well as the uncultivated clone 

W090 from the Deferribacteres phylum (Kumar et al. 2003). Some of the mentioned 
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microorganisms, including Streptococcus sanguinis, Streptococcus mitis, Gemella spp, 

Atopobium spp, Fusobacterium nucleatum, and Capnocytophaga spp are referred to as 

primary or early colonisers. As the name suggests these are organisms that are present during 

initial colonisation of the tooth surface (Kumar et al. 2003, Socransky and Haffajee 1992).  It is 

still not possible to identify a specific community or “core microbiome” associated with health. 

For some microorganisms, such as previously uncultivated Bacteroides oral clone BU063 (Leys 

et al. 2002, Kumar et al. 2003), now identified and cultivated as Tannerella serpentiformis, it 

is still unclear whether they are associated with health or not (Ansbro, Wade and Stafford 

2020, Beall et al. 2018). This is due to the immense variation between, (Chen et al. 2010) as 

well as within healthy individuals throughout life as well as the limited amount of data 

available using newer technologies (Sanz et al. 2017). The shift from health-compatible to 

disease-inducing microbiome is understood to be due to the proportional increase in 

pathogenic bacteria and not due to the appearance of pathogenic bacteria in previously 

healthy sites or individuals (Chen et al. 2018a). 

 

1.3.2 Gingivitis 

Gingivitis is generally a dental plaque-induced and site-specific inflammatory condition 

(Trombelli et al. 2018, Theilade et al. 1966). Plaque-induced gingivitis is one of the most 

common human inflammatory diseases, however other much less frequent forms caused by 

other factors do exist (Trombelli et al. 2018, Holmstrup, Plemons and Meyle 2018). Clinically, 

gingivitis is characterised by red and oedematous gingiva (2000, Trombelli et al. 2018), without 

any periodontal attachment loss (Trombelli et al. 2018, Chapple et al. 2018).  

A patient is classified as a gingivitis case if the bleeding on probing score is ≥ 10% following full 

mouth evaluation. This measurement is obtained by probing the gingival sulcus using 

specifically designed blunt instruments and recording which sites bleed. The condition is 

further classified into localised or generalised gingivitis. Gingivitis is described as generalised 

when over 30% of sites are affected (Trombelli et al. 2018). Bleeding on probing is an 

important measure since it can be detected clinically before other changes such as redness 

and oedema, allowing for early detection of the disease (Mühlemann and Son 1971, Trombelli 

et al. 2018). Histologically, sites exhibiting gingival bleeding have been found to have larger 
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and denser inflammatory connective tissue than unaffected sites. This feature has been found 

to reverse once bleeding on probing stops (Trombelli et al. 2018, Brecx et al. 1987).  

A number of microorganisms are claimed to be linked to gingivitis. These are mostly Gram-

positive species such as Streptococcus spp, Actinomyces viscosus, and Parvimonas micra. 

Some Gram-negative species have also been associated, including Campylobacter gracilis, F. 

nucleatum, Prevotella intermedia and Veillonella (Kremer et al. 2000, Macuch and Tanner 

2000, Theilade et al. 1966). The development of gingival plaque after brushing cessation was 

documented in detail by Theilade et al. 1966 (at a time when it was still ethical to cease 

brushing for a fixed amount of time in a group with previously good oral hygiene and good 

periodontal health). Healthy gingivae started developing plaque accumulations, coupled with 

generalised mild gingivitis after 9 to 21 days of oral hygiene cessation. At the beginning of the 

experiment, dental plaque flora was almost exclusively comprised of Gram-positive cocci and 

bacilli. Gram-negative cocci and bacilli started to populate at what was described as the first 

phase (during the first two days). At 4 days (referred to as the second phase in the study) 

Fusobacteria and filamentous microorganisms appeared and reached up to 7% of the flora. 

After 4 to 9 days (third phase) spiral organisms (spirochetes), made up to 2% of the counted 

microorganisms. Clinical signs of inflammation coincided with formation of the more complex 

flora, while sub-clinical inflammation was noted even during the early phases of plaque 

development. The original flora composed of mainly Gram-positive cocci and bacilli was re-

established after 1 to 2 days of brushing following the cessation period, which also coincided 

with disappearance of gingival inflammation (Theilade et al. 1966). Even though this study is 

rather old and techniques were culture-based rather than today’s molecular techniques, it 

showed very nicely how the microbial communities in dental plaque develop with time and 

how gingivitis is plaque-induced. Its findings also coincide with today’s understanding of 

gingivitis. Particularly the concept that tissue alterations occurring due to gingival 

inflammation are completely reversed once the dental biofilm is removed and that this 

coincides with a change in the microbial communities of dental plaque (Trombelli et al. 2018). 

 

Most gingivitis-affected patients are unaware of the disease, since it rarely leads to 

spontaneous changes and the associated clinical changes are not very recognisable by patients 

(Trombelli et al. 2018). Nonetheless, gingivitis is of clinical importance since it is considered to 

be a precursor to periodontal disease. Longitudinal studies have shown that attachment loss 
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development and progression were associated with higher levels of gingival inflammation 

(Trombelli et al. 2018, Schätzle et al. 2003, Ramseier et al. 2017).  

 

1.3.3 Periodontitis 

Periodontitis is a result of a complex interplay between the host response, microbial challenge 

and modifying factors (Page, Davies and Allison 1973). Once plaque biofilm develops into one 

containing proportions of highly specialised community members, subversion and 

dysregulation of the host immune response occurs (Sanz et al. 2017). This causes release of a 

wide array of inflammatory mediators, chemokines and cytokines (Holt and Ebersole 2005), 

which eventually lead to destruction of the periodontium in susceptible individuals (Sanz et 

al. 2017). Patients are rendered more susceptible through genetic risk factors as well as 

through environmental and habitual differences such as smoking (Bostanci 2017). In 

periodontal disease the host immune status can determine whether a virulent organism 

behaves in a pathogenic manner (Holt and Ebersole 2005).  

Periodontitis is characterised by loss of periodontal supporting structures. This is clinically 

manifested through what is known as clinical attachment loss (CAL), which is described as the 

distance from the base of the gingival pocket or sulcus and the cemento-enamel junction 

(where the cementum meets the enamel on the tooth surface). Other characteristics include 

radiographic alveolar bone loss, periodontal pockets, as well as gingival bleeding. A patient is 

classified as a “periodontitis case” when either the buccal or oral CAL is equal to or more than 

3 mm with pocketing of the same dimensions or when 2 or more non-adjacent teeth 

experience interdental CAL (Papapanou et al. 2018). Periodontitis is highly prevalent and 

accounts for a substantial portion of dental extractions (Papapanou et al. 2018), especially in 

adults aged 40 years or older (Reich and Hiller 1993). Periodontal disease and its effects, 

impair masticatory function, negatively impact facial aesthetics, impair quality of life and are 

considered a source of social inequality, so much so that is considered as a major public health 

problem (Papapanou et al. 2018). 

Until recently this disease was classified into chronic periodontitis (slow progressing forms), 

aggressive periodontitis (highly destructive forms), periodontitis as a manifestation of 

systemic diseases, necrotizing periodontal diseases (forms that include necrosis of gingival or 

periodontal tissues) and periodontal abscesses (which also have clinically distinct features and 
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treatments) (Papapanou et al. 2018, Armitage 1999). In the newly adopted classification 

“chronic” and “aggressive” are now classified under a single category: “periodontitis”, since 

current evidence suggests that chronic and aggressive periodontitis are not two separate 

diseases. Instead, the most recent classification “periodontitis” is further characterised using 

a staging and grading system. The severity of presentation and complexity of periodontitis 

management translate to the stage of the disease. Grading on the other hand provides 

supplemental information regarding the biological features. This includes the rate of 

progression of the disease, possible treatment outcomes and the disease and treatment’s 

possible effects on the patient’s general health. Details of the staging and grading systems are 

provided in Table 1.1 and Table 1.2. Staging and grading aims to take advantage of modern 

technologies, allowing for enhanced knowledge on diagnosis, pathogenesis, as well as disease 

management (Papapanou et al. 2018).  

 

Table 1.1: Periodontitis stage Licence number 4416511255151 (Papapanou et al. 2018) 
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Table 1.2: Periodontitis grade Licence number 4416511255151 (Papapanou et al. 2018) 

 

  

1.4  SUBGINGIVAL PLAQUE 

Subgingival plaque has been deemed to be complex since the first microscopic study of this 

ecosystem (Socransky et al. 1998). The microbiological characteristics of the progressing 

periodontal lesion from health to destructive periodontal disease are known to be vast and 

complicated (Holt and Ebersole 2005). A number of subgingival plaque genera, including 

Filifactor, Porphyromonas, Treponema, Tannerella, Eubacterium, Peptostreptococcaceae, 

Desulfobulbus, Lachnospiraceae, Alloprevotella, Mogibacterium, Hallella, Phocaeicola, 

Johnsonella, and Mycoplasma were found to be associated with periodontal disease (Chen et 

al. 2018a). Due to advancing techniques more organisms are being identified and associated 

with periodontitis, including viruses, such as Epstein-Barr virus (EBV-1) and human 

cytomegalovirus (HCMV) (Michalowicz et al. 2000). Even though no single species or group of 

species have been specifically identified as the cause of periodontitis, species Tannerella 

forsythia (previously also referred to as Bacteroides forsythus), Treponema denticola and 

Porphyromonas gingivalis in particular are consistently associated with periodontitis, so much 

so that they are referred to as periodontal pathogens (Leys et al. 2002, Holt and Ebersole 2005, 

Hajishengallis and Lamont 2012). These three species are part of what is known as the red 
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bacterial complex and show a strong relationship with clinical parameters or periodontal 

disease, including increased pocket depth (Socransky et al. 1998, Ali et al. 1997). “Red 

complex” bacteria appear at the stage of periodontitis progression. They populate and adhere 

to the sulcular region of teeth, taking advantage of the altered architecture in sulci that have 

been subjected to attachment loss and/or pocket formation (Holt and Ebersole 2005, 

Socransky et al. 1998). P. gingivalis is rarely detected in the absence of T. forsythia in vivo 

(Socransky et al. 1998)  and members of this complex have been found to co-aggregate in vitro 

(Socransky et al. 1998, Yao et al. 1996). 

Red complex bacteria are one of the six bacterial clusters in subgingival biofilms described by 

Socronsky (Socransky et al. 1998). The yellow and purple clusters consist of Streptococcus 

species, Actinomyces odontolyticus and Veillonella parvula respectively, and are described as 

“early colonisers”. They are characterised by the expression of receptors that mediate firm 

attachment to the host surface. Capnocytophaga spp, Campylobacter concisus, Eikenella 

corrodens and Aggregatibacter actinomycetemcomitans (previously known as Actinobacillus 

actinomycetemcomitans) are a group of bacteria that are less associated with other individual 

bacterial species and make up the green cluster (Socransky et al. 1998, Holt and Ebersole 

2005). The orange cluster consists of species that bridge bacteria to others depending on their 

nutrient use and cell surface structures that allow them to bind to both early colonisers and 

red complex members. Examples of orange cluster bacteria include Fusobacterium ssp., 

Prevotella ssp., Micormonas micros (also known as Peptostreptococcus micrus), Streptococcus 

constellatus, Campylobacter spp and Eubacterium spp (Holt and Ebersole 2005, Kolenbrander 

et al. 2002).  

Amongst the six described clusters, the red cluster is considered the most important in relation 

to periodontal disease progression. P. gingivalis and T. denticola are rarely found in solitude. 

It is understood that P. gingivalis benefits from a nutritional interdependence with T. denticola 

and appear to be closely linked topologically in the subgingival biofilm. These organisms have 

been shown to produce outer membrane-associated proteases that facilitate tissue 

destruction, including arginine and lysine-specific cysteine proteases. As highlighted earlier P. 

gingivalis is generally found with T. forsythia, a nutritionally fastidious anaerobe, which also 

produces proteases, enzymes with the ability to degrade extracellular matrix and 

biomolecules related to the host response. The different complexes and bacterial species 
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highlight the complexity of periodontal disease progression (Holt and Ebersole 2005). In fact, 

previous studies have identified over 700 organisms that might be involved in periodontal 

pathogenesis, of which up to 200 can be present in any one individual at any one time, and it 

is estimated that about 50 can be present at any one oral site (Aas et al. 2005). Much is left to 

be uncovered on how these organisms as a group and individually contribute to the disease 

process (Holt and Ebersole 2005). 

 

1.4.1 Porphyromonas gingivalis 
Out of all the red-complex bacteria, P. gingivalis has been the most extensively studied. This 

is due to its strong connection with periodontitis, as well as its ease to be genetically 

manipulated and to grow when compared to the other members of the red complex bacteria 

(Hajishengallis and Lamont 2012). P. gingivalis is a Gram-negative, small, black-pigmented 

anaerobe (Holt and Ebersole 2005) and has been identified as a “keystone pathogen” of 

periodontal disease (Hajishengallis et al. 2012, Nazir 2017). The term “keystone” refers to 

organisms that exert pathogenic affects that are disproportionately large relative to their 

population size (Hajishengallis et al. 2012, Power et al. 1996). Several virulence factors 

contribute to this organism’s pathogenicity, including colonisation factors (fimbriae, 

lipopolysaccharide (LPS), haemagglutinin), outer membrane proteins and vesicles, as well as 

the proteolytic enzymes known as gingipains (Hajishengallis and Lamont 2012, Lamont and 

Jenkinson 1998, Imamura 2003, Holt and Ebersole 2005, Naylor et al. 2017). Gingipains HRgpA 

(95 kDa) and RgpB (50 kDa) are products of the rgpA and rgpB gene and are specific for Arg-

Xaa peptide bonds. Kgp on the other hand is a product of another unrelated gene known as 

kgp and is Lys-Xaa bond-specific. HRgpA and RgpB activate kallikrein/kinin pathways and 

enhance vascular permeability, while Kgp is associated with bleeding tendency of diseased 

gingiva. Gingipains are also involved in degradation of macrophage cell surface CD14 which 

leads to loss of cell activation via this LPS co-receptor, fimbriae maturation, as well as amino 

acid uptake from the host (Imamura 2003). 

These virulence factors allow P. gingivalis to play a major role in triggering inflammatory 

responses through dysbiosis, despite their low-level of colonisation of the periodontium 

(Hajishengallis et al. 2012). P. gingivalis can also activate complement and impair host 

defence, resulting in an increase in other groups of commensals. This stimulates further 
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complement-dependent inflammation that provides a nutrient-rich environment (rich in 

degraded host proteins and haemin) in the gingival exudate. The protein and haemin rich 

environment is ideal for growth of proteolytic and asaccharolytic bacteria. The bone 

resorption that follows provides further niches for dysbiotic microorganism colonisation 

(Hajishengallis et al. 2012). This cascade is led by gingipains, which cleave complement 

component C5 to produce C5a. As a result, C5a levels increase in the area of infection, which 

in turn recruits leukocytes that further drives inflammation. Gingipains simultaneously impair 

leukocyte killing through subversive crosstalk with Toll-like receptor 2 (TLR2) (Hajishengallis 

et al. 2012, Imamura 2003). This hypothesis of the “self-feeding cycle” was described by 

Hajishengallis (Figure 1.6).   

 

 

 

 

Figure 1.6: Porphyromonas gingivalis induced inflammatory cascade (Hajishengallis et al. 2012). 

 

The outer membrane vesicles (OMV) of P. gingivalis are also being increasingly recognised as 

major contributors to this organism’s pathogenicity (Gui et al. 2016). OMV are spherical 

nanostructures typically produced by Gram-negative bacteria made up of an asymmetrical 

single bilayer membrane (Kulp and Kuehn 2010). An example of P. gingivalis OMV production 
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can be seen in Figure 1.7. OMV can act as a highly complex secretion system capable of 

delivering a wide range of molecular effectors, which in turn can influence cell–cell 

interactions, host-immune responses, nutrient acquisition, as well as biofilm formation. Due 

to their detachment from the parent whole cell, they are able to disseminate further away 

and increase their influence away from sessile biofilm-associated bacteria (Gui et al. 2016). P. 

gingivalis OMV contain several components of its outer membrane including LPS, fimbriae, 

capsule components and gingipains (Grenier and Mayrand 1987, Furuta et al. 2009). Virulence 

factors carried over on OMV such as fimbriae and gingipains are thought to provide adhesive 

and proteolytic abilities respectively, which allows OMV to penetrate host tissues and cells. 

This is further enabled by P. gingivalis OMV’s small size of between 20 to 500 nm (Furuta et 

al. 2009, Mayrand and Holt 1988). Interestingly, although generally periodontal pathogen 

outer membrane proteins are passed onto OMV, OMV proteomes can be differentially 

modulated relative to the outer membrane in response to environmental conditions such as 

haem availability (Veith et al. 2018). 

 

 

Figure 1.7: P. gingivalis OMV secretion. Cryo-electron micrograph showing a bacterial cell of P. gingivalis W83 
secreting OMV (highlighted by black arrows). Scale bar = 100nm. Micrograph taken by Cher Farrugia under 

guidance of Dr. Svet Tzokov at the Electron Microscopy Facility in the Faculty of Science, University of Sheffield. 
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P. gingivalis’ virulence mechanisms provide an insight towards the understanding of the 

complex host-pathogen interactions that occur in the progression of periodontal disease. 

However, in the oral cavity P. gingivalis is not a lone standing microorganism. P. gingivalis is 

known to aggregate with other red complex bacteria (Holt and Ebersole 2005), as highlighted 

previously in this section, but also to other microorganisms such as Streptococcus mitis, 

Actinomyces viscosus, Streptococcus gordonii,   and to F. nucleatum (Yao et al. 1996).  

The importance of microorganisms outside of the red complex in periodontal pathogenesis is 

highlighted in a more recent model which proposes that periodontitis is initiated by a 

synergistic and dysbiotic microbial community, rather than exclusively by select keystone 

periodontal pathogens. In this model different microorganisms fulfil roles that further 

enhance the microbiota’s disease-provoking pathogenicity. While “keystone pathogens” 

impair immune response and favour a dysbiotic shift, other microorganisms provide other 

molecules such as adhesins and proinflammatory ligands to nutritionally sustain a microbial 

community that produces a cycle of continuous inflammation and tissue-destruction. 

(Hajishengallis and Lamont 2012). Research has in fact shown that P. gingivalis expresses 

different proteins when present in multispecies communities, including F. nucleatum 

(Hendrickson et al. 2014, Kuboniwa et al. 2009, Shokeen et al. 2021).  F. nucleatum is an orange 

complex microorganism (Socransky et al. 1998) that is gaining further attention in both 

medical and research communities (Han 2015). It is one of the most prevalent microorganisms 

in extra-oral sites in disease conditions (Han and Wang 2013) and intraorally it is capable of 

adhering and invading epithelial cells (Fardini et al. 2011).  F. nucleatum is a heterogeneous 

species with several documented subspecies (ssp), including ssp animalis, ssp fusiforme, ssp 

nucleatum, ssp polymorphum, and ssp vincentii (Han 2015, Gharbia and Shah 1992). Similar to 

P. gingivalis it produces several virulence factors including outer membrane proteins, LPS and 

adhesins (Brennan and Garrett 2019, Vinogradov, St Michael and Cox 2017b, Vinogradov, St 

Michael and Cox 2017a, Fardini et al. 2011, Kaplan et al. 2010, Kaplan et al. 2009). 

Further research using multispecies biofilms is therefore required to grasp a better 

understanding of periodontitis progression in a clinically translatable manner. Papapanou et 

al. in a recent position paper on periodontitis also claim that there is a need for research that 

aims to identify methodologies for accurate assessment of longitudinal hard and soft tissue 
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changes in periodontitis progression and to identify markers differentiating between different 

types of periodontitis (Papapanou et al. 2018). 

 

1.5  ORAL MICROBIOME AND SYSTEMIC DISEASES 

Emerging evidence continues to associate the oral microbiome and oral diseases with several 

systemic diseases. This includes cardiovascular disease, heart disease, stroke, pneumonia, 

rheumatoid arthritis, pregnancy outcomes, Parkinson’s and Alzheimer’s disease, as well as 

some forms of cancer (colorectal, oesophageal and pancreatic) (Hajishengallis et al. 2012, Jia 

et al. 2018, Pereira et al. 2017, Pritchard et al. 2017, Ganesh et al. 2017, Wu and Nakanishi 

2014, Watts, Crimmins and Gatz 2008). These systemic diseases can be grouped into 

inflammatory diseases, cancers and other diseases and summarised in Figure 1.8 to highlight 

the wide range of possible systemic links (Jia et al. 2018).  

 

 

Figure 1.8: Summary of systemic disease associated with oral diseases or components of the oral 
microbiome. (Images obtained from Pickitfreeimages ®) 

 

1.5.1 Inflammatory diseases 

Oral diseases and oral organisms have been associated with a number of inflammatory 

diseases beyond the mouth. These include atherosclerosis (Offenbacher et al. 1999, Miyatani 

et al. 2015, Eberhard et al. 2017, Dietrich et al. 2013), heart disease including coronary artery 
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disease (Chhibber-Goel et al. 2016, Abranches et al. 2009, Androsz-Kowalska et al. 2013), 

pneumonia (Scannapieco 2006, Terpenning et al. 2001, Segal et al. 2016) and rheumatoid 

arthritis (Arvikar et al. 2017, Ayala-Herrera et al. 2018, Ceccarelli et al. 2018). It is hypothesised 

that this mostly occurs due to systemic dissemination of oral pathogens. Studies show that 

microbes which colonise the oral cavity frequently enter the bloodstream (Castillo et al. 2011). 

Sources of bacteraemia from oral bacteria include dental and/or oral tissues manipulation 

(Barbosa et al. 2015, Araújo et al. 2015, Mang-de la Rosa et al. 2014), periodontal infection 

sites (Horliana et al. 2014, Tomás et al. 2012) and daily lifestyle habits including brushing and 

flossing (Wilson et al. 2007, Lockhart et al. 2008). When infections spread systemically they 

can elicit excessive inflammation and result in tissue or organ specific diseases characterised 

by tissue destruction (Holt and Ebersole 2005). Bacteraemia is more likely to occur in the 

presence of oral tissue infection, since during infection tooth-supporting structures become 

more vascularized and enter into an intimate relationship with the microbial biofilm (Tomás 

et al. 2012, Vieira Colombo et al. 2016).  

Systemic dissemination of oral pathogens has been traditionally associated with infective 

endocarditis (IE) mostly from bacterial infection of the endocardium or prosthetic 

replacements (de Souza et al. 2016, Werdan et al. 2014). IE can have fatal consequences and 

is caused by members of the Streptococcus viridans group, Staphylococcus and Enterococcus 

species 90% of the time.  Streptococcus mutans and Streptococcus sanguinis being the most 

common oral microorganisms (Carinci et al. 2018). Organisms that are difficult to culture can 

also cause IE. Up to 31% of cases of endocarditis are claimed to be culture negative cases, 

which has led to further studies of IE samples by more advanced molecular techniques 

(Fournier et al. 2010, Kumar et al. 2013).  

In the past two decades several oral microorganisms have been identified in other 

inflammatory lesions. S. mutans, P. gingivalis,  Gemella haemolysins and Aggregatibacter 

actinomycetemcomitans, P. intermedia, T. forsythia, F. nucleatum, S. sanguinis all been 

identified in cardiovascular disease and atherosclerotic tissues (Miyatani et al. 2015, Eberhard 

et al. 2017, Kozarov et al. 2005, Campbell and Rosenfeld 2015), while Campylobacter rectus, P. 

gingivalis, P. endodontalis, P. intermedia, Prevotella nigrescens were specifically located in 

diseased coronary arteries (Chhibber-Goel et al. 2016). The presence of Gram-negative 

anaerobes in the cardiovascular system has been confirmed by a recent study that identified 
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P. gingivalis as the most frequent organism in femoral and coronary arteries in patients 

undergoing bypass grafts, followed by Enterococcus faecalis and Finegoldia magna (Mougeot 

et al. 2017b). P. gingivalis and Aggregatibacter actinomycetemcomitans (Gomes-Filho, Passos 

and Seixas da Cruz 2010) in addition to Pseudomonas aeruginosa have also been identified in 

pneumonia (Segal et al. 2016).   

Studies also show that it is not only the systemic dissemination of oral microorganisms into 

the bloodstream that can affect distant organs. Oral pathogen virulence factors and 

inflammatory mediators produced at the local site of infection can also make their way into 

the bloodstream through degraded gingival tissues. These can then induce their own 

inflammatory responses systemically, which leads to further pathogenesis in the affected area 

(Kocgozlu et al. 2009). 

 

1.5.2 Cancers 

Certain oral bacteria have recently been linked to increased cancer risks (Jia et al. 2018). Oral 

bacterial dysbiosis has been associated with oral squamous cell carcinoma lesions. Changes in 

bacterial composition and gene functions were observed in periodontitis-correlated taxa 

Fusobacterium, Peptostreptococcus, Dialister, Filifactor, Catonella, Peptococcus and 

Parvimonas on oral cancer lesions (Yang et al. 2018, Zhao et al. 2017). In a recent study P. 

gingivalis has also been found in 61% of oesophageal cancer sites and was not detected in the 

normal oesophageal mucosa (Gao et al. 2016). This link is thought to be due to the increased 

systemic inflammation that follows periodontal disease, which in turn leads to alteration of 

gut microbiota that potentially influences carcinogenesis (Momen-Heravi et al. 2017).  

Some groups of oral microorganisms were also found to induce additional responses in the 

gut. Fusobacteria encourage excessive immune responses and they have been shown to turn 

on colorectal cancer growth genes (Idrissi Janati et al. 2016). Fusobacteria infection has also 

been shown to stimulate tumour cells to generate exosomes that promote prometastatic 

behaviours in uninfected colorectal cancer cells in vitro and in vivo (Guo et al. 2020).  

Fusobacteria also express surface molecules enabling them to attach to and invade cancer 

cells. Following invasion, they expand myeloid-derived immune cells, hinder T-cell 

proliferation and activation, promote T-cell apoptosis (Nosho et al. 2016), and directly protect 

tumour cells from immune cell killing (Gur et al. 2015). P. gingivalis and Aggregatibacter 
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actinomycetemcomitans (A. actinomycetemcomitans) have also been linked to pancreatic 

cancer (Fan et al. 2016, Huang et al. 2016). Oral pathogens can enter the bloodstream through 

the epithelium and settle in pancreatic tissues (Huang et al. 2016), promote dysbiosis in the 

microbial community and in turn drive excessive inflammation potentially promoting 

pancreatic cancer (Jia et al. 2018). Recently published data also suggests a link between 

periodontal pathogens and breast cancer (Freudenheim et al. 2016a, Freudenheim, Millen and 

Wactawski-Wende 2016b, Shi et al. 2018). This evidence has led to further investigation of the 

use of oral microorganisms as markers or biosensors of cancer diagnosis and progression (Jia 

et al. 2018).   

 

1.5.3 Other systemic diseases 

Periodontal pathogens have also been associated with adverse pregnancy outcomes including 

preclampsia (Chaparro et al. 2013, Cobb et al. 2017, Takii et al. 2018), Alzheimer’s disease 

(Pritchard et al. 2017, Ding et al. 2018, Emery et al. 2017, Ganesh et al. 2017, Harding et al. 

2017, Kamer et al. 2008, Noble et al. 2014, Watts et al. 2008), kidney disease (Anand, S C and 

Alam 2013, Chen et al. 2015, Fisher et al. 2008a, Fisher et al. 2008b, Fisher and Taylor 2009, 

Kshirsagar et al. 2007, Kshirsagar et al. 2009, Pradeep et al. 2012, Ruokonen et al. 2017, 

Ruospo et al. 2017), diabetes (Amar and Leeman 2013, Anbalagan et al. 2017, Aoyama et al. 

2018, King 2008, Long et al. 2017, Merchant et al. 2016), liver disease (Acharya, Sahingur and 

Bajaj 2017, Akinkugbe et al. 2017, Ilievski et al. 2016) and new links continue to emerge. 

 

1.6  ASSOCIATION BETWEEN PERIODONTAL DISEASE AND 

CARDIOVASCULAR DISEASE  

Out of all oral diseases, periodontal disease is the most frequently associated with systemic 

diseases. One of the most widely accepted and supported associations is the association 

between periodontal disease and different forms of cardiovascular disease. Periodontal 

disease increases the risk of cardiovascular disease by 19% and up to 44% in the over 65 

population group (Nazir 2017) and is considered a risk factor for coronary heart disease (CHD) 

that is independent of other traditional CHD risk factors or markers (Chhibber-Goel et al. 
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2016). Such findings highlight the importance of understanding how periodontal disease can 

affect patients beyond their mouths.   

 

1.6.1 Cardiovascular disease 

Cardiovascular disease includes all diseases affecting the cardiovascular system. This includes 

myocardial infarction, coronary heart disease, cerebrovascular accidents or stroke, vascular 

disease, as well as peripheral arterial diseases (Cole and Kramer 2016, Finegold, Asaria and 

Francis 2013). Atherosclerotic cardiovascular disease (ACD) includes ischemic heart disease 

(IHD) and cerebrovascular disease (mainly ischemic stroke) and is the major cause of 

cardiovascular disease (Barquera et al. 2015). Atherosclerosis, like periodontitis, is a 

progressive chronic inflammatory disease. Chronic inflammation leads to endothelial 

dysfunction, increased vessel thickness, increased lipid deposition and potentially total vessel 

occlusion, which can be fatal (Campbell and Rosenfeld 2015, Atarbashi-Moghadam et al. 2018, 

Yamaguchi et al. 2015).  

In healthy individuals, the endothelium acts as an anatomical barrier between the vessel wall 

and blood. It is a dynamic organ with several functions, including modulation of vascular tone, 

vessel permeability, angiogenesis, inflammation and transfer of cells and nutrients (Aird 2005, 

Kerr, Tam and Plane 2011). The barrier is made up of endothelial cells and proteins including 

occludins, claudins and VE-cadherin, which allow water and other small molecular weight 

substances to pass through (Haseloff et al. 2015). Dysregulation of these proteins can have 

catastrophic effects on the endothelium barrier function and can trigger cardiovascular 

disease. VE-cadherin is crucial for controlling blood vessel permeability (Zhang and Ge 2017, 

Corada et al. 2002). To date there is still on-going research on the role of the endothelial 

barrier and this is partly due to the heterogeneity of its structure. Endothelial features can 

vary depending on the site, the haemodynamic environment, as well as in response to the 

current needs of the underlying tissue, reflecting the complex nature of the endothelium’s 

response and role in pathophysiology of vascular diseases (Aird 2005, Aird 2012, Tashiro et al. 

1994, Ribatti et al. 2002, Aird 2006, Helmlinger et al. 1991). Current knowledge is mostly 

derived from the larger parts of the vasculature, known as the conduit vessels (arteries and 

veins). Less is known about the role of the microvasculature (capillaries), which are 
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macroscopically invisible and consist of a thin single layered endothelial cell wall surrounded 

by occasional pericytes and extracellular matrix (Aird 2005).   

One of the most important functions of the endothelium is its role in inflammation in response 

to infection or tissue damage (Kerr et al. 2011). Interleukin-1 (IL-1) has been proposed as a key 

player in systemically mediated cerebrovascular inflammation (Denes et al. 2012). The actions 

of inflammatory cytokines such as TNF-α or IL-1 stimulate expression of interleukin-8 (CXCL8) 

that attracts leukocytes, and increases expression of adhesion molecules such as selectins 

(Komatsu et al. 2012). This process causes migration of leukocytes towards the infection site 

and attachment to the extracellular matrix. E-, P- and L- Selectins transiently bind leukocytes 

to the endothelium surface, facilitating a process known as leukocyte rolling (Komatsu et al. 

2012). E- and P-selectin, unlike L-Selectin, are only expressed on the surface of activated 

endothelial cells. Apart from activating with different stimuli, selectins also act in a time-

dependent fashion. E-selectin is stimulated with TNFα and expression peaks after 

approximately 12 hours then declines by 24 hours of stimulation. Leukocytes progress to firm 

adhesion by binding to chemokines that are presented on the endothelial cell surface by 

proteoglycans. This activates β1 and β2 integrins and increases their affinity for intercellular 

adhesion molecule (ICAM-1) and vascular cell adhesion molecule (VCAM-1) adhesion 

molecules. ICAM-1 is constantly expressed, although at a higher rate after TNFα stimulation, 

peaking at 6 hours and continuing for up to 72 hours. VCAM-1 expression is induced by 

oxidized low-density lipoproteins (LLP), cytokines and reactive oxygen species (ROS). 

Leukocyte migration occurs through transient disassembly of endothelial cell junctions, which 

in turn induces clustering of adhesion molecules (ICAM-1 (CD54), VCAM-1 (CD106)). This is 

followed by remodelling of endothelial cell actin cytoskeleton and cell junctions. Platelet 

endothelial cell adhesion molecule (PECAM-1, CD31) is a major contributor to the remodelling 

process. It is present in intercellular junctions and forms homodimers to link two adjacent 

cells. PECAM-1 also plays a role in leukocyte migration, since they are also expressed on 

leukocytes (Tapiero et al. 2002, Hordijk 2006, Rahman and Fazal 2009, Wittchen 2009). 

Inflammatory responses can act as a double-edged sword. While they are necessary for 

endothelial regeneration and repair, excessive inflammation can lead to endothelial cell 

dysfunction (Kerr et al. 2011, Gimbrone and García-Cardeña 2016). 
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Endothelial cell dysfunction is described as a phenotype, occurring locally or systemically, that 

can represent a net liability to the host (Aird 2006, Gimbrone and García-Cardeña 2016). 

Diseased endothelial cells start exhibiting focal permeation and sub-endothelial space 

modifications related to lipoprotein particles, which then triggers a cascade of complex 

pathological effects especially in the aortic and valvular areas (Gimbrone and García-Cardeña 

2016). Several pathogenic processes have been associated with atherosclerosis. These include 

macrophage foam cell formation and death, extracellular lipid accumulation, changes in the 

structural intercellular matrix and smooth muscle cells, mineral deposit generation, 

neovascularization, physical changes to the lesion surface, haematoma and thrombi formation 

as well as inflammation itself, although this may vary between one lesion and another (Stary 

2000, Gimbrone and García-Cardeña 2016). 

Inflammation has been well-established as the cause of atherosclerosis (Gimbrone and García-

Cardeña 2016), so much so that inflammatory marker CD40 is used as an early indicator of 

heart attacks (Yamaguchi et al. 2015, Helmlinger et al. 1991, Stary 2000).  However, to date 

little is known about the biological agents that trigger vessel wall inflammation (Yamaguchi et 

al. 2015). In atherosclerosis-susceptible regions, especially aortic endothelial cells are exposed 

to altered flow, which can lead to altered cell alignment, increased expression of inflammatory 

mediators (Passerini et al. 2004, Gimbrone and García-Cardeña 2016) and an increase in 

VCAM-1 and ICAM-1 expression has been shown in ApoE-deficient mice’s aortic arch 

(Nakashima et al. 1998). E- and P-selectin are expressed on endothelial cell surfaces of 

atherosclerotic regions indicating their role in formation of atherosclerosis (Kerr et al. 2011). 

PECAM-1 expression is also increased and was found to trigger endothelial shear stress in 

atherosclerosis also in ApoE-deficient mice’s aortas (Harry et al. 2008). An illustration by 

Gimbrone et al. (Figure 1.9) shows how stimuli such as changes in blood flow or bacterial 

products can trigger phenotypic changes in endothelial cells including activation of Nuclear 

factor-kappa-B (NFκB) (a pleiotropic transcription factor). This in turn triggers expression of 

effector proteins related to the pathogenesis of atherosclerosis including procoagulation 

molecule Tissue Factor (TF), adhesion molecules (V-CAM-1, E-selectin) and inflammatory 

chemokines. These changes attract more macrophages and T-cells and therefore further 

production of cytokines, growth factors and reactive oxygen species (ROS) (Gimbrone and 

García-Cardeña 2016).  
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Figure 1.9:  Endothelial cell response to inflammatory mediators. Stimuli including changes in flow, pro-
inflammatory agonists (e.g., IL-1, TNF, endotoxins), oxidized lipoproteins (oxLDL) and advanced glycation end 
products (AGE) lead to activation of NFκB.  This increases expression of cell surface adhesion molecules (e.g., 
VCAM-1, E-selectin), chemokines secretion (e.g., IL-8 (CXCL8), MCP-1 (CCL2), Fractalkine (CX3CL) and expression 
of pro-thrombotic mediators (e.g., TF, vWF, PAI-1). This in turn triggers recruitment of macrophages and T-cells, 
which further increases production of inflammatory cytokines, growth factors and ROS. Resulting in a pro-
inflammatory state. (Gimbrone and García-Cardeña 2016) 

 

Several risk factors have been identified for cardiovascular disease. These include genetic 

factors and family history, hypertension, left ventricular hypertrophy, hypercholesterolemia, 

diabetes, smoking, microalbuminuria, age, excessive alcohol intake, obesity and lack of 

physical activity (Atarbashi-Moghadam et al. 2018, Campbell and Rosenfeld 2015, Barquera et 

al. 2015). Nonetheless cardiovascular disease can also develop in the absence of these factors 

and infection has been suggested as a possible cause. Inflammation derived from infectious 

agents can occur either directly or indirectly. Microorganisms can systemically disseminate 

and directly infect vascular cells. As previously highlighted several oral pathogens have been 

located in inflamed vasculature and are thought to play a role in inflammatory diseases of the 

vasculature. Inflammation can be also induced through the indirect effects of cytokines and 

acute phase reactant proteins from distant sites that are liberated in response to oral 
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microbial infection (Rosenfeld and Campbell 2011, O'Connor et al. 2001, Campbell and 

Rosenfeld 2015).  

 

1.6.2 Disease mechanisms explaining association 

The association between periodontitis and cardiovascular disease has been studied for the 

last three decades and was confirmed by a landmark “Editorial” by Friedewald et al. in 2009 

simultaneously published in both the American Journal of Cardiology and the Journal of 

Periodontology (Friedewald et al. 2009). This was further confirmed more recently by a joint 

workshop organised by both the European Federation of Periodontology and the American 

Academy of Periodontology which highlighted the “oral health-systemic connection” (Tonetti, 

Van Dyke and workshop 2013)  and a “Perio & Cardio” campaign  which followed a workshop 

organised by the European Federation of Periodontology (EFP) and the World Heart 

Federation (WHF) in 2020 (2020). Although this relationship has long been established, there 

are still several debates related to the underlying mechanism (Atarbashi-Moghadam et al. 

2018, Schenkein et al. 2020, Herrera et al. 2020). The main mechanisms currently described 

can be divided into direct actions of oral microorganisms into the vasculature or indirect 

effects. 

 

1.6.2.1 Direct 

Studies have shown that periodontal pathogens can enter the bloodstream, especially in cases 

of extreme gingivitis or periodontitis (Castillo et al. 2011, Loos 2006, Loos 2005). In these cases 

the periodontal surfaces are inflamed forming an area coined as the porte d’entrée. 

Ulceration, loss of epithelial lining integrity and bleeding facilitates the movement of bacteria 

and their products from the periodontal pocket to the bloodstream (Schenkein and Loos 2013, 

Kremer et al. 2000, Loos et al. 2000, Loos 2005, Loos 2006). Periodontal pathogens, including 

P. gingivalis, A. actinomycetemcomitans, Prevotella intermedia, T.  forsythia, and F. 

nucleatum, are also capable of invading host cells to protect themselves from host defence 

mechanisms and to take advantage of host cytoplasmic proteins and key nutrients (Reyes et 

al. 2013a). This behaviour suggests that survival in phagocytic cells might be an additional path 

for periodontal pathogens to systemically disseminate in a “Trojan Horse” approach (Carrion 

et al. 2012). 
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Several periodontal pathogens and/or their DNA have been located from human samples of 

diseased vasculature (Marcelino et al. 2010, Lindskog Jonsson et al. 2017, Gaetti-Jardim et al. 

2009, Szulc et al. 2015, Mougeot et al. 2017b, Chiu 1999). In animal models, oral pathogens 

accelerate atherosclerotic lesions (Li et al. 2002, Jia et al. 2013, Jia et al. 2015a, Chukkapalli et 

al. 2014), increased plasma IL-6 levels, increased aortic expression of VCAM-1 and tissue factor 

(Lalla et al. 2003, Jia et al. 2013), increased plasma CXCL8 (Koizumi et al. 2008, Jia et al. 2013), 

Th17 cell induction (Jia et al. 2015a) and monocyte invasion (Lucas et al. 2014). These changes 

have been shown to be not related to gender (Champagne et al. 2009) and to not occur 

following doxycycline or metronidazole treatment (Madan et al. 2007, Amar, Wu and Madan 

2009). In fact, several inflammatory modulators and oral pathogen virulent factors have been 

claimed to be responsible for the surge in inflammation. These include Nod-like receptor 

family, pyrin domain containing 3 (NLRP3) (De Nardo and Latz 2011, Li 2015, Latz, Xiao and 

Stutz 2013, Huck et al. 2015, Yamaguchi et al. 2015), bacterial gingipains (Yamaguchi et al. 

2015, Bostanci and Belibasakis 2012, Widziolek et al. 2016), fimbriae (Yamaguchi et al. 2015, 

Bostanci and Belibasakis 2012), LPS and capsules (Bostanci and Belibasakis 2012). Other 

theories suggest that oral pathogens are responsible for inducing mitochondrial dysfunction, 

increased retention of lipids in the vessel wall (Kramer et al. 2014), stimulation and release of 

soluble P-selectin, activation of platelets (Assinger et al. 2011), and that oral pathogen invasive 

ability can be mediated by E-selectin (Ho et al. 2016). 

Surprisingly, even though T. forsythia infection in animal models increases inflammatory 

modulators, it has not been shown to increase size of atherosclerotic lesions, suggesting that 

different organisms may contribute to different stages of the disease or that organisms exhibit 

different virulence potential when present as a single species (Chukkapalli et al. 2015b). This 

fits well with the recent findings that polymicrobial infection of mice triggered different host 

responses than single species infection (Chukkapalli et al. 2015c, Chukkapalli et al. 2017b, 

Nahid et al. 2011). In in vitro studies inclusion of F. nucleatum was found to enhance the 

invasion of P. gingivalis into aortic endothelial cells (Saito et al. 2008b), further confirming the 

need to study multispecies infections, since in clinical scenarios species. P. gingivalis in 

particular, is generally found with other pathogens and not as a solitary organism (Yao et al. 

1996). 
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1.6.2.2 Indirect 

Infectious diseases are characterised by microbial invasion of a susceptible host (Holt and 

Ebersole 2005), but atherosclerotic changes following P. gingivalis infection have been 

observed even in the absence of periodontal pathogens in the atherosclerotic tissues,  

suggesting effects through an indirect route (Jain et al. 2003). Indirect routes imply that the 

organism can instigate an inflammatory cascade without its local presence in the affected 

vasculature (El Kholy, Genco and Van Dyke 2015). 

Some studies suggest that local periodontal infection can increase systemic vascular 

inflammation and that in turn triggers cardiovascular disease (El Kholy et al. 2015). In animal 

models, atherosclerotic lesions have been found to decrease following anti-inflammatory 

treatment (Hasturk et al. 2015), while bacterial antigens (such as LPS) alone can elicit an 

immune response (Schenkein and Loos 2013). In periodontitis patients, levels of the 

inflammatory marker C-Reactive protein are consistently elevated and can be reduced by 

periodontal therapy. C-Reactive protein can in turn induce an inflammatory cascade in the 

vasculature and increase cardiovascular disease risk (Freitas et al. 2012). As previously 

highlighted, diabetic patients suffering from periodontal disease have a greater risk of 

cardiovascular disease (Peng et al. 2017). Although this can be arguably due to the increased 

invasive ability of P. gingivalis in hyperglycaemic environments (Chen et al. 2018b), it can also 

be related to the increased systemic inflammation in such patients (Mesia et al. 2016). 

Studies also suggest a proatherogenic lipid risk profile of elevated low-density lipoprotein 

(LDL), decreased high-density lipoprotein, increased triglycerides and oxidized low-dentisty 

lipoproteinin periodontitis patients might be another pathway explaining the link between 

periodontal disease and cardiovascular disease (Schenkein and Loos 2013). A 2016 study 

showed a significant correlation between serum LDL levels, fibrinogen levels, white blood cell 

counts and severity of periodontal disease in myocardial infarction (Górski et al. 2016).  The 

above clinical studies as well as in vitro studies confirming the ability of P. gingivalis to oxidise 

HDL, leading to a shift to a proinflammatory lipid, which elicits further production of 

inflammatory cytokines from monocytic cells, has led to further research in this potential 

mechanism (Kim et al. 2018, Schenkein et al. 2020). 

Other theories stipulate that the association may be due to a prothrombotic state in 

periodontitis. This is an increased hypercoagulable state and hypofibrinolysis state described 
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in periodontitis patients, that can facilitate atheroma and thrombus formation (Schenkein and 

Loos 2013). While more recent studies discovered common genetic factors in periodontitis 

and cardiovascular disease patients, which may contribute to the association between these 

two diseases (Aarabi et al. 2017). 

The multitude of different theories available in the literature highlights the need for further 

studies to unravel the molecular basis of this association. Possibly through development of 

different experimental models to the ones currently used. 

 

1.7  MODELS USED TO TEST ASSOCIATION BETWEEN PERIODONTAL 

DISEASE AND CARDIOVASCULAR DISEASE 

Several models have been used to study the association between periodontal disease and 

cardiovascular disease. All aim to understand and recreate the complexity of the processes 

involved in oral microorganism induced infection of the cardiovascular system.  

 

1.7.1 In vitro 

The most common in vitro model used was that of infection of monolayers of endothelial cells 

(Huck et al. 2015, Ho et al. 2016, Assinger et al. 2011). For infection to occur microorganisms 

require adhesion to the vessel walls under shear stress, created through the flow of blood. 

Most infection studies fail to take flow into account and so may not be representative of what 

occurs in vivo; possibly leading to non-realistic conclusions related to this host-pathogen 

interaction. To overcome this issue, Claes et al. describe a micro-parallel flow chamber model 

where they studied the effects of Staphylococcus aureus under shear stress (Claes et al. 2015). 

As yet, there are no published articles examining the interaction of oral pathogens with 

endothelial cells under flow. 

 

1.7.2 In vivo 

Use of animal studies remains essential to study the pathogenesis of diseases (Vandamme 

2014). Animal models are frequently used to study the effects of periodontitis and periodontal 

pathogens on the vasculature. Atherosclerosis-prone animals were used in early studies to 



CHAPTER 1 

51 
 

examine periodontitis and/or periodontitis-associated bacteria on the atherogenic process 

(Schenkein et al. 2020). Approaches used included intravenous injections of periodontal 

pathogens in apolipoprotein E-deficient mice (Li et al. 2002, Tuomainen et al. 2008) or normo- 

or hypercholesterolemic pigs (Brodala et al. 2005), as well as P. gingivalis applications 

following ligature-induced periodontal breakdown in rabbits and rats (Jain et al. 2003, Ekuni 

et al. 2009). Less invasive models were concurrently developed in apolipoprotein E-deficient 

mice using oral gavage with periodontal pathogens (Lalla et al. 2003, Gibson et al. 2004). 

Murine (Li et al. 2002, Lalla et al. 2003, Champagne et al. 2009, Madan et al. 2007, Amar et al. 

2009, Koizumi et al. 2008, Lucas et al. 2014, Yamaguchi et al. 2015, Kramer et al. 2014, Jia et 

al. 2013, Jia et al. 2015a, Chukkapalli et al. 2015c, Chukkapalli et al. 2017b, Nahid et al. 2011, 

Chukkapalli et al. 2014) and rabbit (Jain et al. 2003, Hasturk et al. 2015) models continue being 

the most commonly used in this field. These animals allow for different methods of infection 

including oral infection and can be genetically modified to study different human genetic 

determinants (Vandamme 2014, Vandamme 2015). 

Zebrafish (Danio rerio) have recently been proposed as a model for systemic infection of oral 

pathogens, since murine and mammal models are expensive and may provide limited data on 

disease molecular mechanisms (Widziolek et al. 2016). The zebrafish has long been identified 

as a possible infection model despite anatomical differences between zebrafish and humans 

(Sullivan and Kim 2008). Zebrafish models are showing increasing interest since they allow 

investigation of infection through injection of a wide range of sites of research interest, 

including systemic infections to study microorganism-endothelial interactions (Gomes and 

Mostowy 2020). Zebrafish exhibit a genome with significant homology to that of humans, 

which can be manipulated relatively easily and due to their transparent nature can be used 

for real-time imaging in vivo (Jim et al. 2016, Sullivan and Kim 2008, Widziolek et al. 2016, 

Goldsmith and Jobin 2012). The ever growing variety of transgenic lines expressing fluorescent 

proteins make this model particularly beneficial in the study of molecular mechanisms 

involved in dynamic host-pathogen interactions (Gomes and Mostowy 2020). 

 

1.7.3 Human  

Several studies have used human models to study the association between periodontitis and 

cardiovascular disease. Several studies sampled different human tissues and analysed for 
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periodontal pathogen DNA to aim to identify a correlation between periodontal 

pathogen/disease presence and cardiovascular status or risk (Kozarov et al. 2005, Lindskog 

Jonsson et al. 2017, Gaetti-Jardim et al. 2009, Szulc et al. 2015, Zhang et al. 2008, Marcelino 

et al. 2010, Mougeot et al. 2017b). Cohort studies (Peng et al. 2017, Androsz-Kowalska et al. 

2013, Honda et al. 2005), systemic reviews and meta-analysis of existing human data have 

also been used to study this association (Humphrey et al. 2008). Human studies are mostly 

cross-sectional, with few longitudinal studies published. Intervention studies are impractical 

and expensive and most designs may not be possible or ethical since it would be unethical to 

stop treatment for identified periodontitis or cardiovascular disease patients (El Kholy et al. 

2015).  

 

1.7.4 Microroganisms tested 

In human experiments several periodontal microorganisms have been identified in the 

vasculature or vascular tissues samples as highlighted in earlier sections and in Table 1.3. 

Other studies only specified the taxa they identified, which can also vary greatly between 

patients (Lindskog Jonsson et al. 2017). Variations can also arise due to different methods of 

sample collection and varied molecular techniques used to identify such microorganisms and 

their DNA (Schenkein et al. 2020).  A 2016 review investigated 63 independent studies with a 

total of 1791 patients that underwent carotid endarterectomies, catheter-based atherectomy 

and other comparable procedures. In this review 23 oral commensals were confirmed 

individually or together in atherosclerotic plaques, including A. actinomycetecomitans, P. 

gingivalis, T. forsythia, P. intermedia, F. nucleatum, Campylobacter rectus, T. denticola, 

Streptococcus gordonii, S. mutans, and Streptococcus oralis as well as other uncultivated 

species (Chhibber-Goel et al. 2016).  
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Table 1.3: Summary of periodontal microorganisms identified in the vasculature 

Periodontal microorganism Area identified 

Porphyromonas gingivalis Atherosclerotic plaque (Kozarov et al. 2005, Gaetti-

Jardim et al. 2009, Zhang et al. 2008, Szulc et al. 2015, 

Marcelino et al. 2010), Non-atherosclerotic arteries 

(Mougeot et al. 2017) 

Agregatibacter actinomycetemcomitans Atherosclerotic plaque (Kozarov et al. 2005, Gaetti-

Jardim et al. 2009, Marcelino et al. 2010), Blood 

(Lockhart et al. 2008) 

Fusobacterium nucleatum Atherosclerotic plaque (Marcelino et al. 2010), Blood 

(Lockhart et al. 2008) 

Prevotella intermedia Atherosclerotic plaque (Gaetti-Jardim et al. 2009, 

Marcelino et al. 2010) 

Treponima denticola Atherosclerotic plaque (Marcelino et al. 2010), Blood 

(Lockhart et al. 2008) 

Campylobacter rectus Atherosclerotic plaque (Marcelino et al. 2010) 

Porphyromonas endodontalis Atherosclerotic plaque (Marcelino et al. 2010) 

Prevotella melaninogenica Blood (Lockhart et al. 2008) 

Prevotella nigrescens Atherosclerotic plaque (Marcelino et al. 2010) 

Prevotella oralis Blood (Lockhart et al. 2008) 

Streptococcus mitis Blood (Lockhart et al. 2008) 

Streptococcus sanguinis Blood (Lockhart et al. 2008) 

Tannerella forsythia Atherosclerotic plaque (Marcelino et al. 2010) 

 

Other investigations also suggest presence of herpes simplex virus (HSV) and cytomegalovirus 

(CMV) in atheromas in periodontitis patients, highlighting the complex nature of atheroma 

microbiomes. Present evidence indicates this complex environment can harbour organisms of 

oral, gut, respiratory tract, and skin origin (Armingohar et al. 2014, Schenkein et al. 2020). 

This data contrasts with most in vitro and in vivo studies carried out where infection is most 

of the time simulated using single species, generally P. gingivalis. Polymicrobial investigations 
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are even more so scarce in in vivo models, where only a few studies used polymicrobial 

infection (Chukkapalli et al. 2015c, Nahid et al. 2011, Rivera et al. 2013, Velsko et al. 2015).  

 

1.8  CONCLUSIONS 

Periodontal disease and periodontal pathogens are associated with cardiovascular disease, 

but more research is required to identify the exact mechanism. Several cell adhesion 

molecules have been shown to play a role in cardiovascular disease progression, and it is 

hypothesised that they may also be involved in oral pathogen induced cardiovascular disease.  

Several P. gingivalis virulence factors, including gingipains, can potentially initiate 

cardiovascular disease, however clearer data is required to identify whether oral 

microorganisms initiate or else aggravate already existing cardiovascular disease prone 

vasculature. Although the presence of oral pathogens has been repetitively confirmed in the 

human vasculature, presence does not provide enough information on the active role of 

microorganisms in disease processes. 2D cell culture methods are commonly used to study 

the role of oral pathogens in vitro but these models are generally not representative of the 

clinical scenario, particularly when flow is not incorporated in the model. Murine models are 

also common and have the advantage of providing several components missing from 2D 

models. However, mice are different to humans and therefore what is observed in a mouse 

model may not occur in humans. Not to mention that this model does not allow for real-time 

molecular investigations and that nowadays models complying with the 3Rs (Replacement, 

Reduction and Refinement) of animal research are preferred.  

This literature review also highlights that periodontal pathogens rarely function as a single 

unit, but not much research has been done on multispecies infection when studying the 

association between periodontal disease and cardiovascular disease. Hence, there is a need 

for investigation of other disease mechanisms from those currently suggested, use of more 

models to study the role of oral pathogens in the initiation of cardiovascular disease, as well 

as the need for research using multispecies infections. 
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1.9  HYPOTHESIS, OVERALL AIM AND OBJECTIVES 

 

Hypothesis 

Periodontal pathogens mediate detrimental changes to the endothelial cells that line the 

vasculature leading to alteration in endothelial cell adhesion molecule expression, which in 

turn increases endothelial permeability and potentially initiates or potentates the 

development of cardiovascular disease (Figure 1.10). 

 

 

Figure 1.10: Research hypothesis summary 

 

Aim 

The aim of the project is to use in vitro (endothelial cell monolayers) and in vivo (zebrafish 

larvae) models to investigate the molecular mechanism by which periodontal pathogens cause 

vascular damage and initiate or potentate cardiovascular disease. 

 

Objectives 

• To develop models to study effects of periodontal pathogen invasion in endothelial 

cells 

• To measure invasion capacity of human endothelial cells using antibiotic protection 

assays 

• To visualise oral microorganism invasion in endothelial cells using confocal microscopy 
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• To study effects of periodontal pathogens on endothelial cell surface and adhesion 

molecules abundance using immunostaining and flow cytometry 

• To image and quantify effects of periodontal pathogen systemic infection on zebrafish 

larvae models using confocal microscopy. 

• To study the role of specific P. gingivalis virulence factors including gingipains and 

outer membrane vesicles in mediating endothelial damage 

• To investigate effects of F. nucleatum and T. forsythia on endothelial cells 

• To assess endothelial multispecies infections involving P. gingivalis, F. nucleatum and 

T. forsythia and assess potential differences in pathogenicity to single species 

infections 

 



  

CHAPTER 2: Materials and methods  
 

2.1 MATERIALS, MANUFACTURERS AND SUPPLIERS 

Reagents used in this study were of analytical grade and were obtained from the following 

manufacturers and suppliers.  

Table 2.1: Supplier and location 

Supplier Location 

Abcam Cambridgeshire, UK 

Applied Biosystems Paisley, UK 

BD Biosciences Oxfordshire, UK 

Beckman Indianapolis, Indiana, USA 

BioLegend San Diego, California, USA 

Bioline  London, UK 

BTL Spolka, Poland 

Cellsignaling Danvers, Massachusetts, USA 

eBioscience Leicestershire, UK 

Expedeon abcam Cambridge, Massachusetts, USA 

Gatan Pleasanton, California, USA 

GE Healthcare Buckinghamshire, UK 

GeneTex Alton Pkwy Irvine, California, USA 

Gibco Paisley, UK 

GraphPad La Jolla, California, USA 

Imaging Associates Limited Bicester, UK 

Invitrogen Paisley, UK 

Kodak Rochester, New York, USA 

Millicell Hertfordshire, UK 

NeoGen Haywood, UK 

New England Peptide Louisville, Kentucky, USA 

Oxoid Basingstoke, UK 
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Particle Metrix Meerbusch, Germany 

Peprotech London, UK 

Perkin Elmer Waltham, Massachusetts, USA 

Promocell Heidelberg, Germany 

Quantifoil Micro Tools GmbH Jena, Germany 

R&D Systems Abingdon, UK 

Sarstedt AG Nümbrecht, Germany 

Seracare Milford, Massachusetts, USA 

Sigma Aldrich Dorset, UK 

Syngene Cambridge, UK 

Thermofisher Scientific Leicestershire, UK 

Treestar Ashland, Oregon, USA 

WILD Heerbrugg, Switzerland 

Xograph Gloucestershire, UK 

Zeiss Hertfordshire, UK 

Zetaview Meerbusch, Germany 

 

2.2 GENERAL CELL CULTURE METHODS 

All cell culture work was carried out in a Class II laminar flow hood and all equipment and 

armamentarium used was sterilised prior to use with 70 % (v/v) industrial methylated spirits, 

by filter sterilisation or by autoclaving. 

  

2.2.1 Primary human dermal microvascular endothelial cells (HDMEC) 

Human dermal microvascular endothelial cells (HDMEC)  were purchased from PromoCell. 

Microvascular endothelial cells isolated from human dermal juvenile foreskin and adult skin 

were received cryopreserved at passage 2 in serum-free freezing medium (Cryo-SFM, 

Promocell) containing around 5 x 105 viable cells per vial. MV Medium containing growth 

factor supplement (Promocell) was used as the cell culture medium. 
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2.3.2 Immortalised human microvascular endothelial cell line  

The immortalised human microvascular endothelial cells, HMEC-1 (Ades et al. 1992) were 

obtained from Michael Dillon & Paco Candal of the National Center for Infectious Diseases 

under Materials Transfer Agreement. HMEC-1 were cultured in MCDB 131 (Gibco) 

supplemented with 10 ng/mL epidermal growth factor (EGF) derived from mouse submaxillary 

glands (Sigma), 1 µg/mL water soluble hydrocortisone (Sigma), 10% v/v foetal calf serum (FCS; 

Gibco) and 2mM L-Glutamine (Sigma).  

 

2.3.3 Thawing, sub-culture and cryopreservation 

Cells were stored in cryovials by cryopreservation in liquid nitrogen. Vials were thawed by 

rapid agitation in a 37C water bath, the contents diluted in culture medium to a seeding 

density of 1 x 104 viable cells per cm2 in a tissue culture-treated flask and incubated at 37C in 

a 5 % CO2 atmosphere.  Culture medium was replaced after 24 hours and further replaced at 

two-day intervals until 70-90 % confluent. Culture medium was aspirated, the cell monolayer 

washed twice with phosphate-buffered saline (PBS) (Sigma) and 0.05 % trypsin/0.02 % EDTA 

v/v (T/E) (Sigma) solution added to detach the cells for 1-2 minutes. The same volume of 

growth medium containing 10 % v/v FCS was used to stop T/E activity.  Cells were dispersed 

using a pipette, centrifuged at 200 x g for 5 minutes to pellet and supernatant discarded. Cells 

were then re-suspended in medium and counted using Trypan Blue, to determine cell viability. 

Cells were then inoculated into a tissue culture flask and sub-cultured at 37C in a 5 % CO2 

atmosphere.  Cells not immediately required for experiments were cryopreserved in liquid 

nitrogen in appropriate cryopreservation medium Cryo-SFM (Promocell) and frozen at a 

concentration of 1 x 106 cells/mL.  

 

2.3 GENERAL MICROBIOLOGY METHODS 

2.3.1 Culture of microbial strains 

P. gingivalis (wild-type strains W50 from Prof. Curtis’ collection, ATCC33277 from Prof. 

Stafford’s collection, W83 from Prof. Potempas’s collection and clinical strain A245Br from 
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Prof. Murdoch’s collection), along with F.  nucleatum ssp nucleatum (ATCC 25586) and 

polymorphum (ATCC 10953) from Prof. Wade’s collection were maintained on Fastidious 

Anaerobe (FA) (NeoGen) agar plates supplemented with 5% v/v oxylated horse blood (Oxoid). 

The P. gingivalis W83 isogenic ΔK/R-ab (kgpΔ598-1732::TcR rgpA-::CmR rgpBΔ410-507::EmR) 

strain from Prof. Potempa’s collection was grown on FA plates supplemented with 1 μg/mL 

tetracycline while Tannerella forsythia (ATCC 43037)  from Prof. Sharma’s collection was 

grown on FA plates supplemented with 1 % N-acetylmuramic acid (NAM) in addition to 

oxylated horse blood. Liquid cultures were maintained in either Schaedler (BTL) or Brain-heart 

infusion broth (Oxoid) supplemented with 5 mg/mL yeast extract, 250 μg/mL L-cysteine, 1 

mg/mL haemin and 1 mg/mL vitamin K. Both liquid and agar cultures were incubated at 37°C 

in an anaerobic chamber with an atmosphere of 80 % N2, 10 % CO2 and 10 % H2.  

For use in experiments, strains were grown in broth overnight in an anaerobic chamber, fresh 

cultures were set up form the overnight culture to an optical density (OD600) equal to 0.1 and 

cultured until late log phase. Bacteria were then harvested by centrifugation at 8,000 × g for 

3 minutes, washed with PBS or appropriate medium and resuspended at the required density. 

 

2.3.2 Bacterial growth curves  

P. gingivalis grown on FA plates were transferred to 3 mL supplemented broth (BHI or 

Schaedler) and incubated at 37oC overnight under anaerobic conditions. Cultures were then 

adjusted in 10 mL of broth to an OD600 of around 0.1 with broth alone used as blank control. 

100 μL broth was taken at different time points, diluted in 900 μL of media and OD measured. 

An additional culture at 0.1 OD600 was set in the evening for additional time points. 

 

2.3.3 Colony viability count 

Bacteria were prepared as described in section 2.3.1 Culture of microbial and adjusted to 

OD600 1.0 and 20 μL of this suspension diluted with 180 μL BHI. Serial dilutions of up to 8 

concentrations were carried out, after which 10 μL of each dilution was spotted onto an FA-

blood agar plate in triplicate. Plates were left to dry for a few minutes then incubated in an 

anaerobic incubator for 3 days. The number of colonies was counted for each drop and the 
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number of bacteria per one millilitre in the original culture was calculated by multiplying with 

the dilution factor counted. Counting was performed where more than 10 CFU but less than 

100 CFU could be clearly observed. 

 

2.3.4 Metronidazole sensitivity assay 

P. gingivalis metronidazole sensitivity for strains used was confirmed using a commercial E-

Strip Test method. P. gingivalis was prepared as described in section 2.3.1. OD600 nm was 

adjusted to 0.1 and 1, and 100 μL of P. gingivalis was spread onto a blood agar plate. The 

plates were left to dry for 3 minutes and the metronidazole E-Strip (M.I.C. Evaluator, Oxoid) 

was placed on the middle portion of the plate and then incubated in an anaerobic incubator 

for 3 days. The clear zone of antibacterial activity was assessed and images taken. 

 

2.4 GENERAL ZEBRAFISH METHODS 

Zebrafish maintenance and experimental work were carried out in accordance with UK Home 

Office regulations and UK Animals (Scientific Procedures) Act 1986 and under Project Licence 

P1A4A7A5E (Prof. Steven Renshaw) using zebrafish embryos under 5 days post fertilisation 

(dpf). London wild-type (LWT), Nacre wild-type, VE-cadherin/Cdh5 transgenic tg(cdh5ubs8-/-

;cdh5TS), PECAM-1 transgenic tg(fli1a:PECAM1-EGFP)sh524 and kdrl:mCherry transgenic 

were obtained from The Bateson Centre, University of Sheffield and maintained in E3 medium  

at 30°C according to standard protocols. Autoclaved 1 x E3 medium diluted in distilled water 

was prepared from 10 x stock (NaCl 50 mM, KCl 1.7 mM, CaCl2 3.3 mM,MgSO4 3.3 mM) and 

diluted to a 1 × solution with distilled water and supplemented with methylene blue 

(0.00005% (w/v)). 
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2.5 INVASION ASSAYS 

2.5.1 Antibiotic protection invasion assay 

Antibiotic protection invasion assays were carried out using a modification of Naylor et al. 

(Naylor et al. 2017). This method uses P. gingivalis’ sensitivity to metronidazole (as confirmed 

through the metronidazole sensitivity assay) to measure portion of invaded cells. HMEC-1 and 

HDMEC cells were seeded at 2 x 105 cells per well in a 24-well plate to confluence. Cell 

monolayers were washed with PBS then incubated with 2 % w/v bovine serum albumin (BSA) 

(Sigma) in cell culture medium to block nonspecific binding sites for 1 hour at 37oC, 5 % CO2. 

A sacrificial well was trypsinised to carry out a cell count and determine the multiplicity of 

infection (MOI; multiplicity of infection refers to the number of bacteria one human cell). P. 

gingivalis strains were prepared as previously described in section2.3.1. The bacterial 

suspension was adjusted to an MOI 100 in cell culture medium and incubated with cells for 90 

minutes at 37oC. This initial bacterial suspension was serially diluted on blood agar (BA) plates 

and grown anaerobically for 3 days to determine viable counts through colony forming units 

(CFUs). Cells were gently washed wit PBS to remove non-adherent bacteria and the infected 

monolayer then incubated with 200 μg/mL metronidazole for 1 hour at 37°C, 5 % CO2 to kill 

external cell-adherent bacteria. Following antibiotic incubation cells were washed three times 

with PBS, lysed with dH2O for 20 minutes, scraped with a pipette and serially diluted on FA 

plates and incubated anaerobically for 3 days. CFU were enumerated to determine the total 

number of invading bacteria, expressed as a percentage of the viable count of the initial 

inoculum.  

 

2.5.2 Intracellular and extracellular P. gingivalis visualisation 

HMEC-1 (1 x 105) were grown on 4-well glass-bottom culture chambers (Sarstedt AG) 

overnight. P. gingivalis was prepared as described in section2.3.1. Cultures were adjusted to 

an MOI 2000, washed twice with PBS and fluorescently labelled by re-suspension in 0.4 μg/mL 

5-(and-6)-carboxyfluorescein, succinimidyl ester (5(6)-FAM, SE) (excitation 494 nm, emission 

518 nm) (Invitrogen) in PBS for 15 minutes with shaking at 4°C. FAM-labelled P. gingivalis were 

diluted in 6-((Biotinoyl)Amino)Hexanoic Acid, Succinimidyl Ester (Biotinamidocaproate, N-

Hydroxysuccinimidyl Ester; Biotin-X SE, Invitrogen) in PBS to give a final concentration of 0.3 
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mg/mL and incubated for 30 minutes at 4°C without shaking to biotinylate the surface of P. 

gingivalis. The excess biotin was removed by washing three times with PBS and resuspended 

in non-supplemented MCDB medium. These FAM-biotinylated P. gingivalis were used for 

invasion (MOI 1000) into HMEC-1 cells for 1 hour. HMEC-1 cells were fixed with 4 % PBS-

buffered paraformaldehyde for 20 minutes and culture chambers were washed 3 times with 

PBS. 10 % v/v FCS in PBS was applied for 5 minutes at room temperature to block non-specific 

binding sites. Five micrograms of Alexa Fluor 647®-conjugated streptavidin (excitation is 650 

nm, emission 655 nm) (ThermoFisher Scientific) in 1 mL of 10 % v/v FCS was added and cells 

were incubated for 45 minutes at 37°C in a 5 % CO2 incubator. Streptavidin binds to biotin, 

resulting in extracellular P. gingivalis stained by both 5(6)-FAM, SE and Alexa Fluo 647®, leaving 

the intracellular bacteria stained with 5(6)-FAM, SE alone. After incubation the excess Alexa 

Fluor 647®-conjugated streptavidin was removed by washing 3 times with PBS.  Nuclei were 

then stained with 7.5 μg/mL Hoechst® (excitation 350 nm, emission 461 nm) (Thermofisher 

Scientific) for 10 minutes, rinsed in PBS and the endothelial plasma membrane stained with 5 

μg/mL Wheat Germ Agglutinin (WGA) (excitation 555 nm, emission 565 nm) (Thermofisher 

Scientific) for 10 minutes at 37oC. Chamber slides were rinsed again with PBS then mounted 

using ProLong® Glass (Thermofisher Scientific) antifade and slides kept in the dark overnight, 

allowing the mounting agent to cure. Chamber slides were analysed using a Zeiss LSM 880 

invert Axio Imager and AiryScan detector. Images were generated using a X63 lens and 

processed using AiryScan® processing (Zeiss). Composites and orthogonal views were created 

using FIJI®. 

 

2.6 E-SELECTIN EXPRESSION AND ROLE IN INVASION 

2.6.1 E-selectin abundance 

2.6.1.1 In-cell enzyme-linked immunosorbent assay (ELISA) 

An in-cell ELISA was used to identify cell surface E-selectin expression directly on the cultured 

HDMEC and HMEC-1 cells. Cells were seeded overnight at 2 x 104 cells per well until confluent 

in a 96-well plate. Cells were then stimulated with 25 ng/mL TNFα (Peprotech) for up to 24 

hours stimulation and unstimulated cells were used as a control. Wells were then washed 

twice with PBS and fixed with 2% PBS-buffered paraformaldehyde overnight at 4oC. Fixing 



CHAPTER 2 

64 
 

solution was removed and wells washed twice with PBS and the monolayer checked. Wells 

were then blocked with PBS supplemented with 3 % BSA for 2 hours at room temperature to 

block non-specific binding sites. 50 μL of 5 μg/mL E-selectin primary antibody (R&D) or IgG 

isotype-matched control (R&D) diluted in blocking buffer were added and incubated for 1 hour 

at room temperature. Wells were washed 3 times with PBS and 50 μL HRP-conjugated 

secondary antibody (Cell Signalling) diluted in blocking buffer (1:1000) added and incubated 

for 30 minutes at room temperature. Wells were once again washed three times with PBS and 

50 μL 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (SeraCare) added. Stop solution 

(0.16 M sulphuric acid) was added once the solution developed and optical density read at 

450 nm using an Infinite 200 Pro spectrophotometer (TECAN). 

 

2.6.1.2 Flow cytometry 

HMEC-1 and HDMEC cells were seeded at 4 x 105 cells per well in 6-well plates and cultured 

until confluent. Cells were stimulated with 25 ng/mL TNFα for 5 hours (ensuring maximal E-

selectin expression) while unstimulated cells were used as a control. Cells were washed with 

PBS, and 500 μL of 0.02 % EDTA (Sigma) was added for 20 minutes to non-enzymatically detach 

cells, followed by 500 μl of cold FACS buffer (0.1 % BSA and 0.1 % sodium azide w/v in PBS). 

The cell suspension was pipetted to create a single cell suspension and centrifuged for 5 

minutes at 1100 g. The supernatant was removed and cells resuspended in 100 μL of FACS 

buffer. 5 μL of phycoerythrin-conjugated E-selectin CD62E (Clone:P2H3; eBioscience) or 

phycoerythrin-conjugated mouse IgG1 isotype control (Clone P3.6.2.8.1; eBioscience) were 

added for 45 minutes and incubated on ice in the dark. 500 μL of FACS was added and cells 

centrifuged for a further 2 minutes to pellet, after which the supernatant was removed, and 

cells resuspended in 300 μL FACS buffer. Single-colour sample analysis was carried out using 

a FACS Calibur flow cytometer (BD Biosciences) and the normalised median fluorescence index 

(nMFI) calculated as previously described by Chan et al., 2013 (Chan, Yim and Choo 2013) by 

dividing the median fluorescence intensity of the positive samples by that of the negative 

stained samples (IgG isotype control). 
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2.6.1.3 Immunostaining 

Glass coverslips were ethanol sterilised and dried under a flow hood and coated with 300 μl 

of 10 μg/mL bovine fibronectin (Sigma). HMEC-1 or HDMEC cells were seeded at 1 x 105 cells 

per glass slide and incubated overnight at 370C in 5 % CO2 then stimulated with 25 ng/mL 

TNFα. Cells were rinsed with non-supplemented medium, fixed with 3.7 %  v/v formalin in PBS 

for 10 minutes and blocked for 30 minutes using blocking buffer composed of 2 % w/v BSA 

and 5 % v/v goat serum in PBS (Sigma). Immunofluorescence staining was performed using 5 

μg/mL of either mouse anti-E-selectin primary antibody clone BBIG-E4 (R&D) or IgG isotype-

matched control Clone 11711 (R&D) at 4oC overnight, washed with PBS and incubated with 1 

μg/mL Alexa Fluor 488-conjurgated goat anti-mouse IgG (H+L) cross-adsorbed secondary 

antibody (Abcam) for 1 hour. Cells were rinsed again, mounted in ProLong™ Diamond antifade 

containing 4’,6-Diaminidine-2’-phylindole dihydrocholoride (DAPI) (Thermofisher Scientific) 

and imaged using a Zeiss Axiovert 200 M inverted fluorescence microscope with an integrated 

high-resolution digital camera (AxioCam MRm; Zeiss) with AxioVision 4.6 software (Imaging 

Associates Limited). 

 

2.6.2 E-selectin and P. gingivalis invasion 

2.6.2.1 Antibiotic protection assay 

HMEC-1 and HDMEC cells were seeded at 2 x 105 cells per well in a 24-well plate until 

confluent. Cells were then stimulated with 25 ng/mL TNFα for 5 hours, while unstimulated 

cells were used as a control. Cells were then treated as previously described in section 3.4.1 

and % invasion calculated. 

 

2.7 PERMEABILITY OF ENDOTHELIAL CELLS FOLLOWING INFECTION 

2.7.1 Dextran permeability assay 

A fluorescent dextran permeability assay was performed as previously described (Wang and 

Alexander 2011). Fibronectin-coated (10 μg/mL) 0.4 μm-pore hanging cell culture inserts 

(Millicell) were seeded with HMEC-1 until confluent. Seeded cell culture inserts were then 
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infected with increasing bacterial MOI for 1.5 hours at 37°C in serum-free medium. Inserts 

without cells or HMEC-1 alone were used as controls. Solutions were removed, inserts 

transferred to a new plate containing 500 μL supplemented MCDB131, and 450 μL 

supplemented MCDB131 containing 65 μg/mL 70 kDa fluorescent dextran (Molecular probes, 

Thermofisher) was added to the insert. Dextran leakage through the cell monolayer to the 

bottom well was monitored hourly for a 5-hour period by aspirating 250 μL medium from the 

bottom well. Dextran fluorescence was measured at 494 nm excitation, 521 nm emission and 

the aspirated volume was replaced with supplemented MCDB131 for further readings. 

 

2.8  ADHESION MOLECULE ABUNDANCE FOLLOWING INFECTION 

2.8.1 In vitro methods 

Monolayers of HDMEC or HMEC-1 cells were infected and then subjected to flow cytometry 

or immunofluorescence staining to investigate the effects of infection on cell surface levels of 

E-selectin, VE-cadherin and PECAM-1.  Real-Time quantitative Polymerase Chain Reaction 

(qPCR) was used to analyse gene expression of the same molecules by endothelial cells. 

 

2.8.1.1 Flow cytometry 

HMEC-1 and HDMEC cells were prepared as described in section 2.6.1.2. Cells were rinsed 

with PBS and infected at varying MOI for up to 1.5 hours, while medium alone was used as a 

control. Cells were washed with PBS, and 500 μL of 0.02% EDTA (Sigma) added for 20 minutes 

to remove cells, followed by 500 μL of cold FACS buffer (0.1 % w/v BSA and 0.1 % w/v sodium 

azide PBS). The cell suspension was pipetted vigorously and centrifuged for 5 minutes at 1100 

g. The supernatant was removed and cells resuspended in 100 μL of FACS buffer. For PECAM-

1 (CD31) expression, 0.06 µg per test of PE-Cyanine7-conjugated anti-human CD31 (clone 

MW59, Invitrogen) or its matching conjugated IgG control (IgG2254 Isotype control; 

Invitrogen) was added for 45 minutes on ice. For VE-cadherin 0.25 μg per reaction anti-VE-

cadherin antibody (clone 55-7H1, BD Bioscience), anti-human VE-cadherin antibody (clone 

123413, R&D Systems) or IgG Isotype-matched control (clone 11711, R&D Systems) were 

incubated for 45 minutes on ice then centrifuged for 2 minutes at 2300 g. The supernatant 



CHAPTER 2 

67 
 

was removed and Alexa Fluor® 488 goat anti-mouse (Abcam) diluted in 100 μL of FACS buffer 

(1 μg/ml) was added for 30 minutes on ice. 500 μL of FACS was added and cell suspension 

centrifuged for a further 2 minutes. The supernatant was removed and cells resuspended in 

300 μL of FACS buffer.  

Single-colour sample analysis was carried out using a LSRII flow cytometer (BD Biosciences) 

for PE-CAM1 and FACS Calibur flow cytometer (BD Biosciences) for VE-cadherin analysis. 3 μL 

per sample of cell viability dye TO-PRO-3® (1 mg/mL, Invitrogen) was added to each sample 

before analysis to exclude dead cells. Cell populations were gated using forward scatter (FSC) 

and side scatter (SSC) voltages for size and granularity respectively. TO-PRO-3 positive cells 

were selected by setting gates using unstained cells treated under the same conditions and 

excluded from the analysed population. 5 x 103 viable cells were collected for HDMEC analysis, 

while 1 x 104 viable cells were collected for HMEC-1 analysis. Threshold for positively 

fluorescent cells was set using isotype-matched controls and data was analysed using FlowJo 

software (TreeStar). The normalised median fluorescence index (nMFI) was calculated as 

previously described (Chan et al. 2013) by dividing the median fluorescence intensity of the 

positive samples by that of the negative stained samples (IgG isotype control). 

 

2.8.1.2 Immunofluorescence 

HDMEC cells were prepared as previously described in section 2.6.1.3 and P. gingivalis were 

prepared as previously described in section 2.3.1. OD600 1.0 P. gingivalis was stained with 5 

μM Red CMTPX Cell Tracker® (Invitrogen) and diluted to an MOI 1000 in non-supplemented 

cell culture medium. Cells were infected for 1 hour at 370C in 5 % CO2 and non-infected cells 

were used as a control, fixed for 10 minutes using 3.7%  v/v formalin in PBS and blocked in 

blocking buffer (2% w/v BSA and 5% v/v goat serum PBS) for 30 minutes. Cells were incubated 

with 5 μg/mL of either anti-E-selectin primary antibody (R&D), anti-VE-cadherin antibody (BD 

Biosciences), anti-VE-cadherin antibody (R&D Systems) or IgG Isotype control antibody 

(eBioscience) at 4oC overnight, washed with PBS and incubated with 1 μg/mL Alexa Fluor 488-

conjurgated goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody (Abcam) for 1 

hour. Cells were rinsed again, mounted in ProLong™ Diamond anti-fade containing 4’,6-

Diaminidine-2’-phylindole dihydrocholoride (DAPI) (ThermoFisher Scientific) and imaged 

using a Zeiss Axiovert 200 M inverted fluorescence microscope with an integrated high-
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resolution digital camera (AxioCam MRm; Zeiss) with AxioVision 4.6 software (Imaging 

Associates Limited) as previously described in section 2.6.1.3. 

 

2.8.1.3 RNA isolation, Reverse Transcription and Quantitative Polymerase Chain 

Reaction 

HMEC-1 and HDMEC cells were seeded at 4 x 105 cells per well in a 6-well plate until confluent. 

Cell counting of a sacrificial well was carried out and wells were stimulated with 25 ng/mL 

TNFα for 5 hours, P. gingivalis W83 or ΔK/R-ab mutant were added at an MOI 100 for 4 hours 

(a non-stimulated well was used as a control) and cells incubated at 37°C at 5 % CO2.  

Total RNA extraction was carried out using Isolate II RNA Mini Kit (Bioline) according to the 

manufacturers instructions and RNA quantified using a Nanodrop spectrophotometer 

(Thermofisher Scientific). RNA was then adjusted to 500 ng of RNA per sample in 10 μL of 

RNAse-free water. High-Capacity cDNA reverse transcription kit (ThermoFisher Scientific) was 

used to produce cDNA. A reaction without the reverse transcription mix was used as a control. 

Quantitative polymerase chain reaction (qPCR) was then used to assess gene expression. 5 μl 

of TaqMan® qPCR BioProbe Blue Mix Master Mix (PCR Biosystems), 3.5 μL of RNAse-free 

water, 0.5 μl of housekeeping gene human β-2-microglobulin as an endogenous control 

(VIC/MGB probe, Applied Biosystems), 0.5 μL of target primer and 0.5 μL of cDNA. Target 

primers used are listed in Table 2.2. 

 

Table 2.2: Real-time quantitative polymerase chain reaction target primers 

Target primer Assay ID Company 

β-2-microglobulin/B2M Hs99999907_m1 ThermoFisher Scientific 

CXCL8/IL8 Hs00174103_m1 ThermoFisher Scientific 

CCL2/MCP1 Hs00234140_m1 ThermoFisher Scientific 

ICAM-1/CD54 Hs00164932_m1 ThermoFisher Scientific 

Interleukin 1 alpha/IL-1α Hs00174092_m1 ThermoFisher Scientific 

Interleukin 1 receptor, type I/IL1R1 Hs00991010_m1 ThermoFisher Scientific 

VECADHERIN/CD144 Hs00901465_m1 ThermoFisher Scientific 
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PECAM-1/CD31  Hs01065279_m1 ThermoFisher Scientific 

 

All samples were run in triplicate for each sample, including control samples without cDNA. 

All experiments were performed using at least three independent biological repeats and 

assays performed using a Rotor-Gene qPCR machine (Qiagen). The threshold cycle (Ct) for 

each test gene was normalized against their respective reference controls. Fold change in 

expression relative to that of unstimulated cells was calculated with ΔCt values of the sample 

and reference gene using the formula 2-ΔΔCt  (Livak and Schmittgen 2001).  

 

2.8.2 In vivo zebrafish infection assays 

VE-cadherin/Cdh5 transgenic and PECAM-1 transgenic zebrafish were outcrossed with Nacre 

wild-type zebrafish by pair mating. Dechorionated embryos were sorted for fluorescence 

using an Axio Zoom.V16 (Zeiss) stereo zoom microscope fitted with an HXP200C Illuminator 

and Axiocam503 mono camera (Zeiss). Zebrafish embryos 30 hours post fertilisation (hpf) 

were tricaine anaesthetised, positioned in a solution of 3% (w/v) methylcellulose (Sigma 

Aldrich) in E3 medium on glass slides and 2 nL of P. gingivalis suspension injected systemically 

via direct inoculation into the Duct of Cuvier (the common cardinal vein); PBS was used as 

control. Injection was carried out individually using a micro-capillary needle with a known 

concentration of P. gingivalis.  

 

2.8.2.1 Confocal imaging and analysis 

Transgenic zebrafish embryos were infected systemically with 5 x 104 CFU of 5 μM Red CMPTX 

(Cell TrackerTM, Invitrogen) stained W83 or ΔK/R-ab P. gingivalis as described in section 2.8.2. 

Anesthetized embryos were transferred into an Eppendorf tube with 1 % low-melting point 

agarose E3 medium. Embryos in a small volume of agarose containing E3 medium were 

transferred using a Pasteur pipette into a 5 cm diameter mini glass bottom petri dish and 

positioned laterally and to the bottom of the petri dish. More agarose containing E3 medium 

was added after positioning and once the agarose set, the petri dish was topped up with more 

E3 medium without agarose and tricaine. 
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Live imaging of anaesthetised fish (5 zebrafish embryos per treatment group) was carried out 

24 hours post infection (hpi) using a spinning disc confocal microscope (Perkin Elmer Ultraview 

VoX) running on an inverted Olympus IX81 motorised microscope. A 20X objective, and 488 

nm and 561 nm lasers were used to visualise fluorescent PECAM-1 or CDH5/VE-cadherin 

(green) and P. gingivalis bacteria (red) in zebrafish embryos. Micrographs were captured in 

two areas of the tail; adjacent to the cloche (closer to the yolk) and 4 vessels further away 

from the cloche (closer to the tip of the tail) using Velocity® software. GFP-relative 

fluorescence intensity was then quantified using the below script in ImageJ®. 

 

 title=getTitle(); 

 run("Split Channels"); 

 selectWindow("C1-" + title); 

 run("Z Project...", "projection=[Max Intensity]"); 

 rename("green" + title); 

 run("Green"); 

 run("Duplicate...", " "); 

 saveAs("Tiff", dirR +File.separator + ori + ".tif"); 

 selectWindow("C2-" + title); 

 run("Z Project...", "projection=[Max Intensity]"); 

 rename("red" + title); 

 run("Red"); 

 run("Duplicate...", " "); 

 saveAs("Tiff", dirR +File.separator + ori + ".tif"); 

 close("C3-" + title); 

 run("Set Measurements...", "area mean min median area_fraction redirect=None decimal=3"); 

 selectWindow("green" + title); 

 run("Measure"); 

 saveAs("Results", dirR + File.separator + ori + "_Results.csv"); 
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The script was designed for quantification of green channel fluorescence (by pixel value) of a 

maximum intensity z projection of each micrograph. Fluorescence varied considerably 

between the 3 biological repeats, therefore median fluorescence values of embryos infected 

with P. gingivalis were normalised to the PBS control average values per experiment. 

 

2.9  OUTER MEMBERANE VESICLES AND SECRETED PROTEIN ISOLATION 

2.9.1 Sample preparation 

P. gingivalis W83 and ΔK/R-ab were cultured overnight as previously described in section 

2.3.1and adjusted to 9 mL of OD600 1. The suspension was then centrifuged for 5 minutes at 

8000 g at 4oC and whole cell bacterial pellet was collected.  The remaining supernatant was 

sterile filtered through a 0.2 μm and centrifuged at 100,000 x g at 4oC for 1 hour in an 

ultracentrifuge (Beckman). The supernatant was collected, sterile filtered and centrifuged in 

a 10K MW centrifugal concentrator (GE Healthcare) at 2500 g for 40 min at 10oC and 

concentrated supernatant collected. The pellet in the polycarbonate ultracentrifuge tube 

containing the outer membrane vesicles (OMV) was washed with PBS then centrifuged for an 

additional hour at 100,000 x g at 4oC. 

 

2.9.2  Sample characterisation 

2.9.2.1 Outer Membrane Vesicle Quantification 

Nanoparticle tracking analysis of prepared samples was conducted using the ZetaView 

(RRID:SCR_016647; Particle Metrix) and its respective software (RRID:SCR_016647; ZetaView 

8.03.08.03).  Prior to use, the instrument was calibrated using polystyrene beads (100 nm). 

Samples were appropriately diluted and nanoparticle tracking analysis measurements were 

recorded through three cycles of readings at 11 different positions. Concentration and median 

particle sizes were calculated form Zetaview software. 
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2.9.2.2 Bicinchoninic Acid Protein Assay 

Samples were diluted in 1 mL of sterile PBS (Sigma) and a Bicinchoninic acid (BCA) protein 

assay was performed to quantify and compare the total protein in P. gingivalis W83 and ΔK/R-

ab samples in each group (Whole Cell, OMV, Concentrated Supernatant). In brief, BCA was 

prepared as per manufacturer’s instructions, serial dilutions carried out where appropriate 

and absorption (562 nm) was evaluated after 30 minutes at 37 °C using a TECAN Infinite® PRO 

plate reader to measure the colour changes associated with protein-induced Copper ion 

(present in the assay) reduction. A standard curve was established and protein concentration 

of samples calculated. 

 

2.9.2.3 SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electrophoresis) and 

Immunoblotting 

Samples (8 μL whole cell and 36 μl for OMV) diluted in 5 X loading buffer (Natural Diagnostics), 

as well as a protein ladder (Prime Step®, BioLegend) were resolved using NuPAGE ® MES 

sodium dodecyl sulphate (SDS) running buffer and run on 4-12% NuPAGE® gels and apparatus 

(Invitrogen™) at 200 V for 35 minutes. Gels were then stained using a Coomasie stain (Instant 

Blue, Expedeon abcam) and imaged using an InGenius® (Syngene) gel documentation system. 

Western blots were performed by transferring onto nitrocellulose membrane (NC) (GE 

Healthcare) using a wet transfer method with NuPAGE reagents. Transfer was achieved by 

running at 30 V for 60 minutes, or until the protein had fully transferred to the NC sheet 

(detected by the transfer of the coloured Prime-Step™ protein ladder). 50 mL blocking buffer 

(5 % w/v milk protein in Tris-buffered saline (TBS)) was added to the NC sheet and incubated 

with agitation at 4 °C overnight. Following blocking, the NC sheet was washed three times with 

blocking buffer supplemented 0.1% Tween-20 and incubated for 1 hour with primary 

antibody, mouse monoclonal antibody 1B5 (MAb 1B5) (Curtis et al. 1999) or rabbit Rb7 

antiserum (Aduse-Opoku et al. 2006) raised to the catalytic domain of RgpA/B (gifts from 

Professor M.A. Curtis, King’s College London, London, UK). Following 3 washes in blocking 

buffer NC were incubated with a secondary antibody (horse anti-mouse horseradish 

peroxidase (HRP)-conjugated IgG secondary antibody (GeneTex®) for MAb 1B5 or anti-rabbit 

HRP-conjugated IgG secondary antibody (Thermo Scientific) for 1 hour. The NC sheet was 

washed for a further 3 times and exposed to the developing solution, Pierce® ECL Western 
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Blotting Substrate (Thermo Scientific) for 1 minute.  Following removal of excess ECL, the NC 

sheet was placed in cling film in an X-ray cassette folder (Kodak). Sheets of CL-Xposure™ X-ray 

films (Thermo Scientific) were placed in the cassette in contact with the NC sheet for varying 

lengths of time, ranging from 1 second to 3 minutes, and the sheets developed using a 

Compact X4 Xray Film Processor (Xograph). 

 

2.9.2.4 Gingipains activity assay 

Arg- and Lys-proteinase activity of gingipains was determined using a fluorescent-based 

substrate gingipains activity assay adapted from Chen et al. 2001 and (Naylor et al. 2017). For 

Arg-proteinase activity, a reaction mixture of 100 μL PBS containing 1 mM L-cysteine, 200 μM 

αN-benzoyl-L-arginine-7-amido-4-methylcourmarin substrate (Sigma) was added to 50 μL of 

each sample. After 10 minutes incubation at room temperature the reaction was terminated 

by the addition of 200 μM N-α-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (Sigma). Lys-

proteinase activity was quantified using 100 μl PBS containing 1 mM L-cysteine, 10 μM D-ab-

Leu-Lys-7-amido-4-methylcourmain substrate (Sigma) and 50 μL of sample. The mixture was 

incubated at 37°C for 10 minutes and the reaction terminated using 500 μM N-α-p-tosyl-L-

lysine chloromethyl ketone (TLCK) (Sigma). In both assays released 7-amido-4-

methylcourmarin was measured using a TECAN Infinite® PRO plate reader with excitation and 

emission wavelengths of 365 nm and 460 nm, respectively. 

 

2.9.2.5 Immunogold labelling and Cryo Electron Microscopy  

W83 and ΔK/R-ab were grown to exponential phase and adjusted to OD600 1. 4 mL of the 

original OD600 1 cell suspension was centrifuged at 6000g for 10 minutes at 10oC, washed with 

sterile twice-diluted PBS and resuspended in the same buffer (50% v/v). For immunogold 

labelling, cell suspension was blocked with 3% w/v bovine serum albumin (BSA; Sigma) in 

twice-diluted PBS at 4°C, then incubated with MAb 1B5 antibody 1/100 diluted in the same 

buffer with 1% w/v BSA. After three washes, the cells were incubated goat anti-mouse 

IgG+IgM H&L gold (12nm) conjugated pre-adsorbed  antibody (Abcam) (1/20 dilution) for 1 

hour. After another wash, cells were resuspended in twice-diluted PBS.  For  cryoEM  5 μL of 

sample was applied to a Quantifoil R3.5/1 holey carbon film mounted on a 300 mesh copper 

grid (Quantifoil Micro Tools GmbH), which was rendered hydrophilic by glow discharge in a 
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reduced atmosphere of air for 30 s. After 30 s adsorption, the grid was frozen in liquid ethane 

using a Leica EM GP automated plunging device (Leica).  Imaging under cryogenic 

temperatures was carried out using a Tecnai Artica (FEI, ThermoFisher) operated at 200 kV 

and equipped with a Falcon 3 Camera (Gatan). Micrographs were recorded under low-dose 

conditions with underfocus values of 4–10 μm. 

 

2.9.3 Systemic infection in zebrafish larvae 

London wild-type (LWT) zebrafish were maintained as described in section 2.4 and at 30 hours 

post-fertilisation (hpf) tricaine-anesthetized, dechorionated zebrafish larvae were injected 

with either PBS, whole cell W83, W83 OMV or ΔK/R-ab OMV via direct systemic inoculation 

into the common cardinal vein as described in (Widziolek et al. 2016). Zebrafish embryo 

viability was assessed every 24 hours up to 72 hours post-infection (hpi) by examining the 

presence of a heartbeat and blood flow within the circulation. Live imaging was performed 

using a stereomicroscope (WILD) equipped with a camera.  

 

2.9.4 In vitro effects 

HMEC-1 were grown in MCDB131 as described in section 2.3.2. Effects were analysed by a 

permeability assay as previously described in section 2.7.1 and for PECAM-1 abundance by 

flow cytometry as described in section 2.8.1.1. 

For flow cytometry, the method was adapted to assess the effects of gingipain inhibition. 

Confluent HMEC-1 cultured in 6-well plates were infected with W83 or ΔK/R-ab for 1.5 h at 

37°C in serum-free medium. For inhibition of gingipain activity, bacterial liquid cultures were 

pre-treated with 2 μM KYT-1 and KYT-36 (NewEnglandPeptide) for 30 minutes in anaerobic 

conditions prior to isolation. Medium alone was used as control. HMEC-1 were then analysed 

for PECAM-1 cell surface abundance as described in section 2.8.1.1.   
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2.10 SINGLE SPECIES AND MULTISPECIES INFECTIONS  

2.10.1  In vitro single species infection 

Porphyromonas gingivalis W83 and ΔK/R-ab, Fusobacterium nucleatum ssp nucleatum ATCC 

25586 and polymorphum ATCC 10953 and Tannerella forsythia ATCC 43037 were maintained 

on FA agar plates as described in section2.3.1. Cultures at 3- or 4-days growth (depending on 

growth of cultures) were then adjusted to OD600 1 in cell culture medium and MOI calculated. 

Bacteria were added to HMEC-1 cells and PECAM-1 abundance measured by flow cytometry 

as described in section 2.8.1.1, while endothelial permeability was assessed using dextran 

permeability assay as described in section 22.7.1.  

 

2.10.2  In vivo F. nucleatum systemic infection 

2.10.2.1 Assessment of zebrafish larvae morbidity and mortality after systemic infection 

LWT larvae (minimum of 9 embryos per group) at 30 hpf were systemically injected as 

previously described (section 2.8.2) using 2nL of F. nucleatum (1 X 102, 6 X 102 and 2 X 103 

CFU/mL). PBS was used as control. Zebrafish viability was assessed by and live imaging at 24, 

48 and 72 hours post infection (hpi) as described in section 2.9.3. 

 

2.10.2.2 Assessment of zebrafish larvae morbidity and mortality after systemic infection 

F. nucleatum subsp. polymorphum was prepared as described in section 2.10.1 and labelled 

in 0.4 μg/mL 5-(and-6)-carboxyfluorescein, succinimidyl ester (5(6)-FAM, SE) (excitation 494 

nm, emission 518 nm) (Invitrogen) in PBS for 15 minutes with shaking at 4°C. 2 X 103 CFU/mL 

FAM-labelled F. nucleatum was injected in the Duct of cauvier (as described in section 2.8.2) 

of 72 hpf kdrl:mCherry transgenic zebrafish and imaged 2 hpi using Lightsheet microscopy 

(Zeiss) to visualize F. nucleatum vascular interactions similarly to published work with P. 

gingivalis (Widziolek et al. 2016). 
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2.10.3  In vitro multispecies infection 

Microbial cultures were prepared as described in section 22.10.1 and mixed at either a 1:1 

ratio when analysed in pairs or at a 1:1:1 ratio when analysed in groups of three prior to use 

in experiments.  

 

2.10.4  In vivo multispecies systemic infection 

P. gingivalis, F. nucleatum subsp. polymorphum and T. forsythia were cultured and prepared 

as described in section 2.10.1. P. gingivalis was labelled with 0.4 μg/mL 5-(and-6)-

carboxyfluorescein, succinimidyl ester (5(6)-FAM, SE) (excitation 494 nm, emission 518 nm) 

(Invitrogen), while F. nucleatum and T. forsythia were labelled with 5 μM Red CMPTX (577 

nm/602 nm) and Deep Red (630 nm/650 nm) (Cell TrackerTM, Invitrogen) respectively. Labelled 

bacteria were rinsed in PBS and mixed at 1:1:1 ratio for a total 2 X 103 CFU/mL systemic 

injection. Zebrafish embryos were imaged using Lightsheet (Zeiss) microscopy at 2 hpi. 

 

2.10.5  Role of multispecies adhesion on PECAM-1 

Multispecies microbial cultures were prepared as described in section 2.3.1 and adjusted to 

MOI 100 in supplemented BHI. Control (non-adhered) group bacteria were prepared 

separately in liquid BHI cultures, while the experimental group cultures were allowed to mix. 

Both groups were then placed in anaerobic chamber for 1 hour, after which liquid cultures 

were centrifuged at 8,000 × g for 3 minutes, rinsed with and then resuspended in cell culture 

medium. HMEC-1 cells were incubated with the bacteria for 1.5 hours then PECAM-1 

abundance measured by flow cytometry as previously described in section 2.8.1.1.  

 

2.11 STATISTICS 

All data presented are from at least 3 independent experiments performed in triplicate 

technical repeats (unless specified). Results are expressed as the mean ± standard deviation 

(SD) except for flow cytometry data where the nMFI (normalised median fluorescence index) 

was used. Normality was determined using Kormogorov-Smirnof analysis. Differences 
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between two groups were assessed using either Students t test (for parametric) or Mann 

Whitney U Test (for non-parametric), whilst differences between group data was assessed 

using one-way ANOVA followed by the appropriate post-hoc multiple comparison test (Tukey 

or Dunn) depending on the nature of the data (parametric or non-parametric).  Survival data 

were evaluated using the Kaplan-Meier method and comparisons between individual curves 

were made using the log rank test.  All tests were carried out using Graphpad Prism v8.4.0 

(GraphPad) and statistical significance was assumed at p < 0.05.



  

CHAPTER 3: Porphyromonas gingivalis gingipains and their 
affects on endothelial cell invasion and adhesion molecule 
abundance 
  

3.1 INTRODUCTION 

The effect of periodontal health on systemic disease is currently a highly debated topic with 

increasing evidence indicating that blood-borne periodontal pathogens can contribute to 

conditions such as cardiovascular disease (CVD) (Tonetti et al. 2013, Fiehn et al. 2005), 

rheumatoid arthritis (Mikuls et al. 2014), diabetes (Saremi et al. 2005) and Alzheimer’s disease 

(Olsen, Taubman and Singhrao 2016). The association between periodontitis and 

cardiovascular disease has been studied for the last three decades and is now generally 

accepted in the field (Friedewald et al. 2009). 

Periodontitis is a chronic multifactorial inflammatory disease caused by a multispecies 

bacterial infection that is characterized by destruction of tooth supporting structures leading 

to tooth loss (Darveau 2010). P. gingivalis, an oral anaerobic microbe, is considered the 

keystone pathogen or pathobiont that promotes development of severe periodontitis by 

favouring oral microbial dysbiosis and dysregulation of the host immune response 

(Hajishengallis et al. 2012). P. gingivalis resides in dental plaque and produces several 

virulence factors that enable this microbe to colonize the host, evade the immune system and 

contribute to disease progression and tissue destruction (How, Song and Chan 2016a, 

Hajishengallis et al. 2012). The predominant virulence factors appear to be gingipains, cysteine 

proteases with significant proteolytic activity (Potempa et al. 2003).  

The presence of oral bacteria has been detected in peripheral blood following dental 

procedures such as tooth extractions and even regular oral hygiene procedures such as tooth 

brushing, giving rise to a transient bacteraemia in healthy individuals (Bahrani-Mougeot et al. 

2008). However, the likelihood of bacterial entry to the circulation is greatly increased in 

patients with chronic gingivitis or periodontitis where bacterial-mediated loss of gingival 

epithelial integrity facilitates bleeding, allowing bacteria in the periodontal pocket facile 

movement into the bloodstream (Schenkein and Loos 2013, Loos 2005, Castillo et al. 2011). 

Indeed, oral microbiome profiling performed on patients with atherosclerotic CVD revealed 
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that P. gingivalis was the most abundant species found in these lesions (Mougeot et al. 2017a). 

Furthermore, P. gingivalis DNA was detected in cardiac valves of patients with CVD and deep 

periodontal pockets (Oliveira et al. 2015).  

P. gingivalis is able to bind to and invade a wide range of endothelial cells cultured in vitro 

including human coronary artery cells and aortic cells (Dorn, Dunn and Progulske-Fox 1999, 

Deshpande, Khan and Genco 1998b). This microbial-host interaction mediates increased gene 

expression of several chemokines (e.g. CXCL8, CCL2), adhesion molecules (CD54, CD62E, 

PECAM-1) and inflammatory factors by endothelial cells via various mechanisms (Nassar et al. 

2002, Takahashi et al. 2006, Walter et al. 2004). Paradoxically, in an attempt by the pathogen 

to subvert the host immune response, the proteins of these pro-inflammatory genes are 

degraded by Pg-derived gingipains (Nassar et al. 2002, Yun et al. 2005, Sheets et al. 2005). 

Adhesion molecules are localised at the cellular junctions of adjacent endothelial cells and are 

involved in selectively regulating vascular permeability (Dejana, Orsenigo and Lampugnani 

2008). Dysregulated adhesion molecule expression may initiate vascular pathology due to 

abnormally elevated vascular permeability leading to oedema, chronic inflammatory and 

vascular damage (Aghajanian et al. 2008). It was recently shown that P. gingivalis can cause 

vascular damage in an in vivo zebrafish larvae model of systemic infection in a gingipain-

dependent manner (Widziolek et al. 2016), suggesting that these bacterial proteases may be 

important drivers of CVD in vivo.  

In this chapter it was hypothesized that gingipain-dependent cleavage of endothelial cell 

junction adhesion molecules is important in mediating vascular damage.  

 

3.2 AIMS AND OBJECTIVES 

Aim:  

The aims of this chapter were to use in vitro cultured human endothelial cell monolayers, as 

well as in vivo zebrafish embryo experiments to determine the molecular mechanism by which 

P. gingivalis causes vascular damage.  
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Objectives: 

• To develop models to study the effects of P. gingivalis invasion in endothelial cells. 

• To measure invasion capacity of human endothelial cells using an antibiotic protection 

assays. 

• To visualise oral microorganism invasion in endothelial cells using confocal microscopy. 

• To study the effects of P. gingivalis on endothelial cell surface and adhesion molecules 

expression using qPCR, immunostaining and flow cytometry. 

• To image and quantify the effects of P. gingivalis systemic infection on zebrafish 

embryo models using confocal microscopy. 

• Assess the role of P. gingivalis gingipains in endothelial cell damage. 

 

3.3 MATERIALS AND METHODS 

Methods used in this chapter and their relevant chapter 2 section are listed below: 

• 22.2.1 Primary human dermal microvascular endothelial cells (HDMEC) 

• 2.3.2 Immortalised human microvascular endothelial cell line (HMEC-1)Fig 

• 2.3.1 Culture of microbial strains 

• 2.3.3 Colony viability count 

• 2.3.4 Metronidazole sensitivity assay 

• 2.5.1 Antibiotic protection invasion assay 

• 2.5.2 Intracellular and extracellular P. gingivalis visualisation 

• 2.6.1 E-selectin abundance 

• 2.6.1.1 In-cell enzyme-linked immunosorbent assay (ELISA) 

• 2.6.1.2 Flow cytometry 

• 2.6.1.3 Immunostaining 

• 2.7.1 Dextran permeability assay 

• 2.8 ADHESION MOLECULE ABUNDANCE FOLLOWING INFECTION 
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3.4 RESULTS 

3.4.1 P. gingivalis strain growth curves in BHI and Schaedler 

Knowledge of the specific growth patterns of individual bacterial strains is essential so that 

the time and OD600 values of different phases of microbial growth can be estimated. This 

allows for greater experimental reproducibility since testing can be carried out using strains 

at the same growth stage, as well as allowing comparisons to be made with other published 

work. All strains of P. gingivalis examined grew to higher OD600 values when cultured in BHI 

broth compared to Schaedler (Sch). In both media, after an initial lag phase, P. gingivalis 

(reference strain W83; clinical strain A245Br and mutant strain ΔK/R-ab) start growing 

exponentially (log phase) after approximately 6 hours of anaerobic culture (Figure 3.1A-C). 

Stationary phase of growth is reached at approximately 15 hours in BHI and 18 hours in Sch, 

with all strains reaching a minimum OD600 of 1.26 for BHI and for Sch (Figure 3.1A-C). The 

ΔK/R-ab triple gingipain mutant grew less well than its wild-type W83 counterpart, reaching 

an average OD600 of 1.95 for BHI and 0.82 for Sch media at 24 hours. BHI was chosen over Sch 

for use in future experiments as it  provided nutrients to generate marked and reproducible 

bacterial growth with a consistent exponential phase growth. 
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Figure 3.1: Growth curves of P. gingivalis strains. The graphs show growth of wild-type strain (A) W83, clinical 
strain (B) A245Br and mutant strain (C) ΔK/R-ab in BHI and Sch over 24 hours from an initial OD600 0.1 showing 
mean ± SD. Growth in BHI is shown in red whilst growth in Sch is shown in blue. n = 3. 
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3.4.2 Determination of P. gingivalis CFU at OD600 1 

Optical density at 600 nm (OD600) can be used to calculate the number of bacteria used during 

experiments. On average 1.01 X 109 CFU of P. gingivalis were present in 1 mL of OD600 1 broth 

(mean ± SD values) are summarised in Table 3.1. BHI provided nutrients that generated 

marked and reproducible bacterial growth with a consistent exponential growth, with mid-log 

being around 13 hours. No significant differences were observed between CFU/mL values of 

W83, A245Br and ΔK/R-ab strains when grown in BHI (p = 0.57) (Figure 3.2). Wild-type strains 

W83 was since this is the parent strain of the ΔK/R-ab null gingipain mutant and therefore can 

be used to analyse the pathogenic effects of gingipains (Widziolek et al. 2016, Rapala-Kozik et 

al. 2011). 

Table 3.1: P. gingivalis strains (W83, A245Br and ΔK/R-ab) mean CFU/mL in OD600 1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.3 P. gingivalis sensitivity to metronidazole 

Knowledge of the sensitivity of P. gingivalis strains to metronidazole is important for use in 

the antibiotic protection invasion assays, since the assay relies on the ability of metronidazole 

Strain W83 A245Br ΔK/R-ab 

Mean 

CFU/mL (SD) 

9.63 X 108 

(±4.7 X 108) 

1.07 X 109 

(±5 X108) 

1.24 X 109 

(±4.98 X 108) 

Figure 3.2: CFU/mL in OD600 1 in bacterial culture medium. Whisker plot of CFU/mL in OD600 1 bacterial medium 
showing mean ± SD for P. gingivalis W83, A245Br and ΔK/R-ab strains in BHI. n = at least 5 individual 
experiments. Ordinary One-way Anova revealed no significant differences between CFU/mL of the different P. 
gingivalis strains (p = 0.5685). 
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to kill extracellular bacteria leaving invaded, intracellular bacteria viable (metronidazole can 

not pass through the host cell plasma membrane). Following E-Test strips analysis the 

sensitivity of all P. gingivalis strains plated at OD600 0.1 on FA plates was 0.015 μg/mL (Figure 

3.3). When a bacterial suspension of OD600 1.0 was used the sensitivity decreased to 0.06 

μg/mL for all 3 strains tested (data not shown).  

 

 

Figure 3.3: Metronidazole sensitivity of P. gingivalis strains. Images of FA plates with OD0.1600 P. gingivalis (A) 
W83, (B) A245Br and (C) ΔK/R-ab strains and E-Test metronidazole sensitivity strips. Zones of bacterial growth 
inhibition show metronidazole sensitivity in all strains tested. White dotted line highlighting border of bacterial 
growth. 

 

3.4.4 P. gingivalis invasion of endothelial cells is influenced by gingipains 

P. gingivalis invasion of human primary and immortalised microvascular endothelial cells was 

confirmed using an antibiotic protection assay at MOI 100 for 90 minutes. MOI levels for 

ATCC33277 and W50 was calculated using previously calculated CFU/mL OD600 1 (data not 

shown). All wild-type laboratory strains examined (ATCC33277, W83, W50) invaded HDMEC 

at similar levels but at significantly greater levels than the clinical isolate (A245Br) (p ≤ 0.05, 

Figure 3.4A). Wild-type W83 was able to invade both primary (HDMEC) (0.072% ± 0.032; Figure 

3.4B) and immortalised (HMEC-1) (0.48% ± 0.2 Figure 3.4C), vascular endothelial cells and at 

significantly greater levels than the isogenic gingipain-deficient ΔK/R-ab mutant (0.002% ± 
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0.002  and 0.003% ± 0.003  for HDMEC and HMEC-1 respectively; p<0.001), which displayed 

an overall 85% reduction in endothelial cell invasion (Figure 3.4B&C).  

 

 

Figure 3.4:  P. gingivalis invasion of endothelial cells. (A) HDMEC were infected with wild-type P. gingivalis 
(ATCC332277, W83, W50 or A245Br) at a MOI 1:100 for 90 minutes and cell invasion determined by antibiotic 
protection assay. (B) HDMEC and (C) HMEC-1 were infected with wild-type P. gingivalis W83 or the ∆K/R-ab 
mutant at a MOI 1:100 for 90 minutes and cell invasion determined by antibiotic protection assay. Graphs show 
mean ± SD (n = at least 3 individual experiments). Data were analysed using One-way ANOVA with (A) Tukey’s 
post-hoc comparison test or (B and C) Students t-test *p<0.05, **p<0.01, ***p<0.001.  

 

Invasion of P. gingivalis W83 in HMEC-1 was further confirmed using multi-chromatic confocal 

microscopy by adapting a method previously used to visualise P. gingivalis invasion in 

epithelial cells (Wayakanon et al. 2013). Bacteria were labelled green with (5(6)-FAM, SE), 

biotinylated and used in an invasion assay. Following infection of HMEC-1 cells, excess bacteria 

were removed and bacteria adherent to the cell plasma membrane were labelled using 

fluorescently conjugated streptavidin. Wheat germ agglutinin (WGA) was used to stain the 

endothelial cell membrane and Hoechst was used to counterstain nuclei. Figure 3.5 shows 

intracellular dwelling P. gingivalis (orange; green and red co-fluorescence) and extracellular 
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(cyan) bacteria bound to the cell plasma membrane (red) (Figure 3.5). Imaging revealed that 

intracellular dwelling P. gingivalis were predominantly localised to the perinuclear regions, 

where they were co-localised with Wheat Germ Agglutinin (WGA)-positive membranes, 

suggesting residence within membrane-bound intracellular vesicles following internalization 

(Figure 3.5). 
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Figure 3.5: Laser scanning confocal microscopy images of HMEC-1 with intracellular and extracellular P. 
gingivalis. (A-D) Single channel views show (A) cell nucleus staining (Hoechst, blue), (B) plasma membrane (WGA, 
red), (C) intracellular P. gingivalis (green) and (D) extracellular P. gingivalis (cyan). (E) Composite image shows 
intracellular dwelling P. gingivalis (white arrow) as orange (due to green and red co-localisation) and extracellular 
(cyan) bacteria bound to the cell surface. All images show X-axis, Y-axis and Z-axis planes. Scale bars = 5 µm.   
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3.4.5 P. gingivalis invasion is independent of E-selectin 

E-selectin has been previously shown to play a role in human umbilical vein endothelial cell 

invasion by P. gingivalis ATCC 33277 (Komatsu et al. 2012). Differences in E-selectin cell 

surface abundance was studied by analysing primary (HDMEC) and immortalised (HMEC-1) 

endothelial cells using a cell-based ELISA, immunostaining and flow cytometry. While the 

invasion potential of P. gingivalis in the different endothelial cell types was analysed using an 

antibiotic protection invasion assay. 

In-cell ELISA data shows that HMEC-1 cells do not express cell surface E-selectin, either 

unstimulated or when stimulated with 25 ng/mL TNFα for up to 24 hours (Figure 3.6A). 

Similarly, unstimulated HDMEC did not express E-selectin at any time point examined (Figure 

3.6B). In contrast, expression of cell surface E-selectin increased on HDMEC after 4 hours 

stimulation with TNFα and continued to increased to reach maxima expression at 8 hours at 

which point E-selectin expression was significantly higher than the IgG negative control (p = 

0.0247). Thereafter, E-selectin expression decreased to levels similar to the IgG control after 

24 hours of TNFα treatment (Figure 3.6B). 
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Figure 3.6: E-selectin Expression in HMEC-1 and HDMEC at different times of TNFα stimulation. Interleaved bar 
plot showing E-selectin expression in (A) HMEC-1 and (B) HDMEC. Grey plots represent data from unstimulated 
cells while black plots are from TNFα stimulated cells, with increased absorbance representing an increased 
expression of the tested antibody. HMEC-1 cells did not express E-selectin, even when stimulated with TNFα. 
HDMEC started expressing TNFα after 4 hours. At 8 hours of TNFα stimulation expression is statistically 
significantly different to the IgG control following a Dunn’s multiple comparison test (*p = 0.0247). E-selectin 
expression was shown to decrease again after 24 hours of TNFα stimulation to levels similar to the IgG control 
(p> 0.05). Data are mean ± SD (n=3). 
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Differences in E-selectin expression of TNFα-stimulated HMEC-1 and HDMEC were confirmed 

by flow cytometry analysis of viable cells (Figure 3.7A-B). HMEC-1 displayed low median 

fluorescence values for the IgG control (4.45), unstimulated cells (3.68) and TNFα stimulated 

cells (6.11).  While for HDMEC, TNFα stimulation resulted in a higher median fluorescence 

value for E-selectin (918.00) compared to the IgG control (3.58) and to unstimulated cells 

(4.58) showing that HDMEC express E-selectin only when stimulated with TNFα (Figure 3.7A-

B). These data were further confirmed by immunostaining followed by florescence microscopy 

of HDMEC and HMEC-1 after 8 h stimulation with TNFα. Here only HDMEC cells displayed cell 

surface staining for E-selectin (Figure 3.7C-F). Combined these data clearly show that, unlike 

HDMEC, HMEC-1 do not express cell surface E-selectin.   

Once differences in E-selectin abundance were identified antibiotic protection assays were 

performed to assess whether this would translate to differences in P. gingivalis invasion. 

HDMEC and HMEC-1 were stimulated for 5 hours with TNFα to increase E-selectin expression 

and subjected to an antibiotic protection invasion assay for 90 minutes. Unstimulated cells 

were used as a control. There was no significant difference in the per cent invasion of P. 

gingivalis between stimulated and unstimulated HMEC-1 (non-E-selectin expressing) (Figure 

3.8A) or HDMEC (E-selectin expressing) (Figure 3.8B) (p > 0.05), suggesting that E-selectin is 

not involved in the invasion process.  
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Figure 3.7: E-selectin Expression in HMEC-1 and HDMEC. Figures A and B depict histograms of E-selectin 
expression through fluorescence expressed in the FL2-H channel following flow cytometry. (A) HMEC-1 does 
not express E-selectin and expression is similar to the IgG control in both stimulated and unstimulated cells. 
(B) HDMEC stimulated for 5 hours with TNFα express E-Selectin, in contrast to unstimulated cells, which 
shown E-Selectin expression similar to that of the IgG control. a Representative immunostaining Images C-
F show nuclei in blue and E-selectin expression in green.  No E-selectin expression was observed in TNFα-
stimulated (C) HMEC-1 and IgG controls  of HMEC-1 and HDMEC respectively (E,F). (D) Simulated HDMEC 
showed E-selectin expression. Scale bar = 100 μm. 
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Figure 3.8: Invasion of P. gingivalis in HMEC-1 and HDMEC. Whisker plots showing % invasion by P. gingivalis in 
(A) HMEC-1 and (B) HDMEC. P. gingivalis W83 shows no significant differences in invasion in stimulated cells 
(black) compared to unstimulated cells (grey) in both the (A) immortalised non-E-selectin expressing HMEC-1 
(n=5) and (B) primary E-selectin expressing HDMEC (n=3) suggesting that E-selectin expression is not necessary 
for P. gingivalis W83 endothelial invasion. Data are mean ± SD. A Mann Whitney U test showed no differences 
between stimulated and unstimulated HMEC-1 and HDMEC (p > 0.05). n = experiments on different days using 
new different cell flask and new primary bacterial culture 

 

3.4.6 Increase in endothelial cell permeability post P. gingivalis in vitro 

infection is gingipain dependent 

A previous study on human umbilical vein endothelial cells (HUVECs) showed increased 

endothelial permeability after P. gingivalis infection (Yun et al. 2005). It was therefore 

assessed whether P. gingivalis W83 infection on HMEC-1 would also result in increased 

endothelial permeability and through the use of the gingipain-null mutant ΔK/R-ab the role of 

gingipains in this mechanism was assessed. A dextran permeability assay revealed significantly 

increased permeability of HMEC-1 cells after 90 minutes infection with P. gingivalis W83 (p = 

0.0049), but not after ΔK/R-ab infection (p = 0.469) when compared to the untreated control. 

Dextran % release in W83 infected group was 1.65 fold (6.96% ± 4.16) that of the ΔK/R-ab 

infected group (4.34% ± 2.23), suggesting gingipains’ role in endothelial permeability. 
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Figure 3.9: Increased endothelial permeability following P. gingivalis  W83 infection at MOI100. Movement of 
fluorescently labelled 70 kDa dextran from the upper well to the lower well in a Transwell assay increased in a 
time-dependent manner when HMEC-1 endothelial monolayers were treated with P. gingivalis W83 (red) for 1.5 
hours and dextran permeability across the endothelium measured for up to after 5 hours. Uninfected controls 
(grey) and P. gingivalis ΔK/R-ab-treated (black) did not result in significant changes in permeability (p > 0.05). 
Permeability data are presented as mean ± SD of 3 independent experiments.  Statistical differences were 

analysed by one‐way ANOVA with Tukey’s multiple comparison test. **p < 0.01, ns = not statistically significant. 

 

3.4.7 P. gingivalis infection decreases endothelial cell surface adhesion 

molecule abundance in vitro 

Data highlighting the increased permeability in endothelial cells following P. gingivalis led to 

an interest in studying the effects of P. gingivalis on endothelial cell adhesion molecules 

PECAM-1 (CD31) and VE-cadherin (CD144). 

The endothelial cell surface adhesion proteins PECAM-1 and VE-cadherin are crucial for 

maintaining cell-cell junction integrity and preserving a restrictive endothelial permeability 

barrier (Dejana et al. 2008, Privratsky and Newman 2014). Gingipains have been shown to 

mediate the proteolytic degradation of several human proteins (Yun, Decarlo and Hunter 

2006, Nassar et al. 2002), therefore the effects of gingipain proteases on cell surface PECAM-

1 and VE-cadherin abundance was examined. 

PECAM-1 expression following P. gingivalis infection was assessed by flow cytometry. Figure 

3.10 shows the flow cytometry strategy, selecting cells firstly by shape and size followed by 

viable cell selection using the Live/Dead stain, TO-PRO-3. Viable cells do not take up the TO-
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PRO-3 stain and so are non-fluorescent, while dead cells take up the stain and are highly 

fluorescent, allowing non-viable cells to be excluded from the analysis.  

 

 

Figure 3.10: Gating strategy for cell selection following P. gingivalis infection. Representative scatter dot plots 
show cell selection in a side scatter area (SSC-A) and forward scatter plot, which allowed for cell selection 
according to shape and size. Live cells were then selected through a SSC-A and Red 66/20-A fluorescence (TO-
PRO-3). Non-fluorescent cells were gated as live cells, while dead fluorescent cells were excluded from the 
analysis. 

 

Viability staining was also used to determine the percentage (%) live cells in the flow cytometry 

assay in all of the tested conditions (IgG, untreated control and following W83 infections at 

different MOI and ΔK/R-ab at MOI 1000 P. gingivalis infections). The data shows that there 

was no significant differences in % live cells in the different parameters tested (Figure 3.11). 
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Figure 3.11: Per cent (%) live cells following flow cytometry infection assay. Whisker plots with mean and SD 
showing % live cells assessed by flow cytometry following P. gingivalis (W83 or ΔK/R-ab) infection of (A) HMEC-
1 and (C) HDMEC. A Kurskal Wallis test showed no statistically significant differences in cell survival following 
different P. gingivalis treatments, with a p = 0.7238 for (A) HMEC-1 and p = 0.4226 for (B) HDMEC.  n = 4 for (A) 
HMEC-1 and n = 3 for (B) HDMEC. 

 

Flow cytometric analysis revealed that cell surface abundance of PECAM-1 on both HMEC-1 

and HDMEC was almost completely abolished upon W83 infection compared to uninfected 

controls (p < 0.05; Figure 3.12A&C). nMFI decreased from 8.124 ± 3.689 to 0.469 ± 0.246 in 

HMEC-1 and from nMFI 114.6 ± 72.62 to 0.613 ± 0.098 in HDMEC. This was further confirmed 

by immunofluorescence microscopy (Figure 3.12E&F). In contrast, endothelial cells infected 

with the gingipain-null mutant, ΔK/R-ab, showed no loss of PECAM-1, displaying levels similar 

to uninfected controls (Figure 3.12A&C) in both HMEC-1 (nMFI 9.537 ± 3.012) and HDMEC 

(nMFI 122.2 ± 66.81). Similarly, cell surface abundance of VE-cadherin on both HMEC-1 and 

HDMEC was reduced by 6-fold upon infection with W83 (p≤0.05; Figure 3.12B&D), while cells 

infected with ΔK/R-ab displayed VE-cadherin at levels similar to those of uninfected controls 

(Figure 3.12B&D). Confocal microscopy showed loss of VE-cadherin predominantly at the cell-

cell junctions; sites where this protein preferentially accumulates (Figure 3.12F).  
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Figure 3.12: Degradation of endothelial cell surface expressed junctional adhesion molecules in vitro. 
Representative flow cytometry histograms of cell surface expression of PECAM-1 (A) and VE-cadherin (B) on 
HMEC-1 and HDMEC following infection with P. gingivalis W83 (green) or ΔK/R-ab mutant (blue); IgG control 
(red) and uninfected control (orange). Normalized median fluorescence intensity (nMFI) histograms of PECAM-1 
(C) and VE-cadherin (D) on HMEC-1 and HDMEC following infection with P. gingivalis W83, ΔK/R-ab or uninfected 
control (enclosed circles represent data from each individual experiment, n=4). Statistical differences were 
analysed by one-Way ANOVA with Tukey’s multiple comparison test *p<0.05, **p<0.01, ***p<0.001. Micrograph 
images show immunofluorescent detection of cell surface expression of PECAM-1 (red, E) and VE-cadherin 
(green, F) in control or Pg-treated HDMEC. Nuclei were counterstained blue with DAPI. Scale bars in E & F= 100 
μm.   

 

Interestingly, the levels of Pg-induced reduction in VE-cadherin abundance results varied 

depending on the anti-VE-cadherin antibody clones used. While cell surface abundance of VE-

cadherin was significantly reduced from nMFI 36.86 ± 9.781 to 5.257 ± 5.217 in HMEC-1 and 

from nMFI 41.48 ± 19.37 to 2.273 ± 1.668 in HDMEC when clone 123413 (R&D Systems) was 

used (Figure 3.12), the decrease in fluorescence was markedly less from nMFI 27.57 ± 11.526 

to nMFI 7.31 ± 8.57 when anti-VE-cadherin clone 11711 (BD Biosciences) was used (Figure 

3.13B). Moreover, no notable differences in VE-cadherin cell surface abundance were noted 

when W83 was used to infect these cells followed by immunodetection with the clone 11711 
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antibody (Figure 3.13C-F). Information regarding the antibody binding site revealed that clone 

11711 is more optimal for intracellular applications binding to the short intracellular domain, 

while clone 123413 binds to the extracellular loop of VE-cadherin indicating that differences 

in fluorescence immunostaining were due to different antibody epitope binding sites, further 

suggesting that P. gingivalis effects are more pronounced on the extracellular portions of 

protein. 
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Figure 3.13: VE-cadherin (BD) clone 11711. abundance following P. gingivalis W83 infection. (A) Live cell gating 
for flow cytometry using Top-ro-3; live cells were selected during flow cytometry analysis. (B) Histograms 
showing VE-cadherin (BD) clone 11711 expression in HMEC-1 and HDMEC when subjected to an IgG isotype 
control (red), P. gingivalis infection (green) and no infection (orange). In both cell types, VE-cadherin clone 11711 
expression does not seem to drastically decrease following bacterial infection. This is mirrored in the 
immunostaining micrographs shown in Figures C-F. (C-F) Micrographs shown illustrate VE-cadherin clone 11711 
expression (green) in primary endothelial cells (HDMEC) with nuclei stained in blue and bacteria in red (D and F). 
In both magnifications differences in VE-cadherin expression are not evident. White bars represent 100 μm in 
Figures C and D and 10 μm in Figures E and F. 
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Further investigation revealed that loss of PECAM-1 was MOI-dependent, with significantly 

decreased nMFI at MOI 500 (p < 0.05) and 1000 (p < 0.01) after 1 hour infection with 

Porphyromonas gingivalis W83 (Figure 3.14). As highlighted in Figure 3.11, this was not due to 

differences in endothelial cell death upon infection as cell viability was similar to controls 

following infection with either W83 or ΔK/R-ab.  

 

Figure 3.14: P. gingivalis-mediated decrease in PECAM-1 cell surface abundance is MOI-dependent. PECAM-1 
cell surface abundance on HMEC-1 cells following infection with increasing MOI of P. gingivalis W83, uninfected 
cells were controls (enclosed circles represent data from each individual experiment). Data are displayed as 
normalized median fluorescence intensity (nMFI) mean ± SD. n = 4. Statistical differences were analysed by One-
Way ANOVA with Tukey’s multiple comparison test *p<0.05, **p<0.01 compared to MOI 0, 1, 10.  

 

An alternative explanation for the loss of endothelial cell surface adhesion molecule 

expression is that the bacterial infection might reduce gene expression. Differences in 

endothelial mRNA expression by qRT-PCR following incubation with wild-type W83 and 

mutant ΔK/R-ab P. gingivalis were examined to test for this possibility. Incubation with either 

of the P. gingivalis strains did not significantly alter gene expression of VE-cadherin, PECAM-1 

or other tested inflammatory cytokines (IL-1 α, IL-1 R1, CXCL8, CCL2, ICAM-1) in HMEC-1 and 

HDMEC cultures when compared to treatment with the potent pro-inflammatory cytokine, 

TNFα (Figure 3. 15A&B). 
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Figure 3. 15: Infection of endothelial cells with P. gingvalis W83 or ΔK/R-ab does not alter mRNA expression 
of pro-inflammatory genes. HMEC-1 (A) and HDMEC (B) were infected with either W83 or ΔK/R-ab (MOI 100) 
for 4 hours, un-stimulated or TNFα-stimulated (25 ng/mL) cells were used as controls. Bars represent means ± 
SD of relative fold change expression of VE-cadherin, PECAM-1, IL-1α, IL-1 R1, CXCL8, CCL2 and ICAM-1. Data 
were analysed by Kruskal-Wallis with Dunn’s multiple comparison test; **p ≤ 0.01, n = 3 individual biological 
experiments each performed in triplicate technical repeats. 

 

 

3.4.8 P. gingivalis reduces endothelial cell surface adhesion molecule 

abundance in vivo 

 

An established P. gingivalis zebrafish embryo infection model (Widziolek et al. 2016) was used 

to determine if the observed changes in adhesion molecule cell surface abundance seen in 

vitro was replicated in vivo. Transgenic zebrafish with endothelial cell-specific PECAM-1-EGFP 

expression tg(fli1a:PECAM1-EGFP)sh524 were inoculated systemically with either red labelled 

wild-type W83 or ΔK/R-ab P. gingivalis. Reporter fluorescence was quantified where the 

endothelium and P. gingivalis co-localised in the intersegmental vessels and the caudal vein 

adjacent to the yolk sac; anatomical sites that are free from any natural pigmentation to avoid 
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problems with background fluorescence and where individual vessels were easily 

distinguished. In PBS injected zebrafish embryos, PECAM-1 expression was observed on the 

endothelial cell surface of the intersegmental vessels as well as the caudal artery and vein 

(Figure 3.16A&D).  Both W83 and ΔK/R-ab gingipain-null bacteria could be visualised within 

the vessels at these sites (Figure 3.16B&E and C&F), binding to and in some instances having 

traversed the vascular barrier into surrounding tissue (Figure 3.16Gii). Importantly, in W83-

infected zebrafish embryos, co-localisation of P. gingivalis at the endothelial surface was 

associated with a marked reduction of endothelial PECAM-1 fluorescence at these sites (Figure 

3.16Gi and Gii). This is consistent with the in vitro experiments, where PECAM-1-EGFP 

fluorescence loss was gingipain-dependent since infection with the gingipain-null mutant, 

ΔK/R-ab, was not associated with the loss of PECAM-1-EGFP fluorescence (Figure 3.16Gi). 

Indeed, fluorescence intensity analysis showed that PECAM-1 fluorescence was significantly 

reduced in the presence of W83 compared to ΔK/R-ab on both the intersegmental vessels in 

the tail (Figure 3.16H, p<0.001) and caudal vein (Figure 3.16I, p<0.01). In the tail W83 relative 

fluorescence was -71.44 ± 103.4 compared to 53.82 ± 83.96 in the ΔK/R-ab-injected group 

(Figure 3.16H). In the caudal vein relative fluorescence in larvae injected with W83 was -24.09 

± 113.1 and 85.18 ± 114.1 in the ΔK/R-ab-injected larvae (Figure 3.16I). 
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Figure 3.16: PECAM-1 expression in an in vivo zebrafish embryo systemic infection model. Representative 
images of spinning disc confocal micrographs showing PECAM-1 expression (green) in the (A-C) tail region and 
(D-F) yolk region of zebrafish embryos at 24 hpi.  Embryos were injected with (A&D) PBS control, (red, B&E) wild-
type W83 Pg or (red, C&F) ΔK/R-ab mutant. Decreased fluorescence in W83 expression was observed in infected 
segmental vessels, while loss of definition in W83 infected vessels is clearer the in caudal vein and artery. Loss of 
PECAM-1 expression is exemplified in high magnification images of the caudal vein showing (Gi, top) PBS controls, 
(Gi, middle) W83 infected and (Gi, lower) ΔK/R-ab infected embryos and in the intersegmental vessels which 
show (Gii, white arrows) a marked loss of PECAM-1 fluorescence (green) when co-localised with (Gii, circled 
areas) red-labelled W83. W83 can also be observed in the tissues having traversed the vasculature.  Image 
analysis showed significantly decreased normalised median fluorescence values and therefore PECAM-1 
expression in both the (H) tail and (I) caudal vein between zebrafish embryo infected with W83 and ΔK/R-ab 
mutant Pg (**<p 0.01, ***p< 0.001, Student’s t-test; n = 3 biological experiments with at least 5 technical repeats 
per experiment). CA - caudal artery, CV - caudal vein, Se - intersegmental vessels, DLAV - Dorsal longitudinal 
anastomotic vessel, Y - yolk sac. Scale bar A-G = 40 µm. 
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PBS, P. gingivalis W83 and ΔK/R-ab were also systemically injected in fluorescently tagged VE-

cadherin-TS transgenic zebrafish larvae and transgene fluorescence quantified (Figure 3.17A-

F). Similar to the effect on PECAM1-EGFP, when co-localised with the vasculature (Figure 

3.17B&Gi), wild-type P. gingivalis significantly reduced the fluorescence intensity of the VE-

cadherin-TS reporter on both the intersegmental (Figure 3.17H, p<0.01) and caudal vein 

(Figure 3.17I, p<0.05) vessels when compared to ΔK/R-ab mutants, suggesting reduced 

fluorescence of this reporter fusion protein was also gingipain-dependent. In the tail 

intersegmental region VE-cadherin relative fluorescence in W83-injected larvae was -85.98  ± 

148.1 and 99.47 ± 138.1 in the gingipain-null mutant-injected group (Figure 3.17H). Similarly 

in the caudal vein region VE-cadherin relative fluorescence was less in W83-injected larvae (-

63.75 ± 171.5) compared to ΔK/R-ab-injected larvae (96.13 ± 153.2; Figure 3.17I). 
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Figure 3.17: VE-cadherin (CDH5) expression in an in vivo zebrafish embryo systemic infection model. (A-F) 
Representative images of spinning disc confocal micrographs showing VE-cadherin expression (green) in the (A-
C) tail region and (D-F) yolk region of zebrafish embryos at 24 hpi.  Embryos were injected with (A&D) PBS control, 
(red, B&E) wild-type P. gingivalis W83 or (red, C&F) ΔK/R-ab mutant. Decreased VE-cadherin fluorescence when 
co-localised with W83 was observed in infected segmental vessels, and caudal vein. The loss of VE-cadherin 
expression is exemplified in high magnification images from A, B and C showing (Gi, left) PBS controls, (Gi, middle)  
W83-infected and (Gi, right) ΔK/R-ab infected intersegmental vessels. Image analysis showed significantly 
decreased normalised median fluorescence values and therefore VE-cadherin expression in both the (G) tail and 
(H) caudal vein between zebrafish embryo infected with W83 and ΔK/R-ab mutant P. gingivalis (*<p 0.05, **p< 
0.01, Student’s t-test, data are means ± SD of 3 pooled independent biological experiments. CA - caudal artery, 
CV - caudal vein, Se - intersegmental vessels, DLAV-Dorsal longitudinal anastomotic vessel, Y - yolk sac. Scale bar 
= A-G 40 µm. 
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3.5 DISCUSSION 

Increasing evidence suggests that periodontal disease is associated with CVD and that this is 

influenced, in part, by bacteria that enter the circulation via diseased tissues in the oral cavity 

(Friedewald et al. 2009, Tonetti et al. 2013). Further supporting evidence comes from in vitro 

studies showing that oral microbes, in particular P. gingivalis, can invade endothelial cells, and 

possibly more compelling evidence from human studies where the DNA of several oral 

bacteria, including P. gingivalis, have been found in non-diseased vascular tissue from patients 

undergoing bypass surgery (Mougeot et al. 2017a) as well as in atherosclerotic plaques 

(Kozarov et al. 2005, Gaetti-Jardim et al. 2009, Szulc et al. 2015). However, the molecular 

mechanism driving this association is, as yet, unknown, with several divided theories proposed 

on how this relationship develops. Therefore, the work described in this chapter used both in 

vitro and in vivo approaches to investigate the mechanisms at play, with particular emphasis 

on the role of gingipains,  potent proteases known to play a key role in Pg-mediated disease 

processes (Fitzpatrick, Wijeyewickrema and Pike 2009).    

 

3.5.1 P. gingivalis growth 

P. gingivalis is a Gram-negative anaerobic oral microorganism, with a strong connection with 

periodontal disease. So much so, that it is referred to as a keystone periodontal pathogen 

(How, Song and Chan 2016b).  

P. gingivalis utilises haemin compounds as a source of iron that is essential for growth, which 

gives P. gingivalis a pathogenic advantage in the vasculature. In vitro haemin was therefore 

added to media or blood to fastidious anaerobe agar plates to facilitate growth (Genco, 

Odusanya and Brown 1994, Genco 1995). Other additives include vitamin K that is considered 

a stimulant of growth for P. gingivialis (Hojo et al. 2007) and cysteine is used as a source and 

facilitator of amino acid uptake (Dashper et al. 2001).  Growth of P. gingivalis in BHI (Brain 

Heart Infusion) was compared to that in Schaedler (Sch) since these have both been used for 

culture of different strains of P. gingivalis in the literature. BHI was used previously for growth 

of several wild-type strains such as W50 (Curtis et al. 2002, Stafford et al. 2013), ATCC 33277 

(Romero-Lastra et al. 2017) and W83 (Wunsch and Lewis 2015), while Schaedler has been used 

to culture W83 (Potempa et al. 2008), as well as ΔK/R-ab mutant (Benedyk et al. 2016). Growth 
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curves showed that all wild-type strains of P. gingivalis tested grew faster and to a higher 

OD600 in BHI than Schaedler, except for the ΔK/R-ab gingipain mutant that grew to a lower 

OD600 than the rest of the strains irrespective of medium used. The numbers of CFU/mL in 

OD600 1 of the strains grown in the same broth were comparable. Growth curves are widely 

used to study growth of bacteria and allow for consistent calculation of numbers of bacterial 

isolates (Edberg and Miskin 1980). This allowed for CFU calculations that facilitated 

Multiplicity of infection (MOI) calculations, since it is faster and more accurate than counting 

bacteria under a light microscope. W83 was selected from the wild-type strains, since its 

growth (CFU/mL) was most consistent and that is the parent strain of the ΔK/R-ab gingipain-

null mutant, allowing the role of gingipains to be examined. A245Br was chosen as a clinical 

strain since previous published data in oral epithelial cells showed it to be highly invasive 

(Wayakanon et al. 2013), which is consistent with other published findings in epithelial cells 

showing that clinical strains tend to be more invasive than laboratory strains depending on 

the clinical parameters (Baek et al. 2015). Δkgp ΔrgpA ΔrgpB (ΔK/R-ab) is a triple protease 

mutant that does not produce gingipains, an important virulence factor produced by P. 

gingivalis (Benedyk et al. 2016). Blocking gingipains activity has been shown to inhibit P. 

gingivalis growth (Kariu et al. 2017). The slower growth rates observed for ΔK/R-ab are 

therefore likely due to the absence of gingipains. 

 

3.5.2 P. gingivalis invasion of endothelial cells 

The antibiotic protection assay allowed for assessment of the invasive ability of the different 

P. gingivalis strains in human endothelial cells. This assay has been used to assess the invasive 

ability of P. gingivalis into oral epithelial cells (Naylor et al. 2017) and relies on the bacterium’s 

sensitivity to metronidazole (Kulik et al. 2008) as evidenced by the E-test data that showed 

inhibition of growth for all strains tested.  

Initial in vitro studies using monolayers of endothelial cells from microvascular beds showed 

that P. gingivalis (strains ATCC33277, W83, W50, A245Br) were invasive but at low levels 

(~0.1%), which is in agreement with previous findings from other groups (Deshpande et al. 

1998b, Rodrigues et al. 2012, Olsen and Progulske-Fox 2015, Dorn et al. 1999). Collectively, 

these data show that endothelial cells are less susceptible to invasion than oral epithelial 

keratinocytes that can display from 2-10% cell invasion depending on the strain examined 
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(Lamont et al. 1995, Pinnock et al. 2014). The decreased invasion in endothelial cells might be 

due to adaptability of strains to their original oral cavity environment (Jandik et al. 2008) or 

differences in expression of adhesion receptors for P. gingivalis between endothelial and 

epithelial cells. Low levels of invasion in bovine heart endothelial cells, bovine aortic 

endothelial cells and human umbilical vein endothelial cells (have also been observed by other 

groups (Deshpande et al. 1998b) and strain variability described by Rodrigues et al 2012, 

where W83 also exhibited higher invasive ability in human coronary artery endothelial cells 

than other strains (Rodrigues et al. 2012). Moreover, the gingipain-null mutant ΔK/R-ab failed 

to invade endothelial cells, suggesting that bacterial gingipains are crucial for this process. 

Confocal microscopy analysis confirmed the presence of intracellular dwelling P. gingivalis 

enclosed within membrane-bound vesicles at perinuclear sites in endothelial cells. Similar 

observations were documented for gingival epithelial cells, most likely as a result of 

endocytosis (Yamatake et al. 2007, Deshpande et al. 1998b, Deshpande, Khan and Genco 

1998a). Internalisation into cells is beneficial for the bacteria as it provides protection from 

the host immune response, resistance to antibiotic therapy (many cannot pass the host cell 

plasma membrane) as well as increased survival (Yamatake et al. 2007). When infected with 

wild-type P. gingivalis, data shows that HDMEC within confluent monolayers become 

detached and the endothelium display significant loss of permeability in vitro that was 

prevented by inhibition of gingipain enzyme activity or upon infection with ΔK/R-ab, the 

gingipain-null strain (Farrugia et al. 2020b). Similar observations were reported by Sheets et 

al. who noted that bovine coronary artery endothelial cells and HDMEC exhibited loss of 

adhesion to tissue culture plastic upon culture with Pg-derived culture extracts (Sheets et al. 

2005). These data clearly point to proteolytic degradation function of cell surface molecules 

as the likely mechanism for loss of cell-cell contacts and adhesion, a hypothesis that was 

subsequently tested in vitro and in vivo.   

 

3.5.3 Degradation of cell adhesion molecules in vivo 

P. gingivalis infection was found to increase in human umbilical vein endothelial cell 

permeability and it was concluded that this was due to macrophage migration inhibitory factor 

(MIF) acting through an E-selectin-mediated mechanism (Xu et al. 2018).  
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E-selectin mediates leukocyte rolling (Rosen and Bertozzi 1994, Komatsu et al. 2012) and has 

been previously shown to mediate adherence of P. gingivalis to endothelial cells (Komatsu et 

al. 2012). Contrary to these findings, data from this chapter shows that E-selectin does not 

play a role in P. gingivalis invasion into endothelial cells. Komatsu et al. used a different strain 

of P. gingivalis (ATCC33277) and antigen sialyl Lewis X in their experiments (Komatsu et al. 

2012),  which was later shown to block the interaction of P. gingivalis with epithelial cells (Frey 

et al. 2018), and might explain these differences. Expression of E-selectin was not detected in 

any of the assays used for HMEC-1, while HDMEC (Zhang et al. 1999) expressed E-selectin after 

4-5 hours of TNFα stimulation, similarly to other studies (To et al. 1996, Read et al. 1997, 

Wyble et al. 1997). Differences in E-selectin expression by HMEC-1 and HDMEC did not result 

in different invasion of P. gingivalis, suggesting that E-selectin does not play a significant role 

in mediating P. gingivalis invasion into endothelial cells. P. gingivalis has been shown in other 

studies to induce expression of E-selectin in human umbilical vein endothelial cells 

(HUVEC)(Wan et al. 2015, Khlgatian et al. 2002, Hashizume, Kurita-Ochiai and Yamamoto 

2011).  Gingipain-dependent degradation of other leukocyte adhesion molecules (ICAM-

1/CD54, VACM-1/CD106) has been previously described (Yun et al. 2006), suggesting that P. 

gingivalis is able to modulate leukocyte recruitment at the endothelium surface. On the other 

hand, P. gingivalis gingipain-dependent degradation of PECAM-1 and VE-Cadherin was not 

investigated in the aforementioned studies. 

PECAM-1 and VE-cadherin act to form intercellular junctions that are crucial for maintaining a 

continuous endothelium and so loss of these cell-cell contacts will inevitably lead to loss of 

tissue integrity, increased permeability and endothelial dysfunction.  In this study, loss of 

PECAM-1 and VE-cadherin cell surface abundance was identified in response to whole 

bacteria, whereas previous studies have used recombinant gingipains to show cleavage of 

bovine coronary artery endothelial cell and human microvascular endothelial cell  surface 

proteins including N-cadherin and integrin β1 as well as VE-cadherin (Sheets et al. 2005). Gene 

expression analysis showed no change in expression levels of PECAM-1 or VE-cadherin as well 

as other inflammatory cytokines (CCL2, CXCL8 and ICAM-1) in response to infection with either 

wild-type W83 or ΔK/R-ab P. gingivalis, confirming that loss of cell surface protein was due to 

protein cleavage and not altered gene transcription. Flow cytometry is a commonly used tool 

to correlate fluorescence intensity to protein expression on the cell surface (Hogg et al. 2015, 

Hashizume et al. 2011). Fluorescence intensity was quantified by using the normalised median 
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fluorescence intensity method, which was developed to account for shifts in fluorescence 

intensity of the entire live population (Chan et al. 2013). Loss of PECAM-1 expression was also 

confirmed by immunostaining. VE-cadherin expression was also found to decrease 

significantly by flow cytometry and immunostaining data when anti-VE-Cadherin antibody 

clone 123413 was used. Similar to PECAM-1 data, VE-Cadherin expression did not decrease 

following infection with ΔK/R-ab, confirming that loss of protein expression is gingipain 

dependent. Data using a different anti-VE-cadherin antibody (clone 11711) did not show as 

sharp a decrease in VE-cadherin expression. This is because the binding site of clone 123413 

is to an extracellular loop of VE-cadherin whilst clone 11711 binds to an intracellular domain 

(BD Biosciences), suggesting that the effects of P. gingivalis infection are more severe on the 

extracellular portions of the proteins tested. The decreased fluorescence signal associated 

with loss of VE-cadherin expression can therefore be discriminated by different antibody 

clones that bind to different epitopes on VE-cadherin (Corada et al. 2001). Moreover, the 

gingipain cleavage site must be associated with the clone 123413 binding epitope since this is 

lost following infection. Interestingly, the gene expression data presented in this chapter is in 

contrast to those reported by others who have observed increased gene expression for CCL2 

(formally MCP-1) by HUVEC in response to P. gingivalis strain 381 (Choi et al. 2005) and ICAM-

1 by E.A.hy926 cells (an endothelial/epithelial hybrid cell line) or HUVEC upon infection with 

P. gingivalis strain ATCC33277 or W83 respectively (Mao et al. 2004, Xu et al. 2018), which 

may be due to bacterial strain differences or to use of cell lines or endothelial cells derived 

from large compared to microvascular vessels. Variability between P. gingivalis endothelial 

and epithelial cell invasion potential has been previously described (Dorn et al. 2000). Since 

fimbriae encoded by fimA have been previously identified as necessary for P. gingivalis cell 

adhesion and invasion, it was thought that differences in fimA between different strains might 

be a contributor towards differences in invasion (Nakagawa et al. 2002). Despite this Dorn et 

al. 2000 showed that P. gingivalis with the same type of IV class of the fimA gene resulted in 

varying invasion suggesting that fimbrae type cannot solely explain differences adhesion and 

invasion rates (Dorn et al. 2000). 
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3.5.4 Translation of cell adhesion molecule decreased abundance in an in 

vivo zebrafish larvae model 

In vitro generated data using monolayer endothelium provide valuable information but these 

experiments lack conditions such as flow, shear stress and presence of other cells that are 

important when examining systemic infection. To confirm the in vitro data a previously 

validated zebrafish embryo P. gingivalis infection model (Widziolek et al. 2016) was used. 

Zebrafish have been extensively used for host pathogen interactions as well as for 

cardiovascular studies (Gut et al. 2017) and have several advantages over murine models such 

as transparency and availability of fluorescently-tagged proteins that allow for real-time 

analysis of cell-cell interactions (Widziolek et al. 2016). Imaging of cell-to-cell adhesion in 

zebrafish models is also frequently used in the literature (Lagendijk, Yap and Hogan 2014, 

Wiggenhauser and Kroll 2018, Ando et al. 2016, Lagendijk et al. 2017). Moreover, the close 

homology between numerous zebrafish and human innate immune and cardiovascular-

associated molecules means that this in vivo model system is also ideally placed to examine 

pathogen-mediated host responses that may impact on CVD risk.  A recent publication has 

shown that zebrafish embryos present with oedema upon infection with wild-type but not the 

ΔK/R-ab gingipain-null mutant (Widziolek et al. 2016) and given our in vitro data on gingipain-

dependent endothelial cell adhesion molecule degradation we hypothesised that gingipains 

would be responsible for cleavage of these molecules in vivo leading to vascular permeability. 

Using genetically engineered zebrafish whereby PECAM-1 or VE-cadherin were fluorescently 

labelled it was observed, for the first time, in vivo Pg-mediated loss of fluorescence upon 

infection with wild- type (W83) but not with the gingipain-null mutant strain, indicating 

gingipain-dependent degradation of these molecules. Loss of PECAM-1 and VE-cadherin on 

the endothelium was most evident when co-localised with P. gingivalis W83 and was apparent 

in several vascular regions of the zebrafish embryos indicating that infection is widespread 

and that P. gingivalis adhesion and gingipain-mediated protein degradation is not confined to 

specific vascular beds. P. gingivalis infection also appeared to decrease the definition of 

vessels in the zebrafish embryo caudal plexus, which can be an indication of increased 

permeability, which was not observed in PBS and ΔK/R-ab infected zebrafish embryos. 

Several in vivo studies using murine experimental models, in particular the hyperlipidemic 

ApoE(null) mice, have shown that P. gingivalis infection directly influences atherosclerotic 
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lesion formation or development (Koizumi et al. 2008, Velsko et al. 2014) and several 

mechanisms have been suggested. However, visualising bacterial-host interactions at a 

cellular and even protein level are not possible in these models.  This is the first time that the 

effects of systemic P. gingivalis infection at the cellular level, in vivo, have been reported and 

this data clearly points to a role for P. gingivalis in mediating vascular damage. At present it is 

unknown if P. gingivalis acts as an initiating event, where it could be speculated that Pg-

mediated endothelial cell damage leads to the exposure of the underlying vascular connective 

tissue leading to localised platelet activation and leukocyte recruitment. However, it could 

also be speculated that P. gingivalis may exacerbate the disease process by modulating the 

immune response. Clearly, further studies are warranted to decipher the precise role of P. 

gingivalis in CVD. P. gingivalis infection did not significantly alter IL-1α and IL-1 R1 gene 

expression at the time frames and MOI used. A study on gingival epithelial cells has previously 

shown that P. gingivalis infection results in increased levels of IL-1β (Stathopoulou et al. 2009). 

Further research on whether such results can be translated to P. gingivalis systemic vascular 

infection would further contribute to knowledge on effects of periodontal pathogen vascular 

interactions and their role in vascular damage. Especially since studies have shown that IL-1β 

has several beneficial effects in late-stage murine atherosclerosis (Gomez et al. 2018) and 

therefore gingipains effects might be reduced by other innate mechanisms. 

As with most in vivo experimental infection models, animals (mice or zebrafish) are 

systemically inoculated with high numbers of bacteria, which are very likely much more than 

would be observed in humans. It therefore could be argued that such studies are therefore 

not completely physiologically relevant. However, it should be noted that many cardiovascular 

diseases are long term, chronic conditions where the disease manifests over long periods with 

repeat exposure to transient levels of one if not several aetiological agents. Replicating this 

experimentally in vivo is extremely challenging and would require repeat low dose inoculation 

or a longer time frame, giving raise to ethical concerns over animal distress as well as 

experimental cost. Current, in vivo infection strategies aim to provide key information that 

collectively point to significant risk factors within the full knowledge of their limitations. In this 

regard, zebrafish provide clear benefits as an in vivo model to examine systemic host-

pathogen interactions, and the data presented in this chapter significantly adds to others in 

implicating P. gingivalis in vascular pathogenicity.  
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3.6 SUMMARY 

These data add significantly to the role of gingipains and their wide array of proteolytic 

potential in pathogenicity (Giacaman et al. 2009, Baba et al. 2002, Benedyk et al. 2016, 

Fitzpatrick et al. 2009, Imamura, Travis and Potempa 2003, Imamura 2003, Kadowaki et al. 

2003, Lourbakos et al. 2001, Sheets et al. 2005, Totten, Dunn and Progulske-Fox 2006, 

Widziolek et al. 2016), not only in the periodontium but also systemically. Using in vitro and in 

vivo models, data discussed in this chapter provide crucial evidence for the role of P. gingivalis, 

and gingipains in particular, in affecting endothelial function, reaffirming the likely role of oral 

microbes in influencing systemic disease outcomes. These findings prompted further 

investigation of the role of gingipains indirect dissemination in the vasculature through P. 

gingivalis Outer membrane Vesicles (OMV), which is the basis of the following chapter.  
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CHAPTER 4: Role of P. gingivalis Outer Membrane Vesicles 
(OMV) and secreted proteins in PECAM-1 abundance 
  

4.1 INTRODUCTION 

As highlighted in previous chapters periodontal disease increases the risk of both 

cardiovascular disease and coronary heart disease (Gustafsson et al. 2020, Masi, D'Aiuto and 

Deanfield 2019, Chhibber-Goel et al. 2016), and the association between periodontal disease 

and cardiovascular disease is nowadays well established (Friedewald et al. 2009, Sanz et al. 

2020). Nonetheless, the biological mechanisms through which this occurs are still unknown. 

Increasing evidence suggests that in cases of extreme gingivitis or periodontitis, the anaerobic 

periodontal pathobiont, P. gingivalis can enter the bloodstream through inflamed and 

ulcerated periodontal tissue, a process coined as the porte d’entrée (Castillo et al. 2011, Loos 

2005). Here, loss of tissue integrity and increased bleeding facilitates movement of bacteria 

from the periodontal pocket into the bloodstream (Schenkein and Loos 2013, Loos 2005), with 

P. gingivalis repetitively detected in disease-free and diseased vascular tissue (Kozarov et al. 

2005, Gaetti-Jardim et al. 2009, Szulc et al. 2015, Marcelino et al. 2010, Mougeot et al. 2017b).  

As data presented in chapter 3 showed, gingipains (lysine and arginine-specific cysteine 

proteases) can cause virulence by cleaving host proteins, not only avoiding immune response 

by degradation of cytokines and pro-inflammatory molecules but also mediating cell surface 

protein and extracellular matrix disruption facilitating the loss of cellular and tissue integrity 

(Hočevar, Potempa and Turk 2018), (Tada et al. 2003, Yun et al. 2005)).  

Like most Gram-negative organisms, P. gingivalis produces outer membrane vesicles (OMV) 

that appear to retain many of the virulence factors of the parent cell including LPS (Haurat et 

al. 2011), fimbrae (Mantri et al. 2015) and gingipains (Haurat et al. 2011, Nakao et al. 2014). 

OMV-derived virulence factors have been shown to drive oral epithelial cell responses (Nakao 

et al. 2014, Cecil et al. 2016) and influence the differentiation and calcification of smooth 

muscle cells in vitro (Yang et al. 2016), suggesting that OMV may affect cells of the vasculature. 

Interestingly, the presence of Pg-derived OMV has been detected in the peripheral blood and 

cerebrospinal fluid in animal models with severe bacterial infections (Jia et al. 2015b, Bai et 

al. 2015), indicating that OMV may be widespread within the circulation and importantly 
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access areas of tissue not accessible to whole bacteria. However, the effects of P. gingivalis 

OMV and secreted proteins on endothelial cells have not yet been examined. 

In this chapter it was hypothesised that OMV generated by P. gingivalis can carry virulence 

factors from the parent and also play a role in gingipain-mediated endothelial damage. 

  

4.2 AIMS AND OBJECTIVES 

The aim of this chapter was to study the gingipain content in P. gingivalis-derived OMV and 

bacterial secreted products and whether these factors can cause vascular damage through 

cell-to-cell attachments independently from the bacterial whole cell.  

Objectives 

• To isolate OMV and secreted proteins from P. gingivalis. 

• To characterise isolated OMV and secreted proteins from wild-type W83 and the ΔK/R-

ab-derived gingipain null mutant. 

• To visualise OMV using electron microscopy 

• To study the effects of OMV and secreted proteins on endothelial cell permeability 

using a dextran fluorescent assay. 

• To study the effects of OMV and secreted proteins on cell adhesion molecule PECAM-

1 abundance using flow cytometry. 

• To assess the effects of OMV systemic infection in vivo using a zebrafish embryo 

systemic infection model. 

 

4.3 MATERIALS AND METHODS 

P. gingivalis whole cells, OMV and secreted proteins were isolated as described in section 2.9.1 

and as illustrated in Figure 4.1. 
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Figure 4.1: Isolation of samples for whole cell, OMV and concentrated supernatant/secreted protein Sample: 
Illustration shows the process of obtaining samples used for this chapter’s experiments through centrifugation 
and size-exclusion filtration cycles. Sterile filter: 0.2µm. Centrifugal concentrator: 10K MW. 

 

Other methods used in this chapter and their relevant Chapter 2 section are listed below: 

• 2.3.1 Culture of microbial strains 

• 2.3.2 Immortalised human microvascular endothelial cell line 

• 2.9.2  Sample characterisation  

• 2.9.3 Systemic infection in zebrafish larvae 

• 2.9.4 In vitro effects 

• 2.11 STATISTICS 

 

4.4 RESULTS 

4.4.1 Gingipain presence confirmed through characterisation of isolated OMV 

and secreted proteins  

Prior to assessment of isolated OMV and secreted protein (Figure 4.1) effects on endothelial 

cells and in vivo, samples were characterised to examine the protein, nanoparticle content 

and gingipain activity. 
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Gradient SDS-PAGE gels followed by Coomassie staining identified similar protein band sizes 

and patterns in all W83 derived samples analysed (whole cell, OMV and concentrated 

supernatant) (Figure 4.2A) in the 10-20 kDa and 50-100 kDa regions. Protein bands for whole 

cell were more pronounced than for OMV and concentrated supernatant due to their 

increased abundance in this sample. In contrast, bands in whole cell ΔK/R-ab sample were 

more dispersed and did not show clear bands in the same regions as the W83 equivalent. In 

the ΔK/R-ab OMV samples showed a prominent band at the 30-35 kDa region and supernatant 

samples in the 20 kDa, 30 kDa and 110 kDa region.  

This confirmed differences between the wild-type P. gingivalis and gingipain-null mutant in 

terms of protein content for whole cell, OMV and concentrated supernatant. BCA analysis 

(Figure 4.2B-D) showed no significant differences in the actual protein content between 

samples derived from whole cell, OMV and concentrated supernatant (B, C and D respectively) 

generated from wild-type and mutant P. gingivalis (p > 0.1 in all three groups). 

 

Figure 4.2: Coomassie stain and total protein content. Samples were diluted in PBS and together with a protein 
ladder (Prime Step®) were resolved via SDS-PAGE gels protein ladder were resolved by SDS-PAGE. (A) Coomassie 
staining was carried out and similar protein band patterns in all 3 sample groups (Whole Cell, OMV and 
Concentrated Protein) originating from W83 (highlighted in red) were observed, particularly in the 50 kDa and 
100 kDa region (highlighted in the red boxes). These bands were not as pronounced in the gingipain null mutant 
samples. (B-D) A BCA assay  determined total protein content in (B) Whole Cell, (C) OMV and (D) Concentrated 
Supernatant samples. A Mann-Whitney test determined no statistically significant differences between W83 and 
ΔK/R-ab derived samples total protein content (p < 0.05). Data are mean ± SD total protein concentration from 
3 independent experiments. 
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HRgpA, RgpB and Lys (Kgp) gingipain proteins are claimed to be around 95 kDa, 50 kDa and 51 

kDa respectively (Imamura 2003, Kuboniwa, Amano and Shizukuishi 1998), suggesting that 

differences observed in the band patterns in Coomassie staining are potentially attributed to 

gingipains, although a more specific technique such as immunoblotting was required to 

resolve this issue. Therefore, immunoblotting with anti-gingipain mAb 1B5 and Rb7 anti-

gingipain antiserum was carried out to confirm gingipain presence along with CryoEM 

followed by immunogold labelling using mAb 1B5 to determine the location of gingipains on 

whole cells and OMV. A gingipain activity assay was also used to assess the gingipains activity 

in the generated samples.  

Immunoblotting with the RgpA/B specific antisera Rb7 produced immunoreactive bands of 45 

kDa for whole W83 cells and W83-derived OMV, whereas this band was absent from 

counterpart ΔK/R-ab samples (Figure 4.3). Similar immunoblot data was obtained when using 

the monoclonal antibody 1B5 that binds to the Rgp glycan epitope, which showed 

immunoreactive bands for Rgp and A-lipopolysaccharide of P. gingivalis, as well as Lys Kgp 

spanning between the 6.5 kDa to 51 kDa region and a band at the 95 kDa region(Figure 4.3). 

Observed banding patterns were similar to those previously described by other authors using 

other P. gingivalis strains (Aduse Opoku et al. 2006; Curtis et al. 1999). 
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Presence of gingipains on the bacterial surface and periphery of purified W83-derived OMV 

was confirmed by Cryo-EM using mAb 1B5 immunogold labelling, whereas ΔK/R-ab OMV did 

not show any immunoreactivity (Figure 4.4). Cryo-EM did not reveal any morphological 

differences between whole cell and OMV from either strain (Figure 4.4).  

 

 

 

 

 

Figure 4.3: mAB 1B5 and rB7 in W83 derived Whole Cell, OMV and Concentrated supernatant. 
Representative immunoblot of W83 and ΔK/R-ab- whole bacteria,  OMV and concentrated supernatant were 
separated on 4-12% NuPAGE® gels, transferred to nitrocellulose membranes and immunoblotted against 
mouse monoclonal antibody 1B5, an antibody that binds to the shared glycan epitope between Rgp and A-
lipopolysaccharide of P. gingivalis (observed in the ΔK/R-ab whole cell lane and as a much weaker band in 
ΔK/R-ab OMV in the 10-55 kDa region at 3 minutes exposure). Following mAb 1B5 immunopositive bands 
were observed in 95 kDa region (10 minutes exposure time) in the whole cell and OMV samples. 
Immunopositive bands of 45 kDa were observed in the W83 whole-cell and OMV samples but not in the 
gingipain-null ΔK/R-ab equivalents when protein extracts were analysed by immunoblotting using the Rb7 
anti-gingipain antiserum. 
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Finally, W83 whole cell, OMV and concentrated supernatant displayed the expected gingipain 

enzyme activity for both argine-  (Figure 4.5A-C) and lysine- based (Figure 4.5D-F) substrate 

that was absent in the ΔK/R-ab strain (p<0.001; Figure 4.5A-F). Average fluorescence in the 

arginine assay from W83-derived samples (whole Cell, OMV and concentrated supernatant) 

was 6.383 ± 0.02 compared to 3.539 ± 0.21 in gingipain mutant-derived samples (Figure 4.5A-

C). A similar pattern was observed in lysine assay data with an average fluorescence of 4.167 

± 0.189 in W83-derived samples and 3.91 ± 0.075 in ΔK/R-ab-derived samples with differences 

being less marked the concentrated supernatant sample (Figure 4.5D-F). 

Figure 4.4: maB 1B5 in W83 derived Whole Cell and OMV in Cryo-EM micrographs. Representative cryo–
electron microscopy (EM) micrographs showing mAb 1B5 immunogold-labelled W83 bacteria and OMV. The 
gingipain expression is mainly located to the cell wall in both W83 whole cells and OMV (black arrows) but is 
absent in ΔK/R-ab equivalents (scale bar: whole bacteria = 100 nm; OMV = 50 nm). 
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Figure 4.5: Gingipains activity in W83 derived Whole Cell, OMV and Concentrated supernatant: (A–F) Gingipain 
fluorometric enzyme activity assays showing the higher levels of activity of (A-C) arginine-specific (Arg) and (D-F) 
lysine-specific (Lys) protease in W83 whole cells, OMV and concentrated supernatant compared to ΔK/R-ab 
mutant equivalents. Data are mean ± SD of 5 independent experiments with each individual experiment 
performed in triplicate. Statistical significance was determined by 1-way analysis of variance, (**p < 0.01,***p < 
0.001, ****p < 0.0001). 

 

ZetaView nanoparticle-tracking analysis was carried out on whole cell-derived sterile filtered 

supernatant prior to ultracentrifugation (Figure 4.6A,D,G), OMV (Figure 4.6B,E,H) and 

concentrated supernatant samples (Figure 4.6C,F,I). Nanoparticle analysis identified that 

there were no statistically significant differences between W83 and ΔK/R-ab-derived sample 

nanoparticle concentrations in all sample groups (p > 0.05) (Figure 4.6A-C). While statistically 

significant differences in sample concentrations were present between P. gingvalis-derived 

(W83 and ΔK/R-ab) OMV samples and BHI OMV samples (p < 0.05) (Figure 4.6B). Significant 

differences in concentration were identified between W83 and sterile BHI OMV samples (p = 

0.0057) and between ΔK/R-ab and BHI OMV samples (p = 0.0306) (Figure 4.6B). Differences in 

particle sizes were identified between P. gingivalis (W83 and ΔK/R-ab) derived samples and 

BHI control in both the supernatant (Figure 4.6 D,G) and OMV group (Figure 4.6E,H) (p <0.05). 

Overall, wild-type W83 OMV were 24% larger (p<0.05) than those from ΔK/R-ab (144 ± 23 

nm).   
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Figure 4.6: ZetaView nanoparticle-tracking analysis of P. gingivalis-derived samples. (A,D,G) Supernatant, 
(B,E,H) OMV and (C,F,I) concentrated supernatant from wild-type W83 and its isogenic gingipain-deficient 
mutant, ΔK/R-ab. .. (A-C) Histograms of number of particles released showing OMV released were similar for 
both W83 and ΔK/R-ab, but significantly different from the BHI control. (D-F) Quantification of median particle 
size analysis and (G-I) histograms of size distribution  for W83 and ΔK/R-ab-derived samples. (E) OMV 
nanoparticles derived from W83 were larger than those derived from the gingipain null-mutant. For ZetaView 
analysis, instrument calibration was performed using 100 nm polystyrene beads. Data in all panels are means ± 
SD of 5 independent experiments and statistical significance was determined using one-way ANOVA, *p < 0.05, 
**p < 0.01, ***p < 0.001.  

 

In summary, characterisation confirmed that purified OMV were achieved through the sample 

preparation used, that gingipains were present in W83 derived-samples and not in the ΔK/R-

ab-derived samples, and that total protein concentration and OMV concentration of W83 and 

ΔK/R-ab-derived-samples was comparable. Data collected were used for dosing calculations 

in the subsequent infection experiments to ensure equal protein and nanoparticle loading.  
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4.4.2 P. gingivalis OMV and concentrated supernatant increase endothelial 

cell permeability in vitro in a gingipain-dependent manner 

 

Since increased vascular permeability has been linked to cardiovascular risk (Chistiakov et al. 

2015), a fluorescent dextran-based in vitro permeability assay on confluent HMEC-1 

microvascular endothelial cell monolayers was used to determine the influence of OMV-

expressed gingipains, as well as secreted gingipains within the concentrated supernatant, on 

endothelial permeability. Confluent, untreated endothelial monolayers proved an effective 

barrier with little of the applied 70 kDa fluorescent dextran permeating the cell layer after 5 

hours (Figure 4.7A). Contrastingly, the endothelium displayed significantly increased dextran 

permeability upon treatment with W83 whole cell (Figure 4.7B; p<0.01), W83-derived OMV 

or W83-derived concentrated supernatant (Figure 4.7C and D; p<0.05) when compared to 

counterpart ΔK/R-ab-treated or uninfected controls, suggesting that altered vascular 

permeability is gingipain-dependent. ΔK/R-ab-treated endothelial cells also displayed similar 

permeability (p > 0.095) to the untreated and BHI control in all of the three sample types 

(whole cell, OMV and concentrated supernatant). Notably, endothelium permeability was 

significantly higher (p<0.05) in the presence of W83 whole cells (12.69% ± 9.016 dextran 

release) compared to OMV (6.06% ± 4.768 dextran release) and concentrated supernatant 

(6.56% ± 5.082 dextran release). 
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Figure 4.7: Increase in permeability following P. gingivalis whole cell and OMV infection is gingipain 
dependent. Cells were grown to monolayers on hanging fibronectin-coated inserts, exposed to control (non-
infected media), W83 or ΔK/R-ab samples for 1.5 hours. High molecular (70 kDa) fluorescein-dextran passing 
through the monolayer was measured. (A) In the controls group percentage dextran release and therefore 
monolayer permeability was significantly higher in inserts without cells when compared to inserts with a healthy 
monolayer (p = 0.0144). This was mirrored by increased permeability following exposure to W83 samples when 
compared to ΔK/R-ab in both the (B) whole cell group (p = 0.0056), the (C) OMV group (p = 0.0396) and the (D) 
Concentrated Supernatant group (p > 0.0105). W83 infected equivalents were also significantly more permeable 
than the non-infected control (p < 0.03), while no significant differences were observed between ΔK/R-ab 
infected samples and the non-infected controls (p > 0.95) or the BHI treated control (p > 0.9981). Data are 
presented as means of 3 biological repeats ± SD and were analysed with unpaired t-test for A and One-way 
ANOVA for B, C and D.  
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4.4.3 P. gingivalis OMV and concentrated supernatant decrease PECAM-1 

abundance in vitro in a gingipain dependent manner 

 

Increased permeability following P. gingivalis infection of endothelial cells may be due to 

gingipain-mediated cleavage of cell adhesion molecules (Widziolek et al. 2016, Sheets et al. 

2006). PECAM-1 cell adhesion molecule abundance was therefore analysed through flow 

cytometry of live gated HMEC-1 cells (Figure 4.8A) and quantified using the normalised 

median fluorescence index (nMFI) as previously described by Chan et al., 2013 (Chan et al. 

2013). PECAM-1 abundance significantly decreased following whole cell W83 infection (Figure 

4.8D) (p = 0.0005), infection with W83-derived OMV (Figure 4.8F) (p < 0.0045), as well as 

incubation with W83-derived concentrated supernatant (Figure 4.8H) (p = 0.0041) when 

compared to infection with counterpart ΔK/R-ab-derived samples. No difference in PECAM-1 

abundacne was observed when exposing endothelial cells to the concentrated BHI controls 

(Figure 4.8H) and to all of the ΔK/R-ab-derived samples in all 3 groups (p > 0.05). Mean nmFI 

of endothelial cells infected with W83-derived samples from all 3 groups (whole cell, OMV and 

concentrated supernatant) was nmFI 0.8330 ± 0.118 while those infected with ΔK/R-ab-

derived samples resulted in an average nmFI 17.347 ± 0.216. This translates to on average 20 

times less surface PECAM-1 abundance in cells infected with gingipain containing samples 

when compared to those infected with the gingipain-null derived samples. 



CHAPTER 4 

123 
 

 

Figure 4.8: PECAM-1 reduction following exposure to W83 whole cell, OMV and concentrated supernatant is 
gingipain mediated. (A) Following 1.5 hours exposure to W83 or ΔK/R-ab Whole Cell or OMV HMEC-1 cells were 
gated using forward scatter (FSC) and side scatter (SSC) voltages. (B) TO-PRO-3® (1 mg/ml, Invitrogen) was used 
as a cell viability dye to exclude dead cells 10000 live cells were collected and threshold for positively fluorescent 
cells was set using isotype-matched controls. (C,E,G)  Histograms highlight decreased PECAM-1 expression after 
exposure to W83 (orange) (C) whole cells, (E) OMV and (G) concentrated supernatant. This decrease was not 
observed following exposure to all ΔK/R-ab derived samples (light green) or concentrated BHI (dark green). 
(D,F,H) Calculation of nMFI confirmed differences in PECAM-1 expression with statistically significant differences 
between the W83 and ΔK/R-ab in the (D) whole cell, (F) OMV and (H) concentrated supernatant equivalents. ** 
and *** indicate statistical significance determined by a one-way ANOVA with a p < 0.01 and p < 0.0001 
respectively.  



CHAPTER 4 

124 
 

In order to further assess the role of gingipain in OMV and concentrated supernatant 

reduction in PECAM-1 abundance, W83-derived samples were treated with 2 μM KYT-1 and 

KYT-36 specific gingipain inhibitors for 1 hour prior to infection (Figure 4.9). Pre-incubation 

with these inhibitors significantly inhibited the reduction of PECAM-1 cell surface abundance 

caused by W83 OMV (p =0.0215) and W83 concentrated supernatant (p < 0.0001). A similar 

trend was observed in the whole cell sample but 2 μM treatment did not sufficiently block 

whole cell gingipains activity at the concentrations used (Figure 4.9). These results further 

highlight the role of OMV and secreted protein (through concentrated supernatant) derived-

gingipains in reduction of PECAM-1 abundance and potential role in vascular damage.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

 

Figure 4.9: Gingipain inhibitors reduce PECAM-1 reduction following W83 OMV and concentrated supernatant 
infection: W83 OMV and concentrated supernatant treated with 2 µM kyt-1 and kyt-36 gingipain inhibitors 
(mixed) for 1 hour in anaerobic conditions prior to centrifugation resulted in significantly less PECAM-1 reduction 
in HMEC-1 cells when compared to cells infected with non-inhibited (- KYT) wild-type derived OMV. Although a 
similar trend was observed in the whole cell sample, KYT concentrations used did not yield significantly lower 
PECAM-1 reduction (p = 0.9531). Statistical significance was determined by a one-way ANOVA with  *p<0.05 and 
***p < 0.001, respectively. 

 

4.4.4 P. gingivalis OMV-associated gingipains are responsible for systemic 

symptoms in zebrafish in vivo  

 

Previous studies have shown that zebrafish larvae display increased mortality (death) and 

morbidity (cardiac and yolk oedema) when systemically injected with P. gingivalis (Widziolek 
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et al. 2016). This systemic infection in vivo model was used to assess whether the observed 

presence of gingipain on the surface of OMV has the potential to contribute to systemic 

disease in vivo.  Kaplan-Meier survival plot analysis showed that both whole cell W83 and 

W83-derived OMV caused significantly more zebrafish mortality than PBS-injected controls (p 

< 0.001; Figure 4.10). In contrast, morbidity in zebrafish larvae injected with ΔK/R-ab-derived 

OMV was not significantly different to controls (p= 0.55). 

 

 

 To interrogate the data further we stratified the fish into viable or diseased (non-viable + 

oedematous) groups. A significant increase in the number of diseased zebrafish treated with 

W83-derived OMV was observed when compared to ΔK/R-ab-derived OMV in a time-

dependent manner (p<0.01, Figure 4.11A-C). W83 OMV-treated zebrafish larvae displayed 

marked cardiac oedema and enlarged yolk sac, whereas those injected with ΔK/R-ab-derived 

OMV or PBS-treated controls displayed mild or no oedema (Figure 4.11E), providing further 

evidence that gingipains present on the surface of OMV can cause systemic disease in vivo.   

Figure 4.10: Decreased percentage survival after systemic zebrafish infection with W83-derived whole cell 
and OMV. Kaplan-Meier survival plots of zebrafish larvae infected with PBS control, P. gingivalis W83 whole 
cell (WC), P. gingivalis W83 OMV or ΔK/R-ab OMV. Comparisons between survival curves using the log rank 
test show differences between survival curves of PBS control injected and W83 whole cell injected or W83 
OMV injected zebrafish embryos. While survival curves of zebrafish embyros injected with ΔK/Ra-b OMV were 
not statistically different to the PBS control. Ns indicates no significant difference (p > 0.05), while *** indicates 
a p < 0.001. 
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Figure 4.11: Systemic infection in zebrafish. (A-C) Percentage live, oedematous and dead zebrafish at (A) 24 (B) 
48 and (C) 72 hpi showing that percentage of live zebrafish is lower after W83 OMV infection when compared to 
ΔK/R-ab OMV at all time points. p < 0.05 following Tukey multiple comparison test. *p < 0.05 and ** p < 0.01 (D) 
Micrographs showing morphology of zebrafish larvae infected with PBS control, W83 whole cells, W83 OMV or 
ΔK/R-ab OMV. W83 WC and OMV infected zebrafish show oedema observed around yolk and heart highlighted 
by black arrows. Scale bars represent 500 μm. All experiments were performed 3 times and in all experiments 
injections were carried out in 30 hours post fertilisation (hpf) zebrafish larvae using at least 39 zebrafish per 
group.  

 

4.5 DISCUSSION 

Like many Gram-negative bacteria, P. gingivalis produces abundant OMV (Xie 2015). Despite 

this being well known, there is limited data as to their effects in host-pathogen interactions. 

The data presented in this chapter show for the first time that P. gingivalis OMV markedly 

increase vascular permeability in vitro and potentiate vascular oedema and mortality in vivo 

in a gingipain-dependent manner, suggesting that they may act in concert with whole bacteria 

to impact cardiovascular disease risk. 
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Gingipains are key virulence factors of P. gingivalis. As well as functions in bacterial co-

aggregation, biofilm formation and haem acquisition, they also cleave soluble and cell surface 

human proteins (Hočevar et al. 2018). RgpA/B and Kgp gingipains have been previously 

detected in P. gingivalis-derived OMV by mass spectrometry (Haurat et al. 2011). It was 

therefore reasoned that gingipain-expressing OMV might be key mediators of endothelial cell 

surface receptor degradation leading to increased vascular permeability. Suggesting its 

importance in the context of systemic disease as their small size and abundance is likely to 

allow OMV to penetrate host tissue micro-niches that may not readily accessible to P. 

gingivalis whole cells.  To test this chapter’s hypothesis, OMV and secreted proteins were 

generated from W83 wild-type and its isogenic gingipain-deficient counterpart, ΔK/R-ab and 

presence or absence of gingipains was confirmed. Gingipains on OMV was previously observed 

using W50 and other P. gingivalis strains in other studies (Naylor et al. 2017, Aduse-Opoku et 

al. 2006, Curtis et al. 1999). Immunogold labelling followed by cryo-EM additionally showed 

that gingipains were located to the OMV cell surface.  Although no structural abnormalities 

were visibly observed by cryo-EM, nanoparticle-tracking analysis showed that W83-derived 

OMV were larger in size than their gingipain-deficient counterparts. It is plausible that this size 

difference is due to changes in the molecular structure within the cell wall owing to loss of 

gingipain-mediated cell wall processing. 

Studies examining the role of P. gingivalis OMV and secretions on vascular biology are sparse. 

Bartruff et al., showed that P. gingivalis ATCC33277-derived OMV inhibited human umbilical 

vein endothelial cell (HUVEC) proliferation by up to 80% as well as capillary tubule formation 

in an OMV dose-dependent manner (Bartruff, Yukna and Layman 2005). These effects were 

inhibited by heat treatment but not by protease inhibitors, suggesting that these effects were 

protein but not protease-mediated, although no specific factor was identified (Bartruff et al. 

2005). Using the same P. gingivalis strain, Jia et al., observed that OMV suppressed endothelial 

nitric oxide synthase (eNOS) transcript and protein expression in HUVEC via activation of the 

ERK1/2 and p38 MAPK signalling pathways in a Rho-associated protein kinase-dependent 

manner (Jia et al. 2015b). This study provides good evidence that OMV may regulate vascular 

oxidative injury, although the OMV factors driving this effect were not examined. P gingivalis-

derived OMV have recently been shown to promote vascular smooth muscle cell 

differentiation and calcification by increasing the activity of runx-related transcription factor 



CHAPTER 4 

128 
 

2, a crucial driver of osteoblastic differentiation and mineralization of vascular smooth muscle 

cells (Yang et al. 2016).  

This study provides further evidence that OMV and to a lesser extent non-OMV protein 

secretions can significantly perturb endothelial homeostasis. In vitro, W83-derived OMV and 

secreted factors not only cleaved PECAM-1 on endothelial cell monolayers but also increased 

endothelial cell permeability. Moreover, cleavage of PECAM-1 was significantly reduced when 

W83-derived OMV were either pre-incubated with the gingipain protease inhibitors KYT1 and 

KYT36 or infected with gingipain-deficient OMV. Not only do these data show that P. gingivalis 

OMV and secretions mediate vascular damage but also that this is via a gingipain-dependent 

mechanism, the first time that this has been documented for P. gingivalis OMV. Some of these 

in vitro observations were confirmed in vivo using a systemic zebrafish infection model. 

Although zebrafish larvae have been widely used to examine systemic host-pathogen 

interactions (Sullivan et al. 2017), only a few studies have examined the role of bacterial OMV 

in systemic disease and, to our knowledge, none have been performed using P. gingivalis 

OMV. OMV derived from W83 but not ΔK/R-ab caused significant oedema and mortality in 

zebrafish larvae, although the effects were less extreme than those observed with injection of 

whole cell W83.  In vitro and in vivo data presented in this chapter further confirms that OMV 

have the potential to cause disease in the absence of the parent whole cell bacteria and 

augment current evidence that OMV are able to exert their effects beyond that of the 

periodontal pocket.  

These data and from those in chapter 3 lead to the speculation that gingipains on OMV as well 

as whole bacteria cleave endothelial intercellular junction proteins such as PECAM-1, thereby 

loosening cell-to-cell contacts to permit increased endothelial cell permeability. This may have 

two consequences; to allow exudate from the circulation into tissues and progressing to tissue 

oedema, which we observed in vivo; and secondly to expose underlying connective tissue that 

may lead to platelet activation and subsequently foci for immune cell activation on the 

endothelium. The latter would have dramatic implications for increased risk of systemic 

disease (Chistiakov, Orekhov and Bobryshev 2015). Moreover, the nanoscale size of OMV 

would allow proteolytic damage to occur at vascular sites inaccessible to whole bacteria. 

Although this hypothesis requires further evaluation, the data in this chapter provide a 

potential mechanism for the link between periodontal disease and cardiovascular disease. It 
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also provides clear evidence that the role of OMV in host-microbial pathogenesis may be as 

important as whole bacteria, a factor that needs to be taken into consideration in the on-going 

drive to decipher the oral health systemic connection.  

 

4.6 SUMMARY 

These novel data demonstrate that P. gingivalis OMV and secreted proteins may play a pivotal 

role in disrupting the vasculature, a process that may drive or markedly increase the risk of 

cardiovascular disease.  

There is also now an appreciation that many bacterial-mediated diseases are polymicrobial in 

nature, with periodontitis being a case in point. In periodontitis it is considered that several 

organisms within the sub-gingival plaque drive pathogenesis rather than one organism in 

isolation.  It is therefore very likely that other oral bacteria contribute to systemic disease. 

Indeed in the oral context, studies have shown significant impacts on the functional behaviour 

of P. gingivalis when in the presence of other oral microbes such as T. forsythia or F. nucleatum 

(Chukkapalli et al. 2017a). Investigation of these effects will be described in the final results 

chapter.  



  

CHAPTER 5: Fusobacterium nucleatum and multispecies 
effects on endothelial permeability and PECAM-1 
  

5.1 INTRODUCTION 

Periodontitis is a polymicrobial disease and therefore it is unsurprising that several 

periodontal pathogens have been identified in the human vasculature including P. gingivalis 

(Gaetti-Jardim et al. 2009, Kozarov et al. 2005, Marcelino et al. 2010, Szulc et al. 2015, 

Mougeot et al. 2017b, Marín et al. 2016, Castillo et al. 2011); F. nucleatum (Marín et al. 2016, 

Marcelino et al. 2010, Lockhart et al. 2008) and T. forsythia (Castillo et al. 2011, Marcelino et 

al. 2010). However, studies examining the interaction of P. gingivalis with endothelial cells 

greatly outnumber those of other periodontal pathogens identified in vascular tissues (Reyes 

et al. 2013b). Therefore, there is a knowledge gap in periodontal polymicrobial interactions 

with the endothelium. 

In Chapters 3 and 4, gingipain-dependent cleavage of PECAM-1 following P. gingivalis infection 

was shown, highlighting the effect of this keystone pathogen on the vasculature. However, 

changes in vascular integrity following F. nucleatum infection have been previously described 

in human umbilical vein endothelial cells that was attributed to bacterial FadA adherins 

(Fardini et al. 2010). A decrease in PECAM-1 abundance following F. nucleatum infection of 

endothelial cells was also reported by Mendes et al. (Mendes et al. 2016), while effects of T. 

forsythia on PECAM-1 or any other adhesion molecule have as yet not been reported. 

Moreover, the polymicrobial effects of P. gingivalis, F. nucleatum and T. forsythia on 

endothelial cell protein expression and permeability have yet to be investigated, even though 

periodontal pathogens, P. gingivalis in particular, are generally found associated with other 

periodontal pathogens and not as solitary organisms (Yao et al. 1996). Polymicrobial 

assessment of periodontal pathogen-vascular interactions and their pathogenicity on 

endothelial cells is relatively infrequent in the literature. Published data has shown that 

polymicrobial infection can alter the pathogenicity of periodontal pathogens. F. nucleatum has 

been shown to enhance the invasion of P. gingivalis into aortic endothelial cells in vitro (Saito 

et al. 2008a), while in vivo polymicrobial infection elicits a distinct inflammatory response and 
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increased aortic oxidative stress  (Chukkapalli et al. 2015c, Nahid et al. 2011, Rivera et al. 2013, 

Velsko et al. 2015). 

 

5.2 AIMS AND OBJECTIVES 

The aim of this chapter was to compare the effects of F. nucleatum and T. forsythia infection 

on endothelial cell PECAM-1 abundance and permeability with that of P. gingivalis as reported 

in Chapter 3 and 4. In addition, this chapter also aimed to investigate whether these effects 

are altered in polymicrobial infections and following polymicrobial interactions. 

Objectives 

• To assess the effects of single species infections of P. gingivalis, F. nucleatum and T. 

forsythia (MOI 100) on endothelial permeability and PECAM-1 cell surface abundance 

• To investigate potential differences in endothelial pathogenicity between F. nucleatum 

strains in vitro 

• To visualise F. nucleatum systemic dissemination and study pathogenicity in vivo 

• To assess permeability and PECAM-1 expression following mixed culture infection 

• To study the role of P. gingivalis gingipains in mixed culture infection 

• To assess changes in pathogenicity after allowing mixed cultures to interact in aerobic 

conditions 

• To visualise multispecies systemic dissemination in vivo 

 

5.3 MATERIALS AND METHODS 

Methods used in this chapter and their relevant Chapter 2 section are listed below: 

• 2.3.1 Culture of microbial strains  

• 2.3.2 Immortalised human microvascular endothelial cell line 

• 2.10.1  In vitro single species infection 

• 2.10.2  In vivo F. nucleatum systemic infection 

• 2.10.2.1 Assessment of zebrafish larvae morbidity and mortality after systemic 

infection 
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• 2.10.2.2 Assessment of zebrafish larvae morbidity and mortality after systemic 

infection 

• 2.10.3  In vitro multispecies infection 

• 2.10.4  In vivo multispecies systemic infection  

• 2.10.5  Role of multispecies adhesion on PECAM-1 

• 2.11 STATISTICS 

   

5.4 RESULTS 

5.4.1 Fusobacterium nucleatum and Porphyromonas gingivalis at MOI 100 

significantly decrease PECAM-1 abundance and increase endothelial 

permeability 

The effects of P. gingivalis (wild-type and ΔK/R-ab) as well as F. nucleatum ssp nucleatum, F. 

nucleatum ssp polymorphum and T. forsythia on endothelial cell PACAM-1 abundance was 

measured by flow cytometry. Similar to previous results, PECAM-1 abundance was 

significantly (p < 0.05) decreased following infection with wild-type P. gingivalis W83 in an 

MOI-dependent manner (Figure 5.1A, whilst the P. gingivalis gingipain-deficient mutant 

(ΔK/R-ab) did not (Figure 5.1B). F. nucleatum ssp nucleatum and F. nucleatum ssp 

polymorphum both reduced PECAM-1 abundance compared to controls with significant 

reduction seen at MOI100 for both strains (Figure 5.1C&D, p < 0.05). In contrast, infection with 

T. forsythia did not alter PECAM-1 abundance at any MOI tested (Figure 5.1E).  

Endothelial monolayer permeability in response to bacterial infection mirrored the data 

obtained for PECAM-1 abundance. A time-dependent Increase in endothelial permeability was 

observed for P. gingivalis W83 and both the F. nucleatum ssp to P. gingivalis ΔK/R-ab, T. 

forsythia or uninfected controls (Figure 5.2). At the 5-hour time point infection with either F. 

nucleatum ssp nucleatum or polymorphum resulted in a 4-fold increase (17.7±3.0%; p < 0.001 

and 16.2±4.2%; p < 0.0001) in dextran release respectively compared to uninfected controls 

(4.0±1.8%).  For P. gingivalis W83, dextran release was 3-fold increased (12.3±0.8%; p < 0.01) 
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(Figure 5.2). Infection with either P. gingivalis ΔK/R-ab or T. forsythia did not alter endothelial 

permeability (Figure 5.2).  

 

Figure 5.1: Reduction in PECAM-1 abundance after periodontal pathogen infection. HMEC-1 were infected with 
wild-type strain (A) P. gingivalis W83, (B) P. gingivalis gingipain-null mutant ΔK/R-ab, (C) F. nucleatum ssp 
nucleatum (D) F. nucleatum ssp polymorphum or (E) T. forsythia ATCC 43037 at Multiplicity of infection (MOI) 10, 
20 and 100. Normalised median fluorescence intensity (nMFI) histograms of PECAM‐1 following single species 
infection or uninfected control (enclosed shapes represent data for each individual experiment/n, carried out on 
different days using fresh aliquot of cells and fresh bacterial culture) show a significant decrease in PECAM-1 
after (A) P. gingivalis W83 and (C,D) F. nucleatum infection at MOI100 (p < 0.05). Statistical differences were 
analysed by one‐way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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Figure 5.2: Increased endothelial permeability following P. gingivalis W83 and F. nucleatum infection at 
MOI100. Movement of fluorescently labelled 70 kDa dextran from the upper well to the lower well in a Transwell 
assay increased in a time-dependent manner when HMEC-1 endothelial monolayers were treated with P. 
gingivalis W83 (red), F. nucleautum ssp nucleatum (light blue) and F. nucleatum ssp polymorphum (dark blue) for 
1.5 hours and dextran permeability across the endothelium measured for up to after 5 hours. Uninfected controls 
(grey), P. gingivalis ΔK/R-ab-treated and T. forsythia-treated monolayers (black) did not result in significant 
changes in permeability (p > 0.05). Permeability data are presented as mean ± SD of 3 independent 

experiments.  Statistical differences were analysed by one‐way ANOVA with Tukey’s multiple comparison test. 

**p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

5.4.2 Fusobacterium nucleatum systemic injection increases zebrafish 

morbidity in a dose-dependent manner 

As previously determined for P. gingivalis, F. nucleatum ssp polymorphum was injected 

systemically in to LWT zebrafish embryos and its effect on zebrafish embryo morbidity 

assessed. Ssp polymorphum was selected since it showed slightly increased pathogenicity in 

in vitro PECAM-1 abundance assays. Zebrafish embryo mortality was affected in a dose-

dependent manner when analysed by Kaplan-Meier survival plots (Figure 5.3A). Injection with 

2 X 103 CFU/mL F. nucleatum ssp polymorphum had significantly lower survival rates (66 ± 7 

%; p = 0.027) when compared to PBS injected controls (87 ± 4 %) (Figure 5.3A). When zebrafish 

embryos were stratified into disease status, systemic injection with F. nucleatum ssp 

polymorphum at all concentrations tested resulted in a significant increase in the number of 

diseased (live + oedematous) zebrafish compared to PBS injected controls over a period of 72 

hours (p < 0.01) (Figure 5.3B-D). Here, the numbers of zebrafish classified as diseased 
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increased in both a time- and dose-dependent manner. F. nucleatum ssp polymorphum 

injection resulted in marked cardiac and yolk oedema compared to PBS injected controls 

(Figure 5.3E). 

 

Figure 5.3: F. nucleatum ssp polymorphum systemic injection in zebrafish embryo model increases morbidity. 
(A) Kaplan-Meier survival plots of zebrafish larvae infected 30 hpf with phosphate-buffered saline (PBS) control 
or F. nucleatum (Fn) at 1X102, 5X102 or 2X103 CFU/mL. Comparison of survival curves using the log-rank test 
shows significant differences between 2X103 CFU/mL Fn–injected zebrafish compared to PBS controls at 72 hpi 
but no significant differences in survival at lower F. nucleatum concentrations. (B-D) Percentage healthy, 
oedematous and dead zebrafish larvae at (B) 24, (C) 48 and (D) 72 hpi showing that the percentage of diseased 
(oedematous + dead) zebrafish was significantly increased following systemic infection with F. nucleatum at all 
time points. Data are presented as mean ± SD of 4 independent experiments with a minimum of 9 embryos per 
group. (E) Representative micrographs showing the morphology of zebrafish larvae infected with PBS control, Fn 
1X102 CFU/mL, Fn 5X102 CFU/ML or Fn 2X103 CFU/mL at 24, 48 and 72 hpi. Fn-infected zebrafish showed marked 
oedema around the yolk sac (YS) and cardiac region (CR) (black arrows). Scale bars = 500 µm. Statistical 
differences were analysed by one‐way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 

 

The presence of intravascular F. nucleatum ssp polymorphum was confirmed following 

systemic injection of fluorescently-labelled bacteria into 72 hpf kdrl:mCherry transgenic 

zebrafish followed by confocal microscopy analysis 2 hpi. Injections were performed using an 

adaption of a previously used methodology to assess presence of P. gingivalis within the 

vasculature in vivo (Widziolek et al. 2016). Imaging at 2 hpi shows presence of F. nucleatum 

YS 
CR 

YS CR 

YS CR 
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ssp polymorphum in the cardiac and systemic vasculature by co-localisation with the 

endothelium (Figure 5.4A-D). This co-localisation is further highlighted by orthogonal views of 

the cardiac region in Figure 5.4 E-G. 

 

 

 

 

 

 

 

 

Figure 5.4: F. nucleatum systemic dissemination in zebrafish embryo. Representative images of Lightsheet 
(Zeiss) micrographs showing kdrl/vasculature (false coloured green) and F. nucleatum ssp polymorphum (false 
coloured red). 2X103 CFU/mL (5(6)-FAM, SE) stained F. nucleatum polymorphum were systemically injected at 72 
hpf in kdrl:mcherry zebrafish embryos and imaged 2 hpi.  (A-D) Micrographs of embryo from head to the yolk 
region highlighting vascular infiltration of F. nucleatum (indicated by black arrows). Images A-D were generated 
using SUM Z-projection function on FIJI®. A-C show separate channels for (A) brightfield, (B) kdrl and (C) F. 
nucleatum respectively. While a composite image is shown in D. (E-G) Orthogonal views of cardiac region (E) 
vasculature, (F) F. nucleatum and (G) composite further highlight intravascular position of F. nucleatum. Scale 
bars: 100 µm. CR: Cardiac region. YS: Yolk sac. 

  

5.4.3 F. nucleatum subspecies polymorphum decreases endothelial viability 

and PECAM-1 abundance in multispecies infection 

For multispecies assessment planktonic P. gingivalis W83, F. nucleatum (subspecies 

nucleatum or polymorphum) and T. forsythia were used in triplicates at 1:1:1 ratios or pairs 

at 1:1 ratios at a total MOI of 100. No significant differences in HMEC-1 viability (p > 0.05) 

were observed in response to multispecies infection containing F. nucleatum subspecies 

nucleatum compared to control (Figure 5. 5A). In contrast, significant decreases in cell viability 

CR 

YS 
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were observed in response to infections that contained F. nucleatum subspecies 

polymorphum (p < 0.01) (5B) suggesting differences in the pathogenicity between the two 

subspecies. 

 

 

Figure 5. 5: Viability of endothelial cells following multispecies infection. HMEC-1 infected for 1.5 h with 
multispecies 1:1:1 mixes or 1:1 pairs of P. gingivalis (Pg) W83, (A) F. nucleatum ssp nucleatum (Fnn), (B) F. 
nucleatum ssp polymorphum (Fnp) or T. forsythia (Tf )ATCC 43037 at MOI100. Viability was determined by flow 
cytometry following To-pro-3 staining to identify the live cell portion. Endothelial cells infected with mixed 
bacteria containing (A) Fnn (light blue) did not result in significantly decreased viability when compared to the 
negative control. On the other hand those containing (B) Fnp (dark blue) resulted in significantly decreased 
viability. Enclosed circles represent data from each individual experiment. Statistical differences were analysed 

by one‐way ANOVA with Tukey’s multiple comparison test. *p < 0.05 

 

Although both F. nucleatum ssp nucleatum (Figure 5.6A) and polymorphum (Figure 5.6B) 

decreased PECAM-1 abundance when paired or in triplicate (ratio 1:1:1), this decrease was 

only statistically significant when the infection mixture contained F. nucleatum ssp 

polymorphum (p < 0.1). A statistically significant decrease in PECAM-1 abundance compared 

to uninfected control was also observed when this subspecies was paired with either P. 

gingivalis W83 (p < 0.05), T. forsythia (p < 0.001) or as part of a triplicate 1:1:1 multispecies 

infection (p < 0.05) (Figure 5.6B). Mixed infection using planktonic P. gingivalis W83 and T. 
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forsythia pairs (1:1 ratio, total MOI100) significantly decreased PECAM-1 cell surface 

abundance (p < 0.05; Figure 5.6). 

 

Figure 5.6: PECAM-1 abundance following multispecies infections. (A-B) HMEC-1 were infected with P. gingivalis 
(Pg) W83, (A) F. nucleatum ssp nucleatum (Fnn), (B) F. nucleatum ssp polymorphum (Fnp) or T. forsythia (Tf) 
multispecies mixed in 1:1 pairs or 1:1:1 triplicates at MOI100. Normalised median fluorescence intensity (nMFI) 
histograms of PECAM‐1 determined by flow cytometry following live-cell selection show a significant decrease 
compared to the negative control after all single and multispecies 1.5 hour infections containing (B) Fnp (dark 
blue) but not in infections containing (A) Fnn (light blue). Enclosed circles represent data from each individual 

experiment. Statistical differences were analysed by one‐way ANOVA with Tukey’s multiple comparison test. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

5.4.4 PECAM-1 and permeability changes are independent of gingipains in 

mixed culture infections 

Since P. gingivalis gingipain played a significant role in PECAM-1 reduction in single species 

infections its potential role in multispecies infections was investigated. The ability of P. 

gingivalis to cleave PECAM-1 in a gingipain-dependent manner in multispecies infections was 

assessed when P. gingivalis (W83 in red or ΔK/R-ab) was mixed with F. nucleatum ssp 

polymorphum. Flow cytometry analysis showed a significant decrease (p < 0.05) in PECAM-1 

cell surface abundance in all mixed species infections containing F. nucleatum ssp 

polymorphum, even in the absence of gingipains (ΔK/R-ab) (Figure 5.7A). In addition, both 
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triplicate (Figure 5.7B) and pair mixed species infections increased HMEC-1 permeability 

independent of the presence of P. gingivalis gingipain (Figure 5.7C). Interestingly even though 

P. gingivalis and T. forsythia pairs were shown to decrease PECAM-1 abundance this pair did 

not significantly increase endothelial permeability (Figure 5.7C). F. nucleatum ssp 

polymorphum was also found to decrease HMEC-1 viability when mixed with ΔK/R-ab (p < 

0.001) (data not shown).  

 

Figure 5.7: PECAM-1 abundance and permeability of HMEC-1 is independent of gingipain in multispecies 
infections. (A) PECAM-1 cell surface abundance decreased on viable HMEC-1 treated with both P. gingivalis (Pg) 
W83 (red) and P. gingivalis (Pg) ΔK/R-ab (black) pairs and triplicate multispecies mixes containing F. nucleatum 
(Fn) ssp polymorphum. Data are presented as mean ± SD normalized median fluorescence index (nMFI) with 
enclosed circles representing independent experiments. (B) A significant increase in permeability of HMEC-1 was 
observed after treatment with triplicates containing P. gingivalis W83 (PgW83:Fn:Tf, red) and P. gingivalis 
gingipain null mutant (PgΔK/R-ab:Fn:Tf, black). (C) Similarly, permeability determined by dextran assay resulted 
in significantly increased permeability after infection with all pairs containing F. nucleatum, independent from 
gingipain/PgW83 (red) presence. (B,C) Permeability data are presented as mean ± SD of 4 independent 
experiments. Statistical significance was determined by a 1-way analysis of variance with Tukey’s post hoc 
multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001. 
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5.4.5 Altered pathogenic effects on PECAM-1 abundance after in vitro 

multispecies interactions  

F. nucleatum species facilitates adhesive interactions between itself and other 

microorganisms to form bacterial aggregates that may affect virulence (Brennan and Garrett 

2019). Multispecies bacteria (P. gingivalis W83/ΔK/R-ab, F. nucleatum species and/or T. 

forsythia) were therefore incubated for 1 hour in anaerobic conditions to allow bacteria to 

aggregate. Infection of endothelial cells with aggregates was then compared to those using 

planktonic grown bacteria. Scanning electron micrographs confirmed the presence of bacteria 

with different morphologies that one could tentatively assign to different species within the 

bacterial aggregate (Figure 5.8A-D). Viable HMEC-1 showed no difference in PECAM-1 cell 

surface abundance after infection with both mixed species planktonic infection compared to 

mixed species aggregates when F. nucleatum subspecies nucleatum was used (p > 0.42) when 

compared to the negative control. In contrast, a significant decrease in PECAM-1 abundance 

was observed when P. gingivalis (W83 and ΔK/R-ab), T. forsythia and F. nucleatum subspecies 

polymorphum were allowed to interact prior to infection (PgW83:Tf:Fn or PgK:Tf:Fn; p < 0.05) 

when compared to the uninfected control. Although no statistically significant differences in 

PECAM-1 abundance were identified between planktonic and 1 hour adhered mixes, these 

results anyway highlight how potential periodontal pathogen interactions could result in 

altered vascular pathogenicity. 
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Figure 5.8: In vitro multispecies interactions. P. gingivalis (Pg) W83/ΔK/R-ab, F. nucleatum ssp 
nucleatum/polymorphum (Fnn/Fnp) and T. forsythia (Tf) at MOI 33.3 each were prepared and either allowed to 
interact in triplicates or left in separate sterile eppendorfs for 1 hour in anaerobic conditions. After which cultures 
were centrifuged and used for triplicate infections of HMEC-1 at total MOI100 for 1 hour. (A-D) Representative 
electron micrographs showing cultures of (A) PgW83:Fnn:Tf, (B) PgW83:Fnp:Tf, (C) PgΔK/R-ab:Fnn:Tf and (D) 
PgΔK/R-ab:Fnp:Tf after 1 hour anaerobic interactions. (A-D) Micrographs show presence of multiple 
morphologies suggesting multiple species, highlighted by arrows of different colours, red, blue and white. (E&F) 
nMFI histograms show no significant differences in viable PECAM-1 abundance in all triplicates containing (E) F. 
nucleatum ssp nucleatum (Fnn). (F) On the other hand multispecies triplicates containing F. nucleatum ssp 
polymorphum (Fnp) allowed to adhere for 1 hour in anaerobic conditions containing PgW83 (red dotted 
histogram, PgW83:Tf:Fnp +) or PgΔK/R-ab (black dotted histogram, PgΔK/R-ab:Tf:Fnp +) resulted in significantly 
decreased PECAM-1 of viable HMEC-1 cells infected for 1.5 h when compared to the uninfected control. n = 5. 

Statistical differences were analysed by one‐way ANOVA with Tukey’s multiple comparison test. *p < 0.05, 

**p < 0.01. 
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5.4.6 Multispecies periodontal pathogen systemic infection in vivo 

The in vitro data has highlighted the importance of examining multispecies pathogen 

interactions when assessing how periodontal pathogens interact with the vasculature. 

Nonetheless, to date, data on multispecies behaviour and vascular interaction in vivo is 

lacking. Therefore, fluorescently labelled P. gingivalis W83, F. nucleatum ssp polymorphum 

and T. forsythia mixed planktonic cultures were systemically injected in Nacre zebrafish 

embryos to assess their behaviour real-time in vivo (Figure 5.9A-H). All three periodontal 

pathogens disseminated systemically at 2 hpi and representative micrographs show that while 

some bacteria disseminate around the vasculature as single species, others are in close 

proximity to other periodontal pathogen species, suggesting aggregate formation within the 

vessels occurs in vivo or that there is co-localised infection at the endothelial surface (Figure 

5.9). 

 

Figure 5.9: Multispecies dissemination of periodontal pathogens in vivo. (A-H) Maximum intensity projections 
generated 2 hpi of Nacre zebrafish embryo. 48 hpf zebrafish embryos were injected with a multispecies culture 
of 5(6)-FAM, SE -stained P. gingivalis W83 (green), Cell Tracker® CMPTX-stained F. nucleatum ssp polymorphum 
(false coloured blue) and Cell Tracker® Deep Red-stained T. forsythia (false coloured magenta) in the duct of 
Cauvier at 2X103 total CFU/mL. (A-D) Fluorescence micrographs show systemic dissemination of all 3 species in 
(A) composite and as separate channels with a background reduction of 50 corresponding to (B) P. gingivalis, (C) 
F. nucleatum polymorphum and (D) T. forsythia. (E-H) Maximum intensity projections with 50 background 
reduction micrographs at higher magnification in cardiac region of zebrafish embryo. (E) In the composite 
micrograph white arrows highlight colocalization of different species. (F-H) Separate channel micrographs further 
illustrate distribution of (F) P. gingvalis, (G) F. nucleatum ssp polymorphum and (H) T. forsythia. 

 

 



CHAPTER 5 

143 
 

5.5 DISCUSSION 

Chronic periodontitis leads to entry of bacteria and/or their virulence factors into the 

bloodstream.  This can cause vascular damage partly through host inflammatory response 

mechanisms that may potentiate atheromatous lesion formation, maturation and 

exacerbation (Tonetti et al. 2013, Reyes et al. 2013b, Schenkein et al. 2020). Numerous oral 

microorganisms or their RNA/DNA have been identified in atherosclerotic plaques (Chiu 1999, 

Schenkein et al. 2020, Serra e Silva Filho et al. 2014). Most studies have concentrated on 

examining P. gingivalis, a keystone pathogen of periodontal disease (Hajishengallis et al. 2012) 

because it is the most abundant species found in coronary and femoral arteries (Mougeot et 

al. 2017b) and increases morbidity and mortality of zebrafish embryos in a gingipain-

dependent manner after systemic injection (Widziolek et al. 2016). P. gingivalis produces the 

virulence factor gingipains; proteases that are capable of cleaving host proteins to sequester 

nutrients for growth (Hočevar et al. 2018). However, these proteins also mediate cell surface 

protein and extracellular matrix degradation, leading to loss of cellular and tissue integrity 

(Tada et al. 2003, Yun et al. 2005, Ruggiero et al. 2013). F. nucleatum and T. forsythia are 

known periodontal pathogens that can invade host cells and have also been identified in the 

vasculature (Reyes et al. 2013b), but their interaction with the endothelium is seldom studied. 

Moreover, periodontitis is a polymicrobial disease, yet infection experiments using more than 

one bacterial species are rarely performed.  

The single species infection data for P. gingivalis provided in this chapter mirrors other studies 

and the data in Chapters 3 and 4, suggesting a gingipain-dependent reduction of PECAM-1 and 

concurrent increased endothelial permeability (Widziolek et al. 2016). Single species infection 

with F. nucleatum in particular subspecies polymorphum, resulted in similar endothelial 

damage to that observed by P. gingivalis W83. Like P. gingivalis, F. nucleatum is capable of 

living in hostile environments populated by immune cells (de Andrade, Almeida-da-Silva and 

Coutinho-Silva 2019) and although F. nucleatum does not produce gingipains, it produces 

several virulence factors including serine proteases such as fusolin that may cleave host cell 

proteins (Doron et al. 2014, Bachrach et al. 2004). Reduced cell surface PECAM-1 abundance, 

enhanced pro-inflammatory changes and suppressed endothelial cell proliferation have been 

reported following F. nucleatum ssp nucleatum infection of HUVEC (Mendes et al. 2016) 

suggesting that this bacterium may require longer infection times to decrease PEACAM-1 
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abundance. Since infections in this research were carried out at MOI 100 after a minimum of 

4 hour and maximum of 24 hour infections (Mendes et al. 2016). F. nucleatum ssp 

polymorphum systemic infection resulted in a dose-dependent increase in zebrafish embryo 

mortality with increased cardiac and yolk oedema in zebrafish embryos at a CFU/mL lower 

than previously reported for W83 P. gingivalis in Chapter 4 (Farrugia, Stafford and Murdoch 

2020a, Widziolek et al. 2016), suggesting increased virulence in vivo.   Infection with T. 

forsythia resulted in no changes in PECAM-1 abundance or endothelial cell permeability in 

vitro. In mice, T. forsythia increased expression inflammatory modulators but did not increase 

atherosclerotic lesion size (Chukkapalli et al. 2015b), suggesting that this periodontal 

bacterium has a limited role in cardiovascular disease. 

Lack of polymicrobial research in the area and animal studies highlighting differing pathogenic 

effects from single species infection, led to further investigation on whether endothelial 

PECAM-1 and permeability are also affected when challenged with multi-species infections. P. 

gingivalis is generally found associated with other organisms such as T. forsythia and T. 

denticola (Yao et al. 1996) while F. nucleatum infections tend to involve multiple species (Jung, 

Jun and Choi 2017, Han 2015). F. nucleatum is known for its ability to produce outer 

membrane proteins including RadD arginine-inhibitable adhesins that are essential for 

interspecies adherence and multispecies biofilm formation (Kaplan et al. 2009). Investigation 

of their pathogenic affects when interacting with other species is therefore important. F. 

nucleatum was previously shown to enhance the invasion of P. gingivalis into gingival 

keratinocytes and aortic endothelial cells (Saito et al. 2008a). In contrast, another study 

showed that P. gingivalis suppressed invasion of F. nucleatum into gingival keratinocytes, with 

gingipain-mediated inactivation of the PI3K/AKT signalling pathway suggested as a 

contributing factor (Jung et al. 2017).  

Data presented for polymicrobial infections in this chapter highlighted differences in the 

virulence between F. nucleatum ssp nucleatum and polymorphum. A significant decrease in 

PECAM-1 abundance and HMEC-1 viability were only identified in the presence of ssp 

polymorphum not ssp nucleatum, suggesting that these two subspecies may have different or 

varying amounts of virulence factors. Although proteases have been identified in both 

subspecies, the proteolytic band sizes varied between ssp (Doron et al. 2014) and this 

difference may be the contributing factor between how these species interact with the 
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endothelium, either as single species infections or when coupled with other periodontal 

organisms. For example, when F. nucleatum ssp polymorphum was used in mixed species 

infections this significantly increased or maintained virulence with P. gingivalis and T. 

forsythia, whereas T. forsythia was not virulent alone, highlighting the role of multispecies 

interactions. Synergistic effects between P. gingivalis and F. nucleatum have been previously 

documented in vitro as well as in vivo, mainly in the context of periodontal pathogenesis 

(Sharma et al. 2005, Settem et al. 2012, Honma, Ruscitto and Sharma 2018). Sharma et al. 

2005 showed that coaggregations of these two microorganisms form stronger biofilms when 

compared to single species biofilms and this was partially attributed to T. forsythia’s BspA 

protein. Contrastingly this study also found that even though BspA is important for 

coaggregation, synergistic biofilms of T. forythia and F. nucleatum were independent of BspA 

(Sharma et al. 2005). F. nucleatum produces outer-membrane proteins including RadD (Kaplan 

et al. 2009), FadA (Han et al. 2005) and species-specific LPS (Martinho et al. 2016, Vinogradov 

et al. 2017b, Vinogradov et al. 2017a). Some of these factors are essential for interspecies 

adherence and multispecies biofilm formation (Kaplan et al. 2009) and RadD has also been 

shown to induce lymphocyte cell death (Kaplan et al. 2010, Kaplan et al. 2009). It is possible 

that the outer-membrane architecture of F. nucleatum might contribute to enhanced 

multispecies bacterial and vascular interactions, increasing vascular damage. Zebrafish 

embryo systemic infection showed that the multispecies interactions, which were observed in 

vitro also occurred in the vasculature in vivo, further validating the need for further research 

on effects of multispecies periodontal pathogen interactions on the vasculature. 

PECAM-1 reduction and increased permeability in HMEC-1 following polymicrobial infection 

is not entirely gingipain-dependent since these changes were also observed in polymicrobial 

infections using the gingipain-null mutant in combination with F. nucleatum ssp 

polymorphum. Similar gingipain-independent observations were previously shown in 

polymicrobial culture growth, where it was observed that gingipain was not necessary for 

multispecies biofilm formation (Bao et al. 2014). But to date there are no studies showing the 

effects of gingipains on PECAM-1 in polymicrobial infections. Since changes appear to be 

mediated by F. nucleatum ssp polymorphum, this microorganism’s virulence factors might play 

a greater role than the gingipains. P. gingivalis has been claimed to guide F. nucleatum spp 

nucleatum to a paracellular pathway (Jung et al. 2017) potentially suggesting  a potential 

reason why mixed infections of P. gingivalis and F. nucleatum showed no synergistic effects. 
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It is possible that F. nucleatum RadD (Kaplan et al. 2009) alter P. gingivalis  gingipains, in turn 

reducing its virulence or that the proteases secreted by one of these bacteria may degrade 

virulence factors of the other or visa versa. Emerging research also shows that the LPS 

structure varies between different F. nucleatum spp and that this might also contribute to 

varying virulence (Vinogradov et al. 2017b, Cairns et al. 2020, Vinogradov, St Michael and Cox 

2018a, Vinogradov et al. 2017c, Vinogradov, St Michael and Cox 2018b). 

It is clear that the interplay between periodontal pathogens even in this simple model of 

polymicrobial is complex, given that periodontal plaque contains tens of different species of 

bacteria, unravelling these host-pathogen interactions will be challenging.  

 

5.6  SUMMARY 

These novel data demonstrate that F. nucleatum, similar to P. gingivalis, may play a pivotal 

role in disrupting the vasculature. In these data F. nucleatum ssp polymorphum was also 

shown to be virulent in polymicrobial infections and more so, after allowing cultures to 

aggregate in an anaerobic environment. Highlighting not only the importance of subspecies 

investigation and polymicrobial research, but also the consideration of interspecies 

interactions when assessing periodontal pathogen effects on the vasculature. To our 

knowledge this data also shows the first documented multispecies periodontal pathogen 

systemic injection in a zebrafish embryo model, with potential for development for the study 

multispecies interactions in vivo real-time investigation. 



  

CHAPTER 6: DISCUSSION AND FUTURE PROSPECTS 
  

6.1 SUMMARY OF MAJOR FINDINGS 

Although several studies have shown an association between periodontitis and cardiovascular 

disease, the biological mechanisms that may link these two conditions are still highly debated 

(Herrera et al. 2020, Schenkein et al. 2020). Chapter 3 of this thesis identified a mechanism by 

which gingipains, potent protease virulence factors of P. gingivalis (Hočevar et al. 2018), 

directly contribute to vascular damage by affecting the cell surface abundance of adhesion 

molecules PECAM-1 and VE-cadherin both in vitro and in vivo. The in vivo zebrafish embryo 

infection model allowed for real-time imaging and analysis of interactions between P. 

gingivalis W83 and its non-gingipain producing mutant with vascular PECAM-1 and VE-

cadherin.  

 

Chapter 4 examined the ability of P. gingivalis to produce OMV, another known virulence 

factor of this periodontal pathogen (Xie 2015). The data presented in this chapter not only 

confirmed previous studies reporting the presence of gingipains on P. gingivalis OMV (Naylor 

et al. 2017, Aduse-Opoku et al. 2006, Curtis et al. 1999), but also showed that these vesicles 

can also independently increase endothelium permeability, decrease PECAM-1 abundance 

and increase morbidity and mortality in zebrafish embryos in a gingipain-dependent manner. 

These data underscore the potential widespread effects of gingipains on the systemic 

vasculature through OMV dissemination. 

 

Periodontitis is a polymicrobial disease therefore Chapter 5 aimed to assess whether other 

commonly identified periodontal pathogens (F. nucleatum and T. forsythia) could also affect 

endothelial cells when infected alone or in combination. These resulting data showed that F. 

nucleatum mediated effects similar to that of P. gingivalis in vitro, whereas infection with T. 

forsythia did not. In vivo F. nucleatum infection resulted in morbidity at lower concentrations 

than previously reported with P. gingivalis (Widziolek et al. 2016), suggesting the potential 

overlooked importance of this organisms role in the perio-vascular link. This was highlighted 

in the multispecies infection data, which showed that F. nucleatum could also reduce PECAM-
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1 cell surface abundance, emphasising the importance and need for additional investigations 

on multispecies periodontal pathogen vascular interactions. 

 

6.2 FUTURE WORK AND LIMITATIONS  

6.2.1 P. gingivalis gingipains effects on cell adhesion molecules 

The pathogenic role of P. gingivalis gingipains has been a topic of interest in the literature due 

to its wide range of pathogenic effects. These proteases have not only been attributed 

towards P. gingivalis’ role in the shift from gingivitis to periodontitis in the oral cavity 

(Hajishengallis et al. 2012), but have several other disease states (Yun et al. 2005, Dominy et 

al. 2019). The data in this thesis also point to the important role of gingipains in CVD. Gingipain 

inhibitors have been proposed as potential treatments for periodontitis (Olsen and Potempa 

2014). Given the findings of this thesis there is potential feasibility of using gingipain inhibitors 

as treatment strategies for systemic diseases associated with periodontitis. It would be of 

interest to assess whether inhibition of lysine or arginine gingipains, or both could reverse P. 

gingivalis-mediated cell adhesion molecule abundance or prevent endothelium permeability 

in vivo after single species infections as well as multispecies infections. Some gingipain 

mutants are also known to have altered fimbriae maturation (Shoji et al. 2004, Lee et al. 2018) 

and therefore further research is warranted here as this may have implications for protease 

inhibitor therapies.  

PECAM-1 is not only expressed on endothelial cells, it is also found on the surfaces of 

neutrophils, monocytes, some T cell subsets and on platelets (Muller 1995). During this study 

the effects of periodontal pathogen infection on cells other than of endothelial origin was not 

examined and to our knowledge there is no published data on gingipain-mediated damage to 

leukocyte and platelet-bound PECAM-1 and whether this proteolytic mechanism could also be 

a contributor towards periodontal pathogen-mediated systemic effects to the vasculature. If 

gingipains do also affect leukocyte and platelet-bound PECAM-1 it could be speculated that 

this mechanism might play a more widespread role, especially since gingipains can also be 

disseminated systemically via OMV, independently from P. gingivalis whole cell infection. 

Studies suggest that decreased PECAM-1 abundance results in decreased angiogenesis and 

increased foreign body inflammation (Solowiej et al. 2003) which might provide another 
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pathway for propagation of cardiovascular effects. PECAM-1 plays multiple roles in 

inflammation and vascular biology and its complex functions continue to be studied (Woodfin, 

Voisin and Nourshargh 2007).  Therefore, studying oral pathogen mediated PECAM-1 damage 

in a complex model (3D or in vivo) rather than single monolayers would be more beneficial to 

truly grasp extent of this mechanism.  

 

6.2.2 Role of OMV in pathogenesis following systemic dissemination 

While this work provided previously unreported insight on how P. gingivalis OMV can 

independently exert pathogenic effects on the vasculature, further research is required in this 

niche area. Determining the amount of OMV required to exert their vascular effects on larger 

animal models would provide a better perspective on how many OMV are required 

systemically to trigger or potentiate atherosclerotic events. This will not only be valuable to 

study the feasibility of the proposed mechanism, but also since P. gingivalis OMV have been 

proposed as a possible candidate for mucosal immunogen and adjuvant for a periodontitis 

vaccine, where P. gingivalis OMV may have unforeseen adverse effects (Nakao et al. 2016). In 

a 2005 study it was reported that sera from patients with generalised aggressive periodontitis 

(i.e. Stage 3 or 4, Grade C periodontitis) had elevated levels of gingipain-specific IgG (Gibson 

et al. 2005). It would also be of interest to assess whether presence of virulence factors such 

as gingipain or OMV in patient sera can be correlated with increased cardiovascular risk. 

Correlation between P. gingivalis gingipain specific IgG and cardiovascular risk or severity 

would suggest a potential new way of screening for cardiovascular risk. 

In this study the role of gingipains in OMV and its role in vascular damage was the focus of the 

study. Although this provided novel knowledge to an emerging field it is important to note 

that several other virulence factors are transported on P. gingivalis OMV and that other Gram-

negative periodontal pathogens are known to produce OMV (Cecil et al. 2016). Looking in the 

virulence potential of OMV generated from different P. gingivalis strains and different 

periodontal pathogens such as F. nucleatum, as well as differences in OMV virulence when 

generated in multispecies interactions might provide more clinically relevant insight on this 

virulence factor’s role.  Most research in the area focuses on P. gingivalis OMV and their role 

in periodontal disease, with very little data on the role of a wide range of periodontal pathogen 

OMV virulence factors and their potential role in the perio-systemic link.  
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With the advent of ever-growing microscopy techniques such as high resolution wide-field 

microscopy (Kner et al. 2010) it might be possible to track OMV in a zebrafish embryo in vivo 

model and assess how OMV are transported in the vasculature which will provide insight on 

how truly wide-spread their effects are in vivo and whether they preferentially accumulate in 

distinct areas.    

 

6.2.3 Multispecies periodontal pathogen interaction with the vasculature 

A recent study has shown that P. gingivalis can also compromise endothelial integrity through 

induction of endothelial mesenchymal transformation and endothelial apoptosis. Pg-induced 

effects on TLR-NF-κB signalling were reversed through the use of a TLR antagonist or NF-κB 

signalling inhibitor (Tovar-Lopez et al. 2019). Given that this thesis’ data showed decreased 

viability after F. nucleatum single (spp nucleatum and polymorphum) and multispecies 

infections (spp polymorphum), it would be interesting to look into the possibility of F. 

nucleatum’s effects on TLR-NF-κB signalling pathway and whether such antagonists could also 

reverse intercellular damage in vitro and in vivo. Such an investigation would highlight 

potential treatment approaches that target mechanisms against multiple periodontal 

pathogens, which is more likely to be the clinical scenario and therefore more translatable. 

Even in the limited mixed species experiments presented in this thesis, differences in 

pathogenicity were observed when different subspecies were used (2 F. nucleatum ssps used), 

as well as differences in the significance of virulence factors between single species and 

multispecies infections. This highlighted the importance of studying the differences in 

virulence factors between F. nucleatum ssps and more importantly multispecies interactions 

with the vasculature, an area that is seldom researched. Studying multispecies periodontal 

pathogen behaviour in vitro as well as in vivo models will provide further clues towards a 

better understanding on how periodontal pathogens from the periodontal pocket travel to 

the vasculature, elicit effects further away from the original site and which interactions might 

be playing a part in mediating endothelial damage. Further research on bacterial DNA in the 

human vasculature could shed light on the limited knowledge currently available.  This can be 

done by integrating the use of current genome sequencing advances, such as Oxford  

Nanopore, which  are making genomic investigations more accessible and reliable than ever 

before (van Heyningen 2019). 
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A recent review published stated that there was still a lack of evidence that periodontal 

bacteria obtained from human atheromas can cause atherosclerosis in animal models 

(Herrera et al. 2020). This could be due to periodontal pathogens being extremely fastidious 

and can therefore lose their pathogenicity during the transfer from atheroma to reuse in 

animal models or else it could also be due to the disruption of potential multispecies 

interactions during the process. It therefore would be of interest to further develop the 

zebrafish larvae model proposed in the final results chapter of this thesis to visualise and 

quantify interaction/colocalization of different periodontal pathogens in an in vivo 

environment. Such an investigation would provide much needed insight on the behaviour of 

different periodontal pathogens once they are systemically disseminated and therefore 

provide direction as to where to focus in vitro multispecies investigations in vivo. 

 

6.2.4 Models used to study role of periodontal pathogens in the oral systemic 

link 

Two main research models have been used throughout this work: endothelial monolayers for 

in vitro assessments and zebrafish larvae for in vivo assessments.  

While the simplistic endothelial monolayer allows for focused investigation of possible 

mechanistic contributors towards endothelial damage, the model lacks complexity that is 

synonymous with this area. An important missing feature from this model is the lack of flow. 

Blood flow is known to contribute to physical stress to the endothelium, which in turn plays a 

significant role in maintaining vascular integrity and homeostasis (Tovar-Lopez et al. 2019). 

Flow has also been shown to affect Staphylococcus aureus adhesion to the vessel wall (Claes 

et al. 2015), but to date to our knowledge there are no studies assessing whether different 

flow rates can also alter periodontal pathogen vascular attachment or pathogenicity. Current 

efforts to implement the 3Rs (replacement, reduction and refinement) are resulting in 

advances in various technologies which can deliver faster, more reproducible and more cost-

effective results (MacArthur Clark 2018). One such area is the implementation of microfluidic 

models which are used to assess flow changes or disruptions to the endothelium (Tovar-Lopez 

et al. 2019) for assessment of periodontal pathogen vascular interactions. Preliminary studies 
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using an in vitro flow system were performed in this study but were dropped due to time 

constraints. Development of such models would provide better in vitro insight of true 

mechanisms in a more clinically relevant environment. 

While zebrafish embryo models provide a platform for assessment of real-time cellular effects 

of periodontal pathogens and are extremely beneficial for studying mechanisms, it would be 

beneficial to translate this work’s findings to longer term models, models with excess lipids 

and into higher animal models, such as murine models which are more frequently used to 

study the link between periodontal disease and cardiovascular disease (Gibson et al. 2004, 

Xuan et al. 2017, Chukkapalli et al. 2015a, Chukkapalli et al. 2015c, Chukkapalli et al. 2014). 

This would therefore allow direct comparisons of our findings to previously documented 

methods found in the literature. 

 
 

6.3 RESEARCH IMPACT AND INNOVATION 

The findings resulting from this PhD have significantly contributed to current knowledge on 

the molecular mechanisms involved in periodontal pathogen (P. gingivalis, F. nucleatum, T. 

forsythia) single and multispecies vascular interactions. The findings have not only proposed 

a possible mechanism through which periodontal pathogens can damage the vasculature, but 

also contributed towards development of zebrafish embryo infection models to study this 

complex question in real-time, a feature lacking in other models currently used.  

To date, the data in this thesis has resulted in the publication of two peer-reviewed original 

articles (appended to this document) in FEBS Journal and the Journal of Dental Research 

respectively (Farrugia et al. 2020a, Farrugia et al. 2020b). The former publication was followed 

by a commentary in the same journal written by Prof. George Hajishengallis, a world-leading 

expert in the field, dedicated to the findings of the paper (Hajishengallis 2020).  In addition, 

this work has been presented to various audiences and through oral and poster presentations 

at several conferences organised by key leaders in the field, including the British Society of 

Oral and Dental Research (BSODR) and the British Society of Periodontology and Implant 

Dentistry (BSP). This presentation resulted in the award of the Senior Colgate Research Prize 

and the Sir Wilfred Fish Research Prize by the BSODR and BSP respectively. The highlighted 
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achievements further emphasize the impact of the findings, as well as the need for further 

investigation into this complex biological process. 

 

6.4 CONCLUSIONS 

As the importance and complexity of the oral systemic link continues to unravel through 

scientific findings, dentistry as a profession, and periodontology in particular, are moving 

towards a more personalised approach in patient care. Dental speciality societies are 

collaborating more than ever with other scientific disciplines and research on what measures 

can be integrated in the dental practice to fast-track early detection and referral of systemic 

issues (Sanz et al. 2020, Montero et al. 2020, Yonel et al. 2020, Yonel and Sharma 2017). The 

more we understand the mechanisms through which such disease links exist the more we can 

strive towards developing treatments and interventions that will not only improve patients’ 

oral health but also contribute to their overall wellbeing.  
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Several studies have shown a clear association between periodontal disease

and increased risk of cardiovascular disease. Porphyromonas gingivalis (Pg),

a key oral pathogen, and its cell surface-expressed gingipains, induce

oedema in a zebrafish larvae infection model although the mechanism of

these vascular effects is unknown. Here, we aimed to determine whether

Pg-induced vascular damage is mediated by gingipains. In vitro, human

endothelial cells from different vascular beds were invaded by wild-type

(W83) but not gingipain-deficient (ΔK/R-ab) Pg. W83 infection resulted in

increased endothelial permeability as well as decreased cell surface abun-

dance of endothelial adhesion molecules PECAM-1 and VE-cadherin com-

pared to infection with ΔK/R-ab. In agreement, when transgenic zebrafish

larvae expressing fluorescently labelled PECAM-1 or VE-cadherin were sys-

temically infected with W83 or ΔK/R-ab, a significant reduction in adhe-

sion molecule fluorescence was observed specifically in endothelium

proximal to W83 bacteria through a gingipain-dependent mechanism. Fur-

thermore, this was associated with increased vascular permeability in vivo

when assessed by dextran leakage microangiography. These data are the

first to show that Pg directly mediates vascular damage in vivo by degrad-

ing PECAM-1 and VE-cadherin. Our data provide a molecular mechanism

by which Pg might contribute to cardiovascular disease.

Introduction

The effect of oral health on systemic disease is currently a

highly debated topic with increasing evidence indicating

that blood-borne oral microbes significantly contribute

to conditions such as cardiovascular disease (CVD) [1,2],

rheumatoid arthritis [3], diabetes [4] and Alzheimer’s

disease [5]. The association between periodontitis and

cardiovascular disease has been studied for the last three

decades and is now generally accepted in the field [6].

Periodontitis is a chronic multifactorial inflamma-

tory disease caused by the dysbiosis of indigenous
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microorganisms and characterised by the destruction

of tooth-supporting structures leading to tooth loss

[7,8]. Porphyromonas gingivalis (Pg), an oral anaerobic

microbe, is considered the keystone pathogen that pro-

motes the development of severe periodontitis by

favouring oral microbial dysbiosis and dysregulation

of the host immune response [9]. Pg resides in dental

plaque and produces several virulence factors that

enable this microbe to colonise the host, evade the

immune system and contribute to disease progression

and tissue destruction [9,10]. The predominant viru-

lence factors appear to be gingipains, cysteine pro-

teases with significant proteolytic activity [11].

The presence of oral bacteria has been detected in

peripheral blood following tooth extractions and even

regular oral hygiene procedures such as tooth brush-

ing, giving rise to a transient bacteraemia in healthy

individuals [12]. However, the likelihood of bacterial

entry to the circulation is greatly increased in patients

with chronic gingivitis or periodontitis where bacterial-

mediated loss of gingival epithelial integrity facilitates

bleeding, allowing pathogenic oral bacteria facile

movement from the periodontal pocket into the blood-

stream [13–15]. Indeed, oral microbiome profiling per-

formed on patients with atherosclerotic CVD

undergoing bypass surgery revealed that Pg was the

most abundant species found in nondiseased vascular

tissue [16]. Furthermore, Pg DNA was detected in car-

diac valves of patients with CVD and deep periodontal

pockets [17].

Pg is able to bind to and invade endothelial cells

cultured in vitro [18,19]. This microbial–host interac-

tion mediates increased gene expression of several

chemokines (e.g. CXCL8, CCL2), adhesion molecules

(CD54, CD62E, PECAM-1) and inflammatory factors

by endothelial cells via various mechanisms [20–22].
Paradoxically, in an attempt by the pathogen to sub-

vert the host immune response, the proteins of these

pro-inflammatory genes are degraded by Pg-derived

gingipains [20,23,24]. Adhesion molecules localised at

the cellular junctions of adjacent endothelial cells selec-

tively regulate vascular permeability [25]. Dysregulated

adhesion molecule expression may initiate vascular

pathology due to abnormally elevated vascular perme-

ability leading to oedema, chronic inflammatory and

vascular damage [26]. We recently showed that Pg can

cause vascular damage in an in vivo zebrafish larvae

model of systemic infection in a gingipain-dependent

manner [27], suggesting that these bacterial proteases

may be important factors in the development of CVD.

Here, we hypothesised that gingipain-dependent cleav-

age of endothelial cell junction adhesion molecules is

important in mediating the vascular damage. By

infecting transgenic zebrafish models that have fluores-

cent labelling of endothelial cell junctions with a wild-

type and isogenic gingipain-null Pg mutant, we iden-

tify that gingipains dramatically alter adhesion mole-

cule cell surface abundance leading to increased

vascular permeability in vitro and in vivo. These data

significantly enhance the growing evidence for the role

of oral bacteria in CVD and indicate a potential mech-

anism by which oral bacteria can contribute to cardio-

vascular disease.

Results

P. gingivalis invades human endothelial cells and

localises to the perinuclear region through a

gingipain-dependent mechanism

We initially confirmed Pg invasion of endothelial cells

using an antibiotic protection assay. All wild-type lab-

oratory strains examined (ATCC33277, W83, W50)

invaded HDMEC at significantly greater levels than

the clinical isolate (A245Br) (P ≤ 0.05, Fig. 1A). Wild-

type W83 was not only capable of invading various

types of endothelial cells including HDMEC

(0.072% � 0.032; Fig. 1A,B), HMEC-1 (0.48% � 0.2;

Fig. 1C) and HCAEC (0.21% � 0.1; Fig. 1D), but

was also shown to be significantly more invasive than

the gingipain-deficient ΔK/R-ab mutant (P < 0.001)

that displayed on average an 85% reduction in

endothelial cell invasion for the three cell types tested

(Fig. 1B–D). Multichromatic confocal microscopy

revealed that intracellular dwelling Pg were predomi-

nantly localised to the perinuclear regions, where they

were colocalised within wheat germ agglutinin-positive

membranes, suggesting residence within membrane-

bound intracellular vesicles following internalisation,

as previously shown in other model systems (Fig. 1E).

Endothelial cell permeability increases following

Pg infection and is gingipain-dependent

We previously demonstrated that zebrafish systemically

infected with Pg displayed significant oedema [27], sug-

gesting that this bacterium may influence vascular per-

meability. To explore this possibility, we examined

HDMEC monolayer permeability following Pg infec-

tion in vitro. Microscopically, Pg-infected HDMEC

were found to lose cell–cell attachments compared

with uninfected controls (Fig. 2A). Using a high

molecular weight fluorescent dextran permeability

assay, we observed a time-dependent increase in the

levels of fluorescence passing through the endothelial

monolayer and this was significantly increased in Pg-
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treated compared with untreated HDMEC at all time

points examined for up to 5 h (Fig. 2B). Moreover,

this increase in endothelium permeability was signifi-

cantly reduced (P < 0.001) compared with untreated

control levels or when Pg W83 was pre-incubated with

KYT, a specific inhibitor of gingipain activity (Fig. 2

C) [28]. Similarly, endothelial permeability was also

significantly reduced (P < 0.001) when monolayers

were infected with the gingipain-deficient mutant ΔK/
R-ab compared with wild-type controls (Fig. 2D). Col-

lectively, these data implicate gingipains as the primary

permeabilising factor following Pg infection.

Pg infection decreases endothelial cell surface

adhesion molecule abundance but not gene

expression in vitro

The endothelial cell surface adhesion proteins PECAM-

1 (CD31) and VE-cadherin (CD144) are crucial for

maintaining cell–cell junction integrity and preserving a

restrictive endothelial permeability barrier [25,29].

Gingipains have been shown to mediate the proteolytic

degradation of several human proteins [20,30]; there-

fore, we examined whether these proteases were respon-

sible for cleavage of PECAM-1 and VE-cadherin. Flow

cytometric analysis revealed that cell surface abundance

of PECAM-1 on both HMEC-1 and HDMEC was

almost completely abolished upon W83 infection com-

pared with uninfected controls when analysed by both

flow cytometry (P < 0.05; Fig. 3A,C) and immunofluo-

rescence microscopy (Fig. 3E). In contrast, endothelial

cells infected with the gingipain-null mutant, ΔK/R-ab,

showed no loss of PECAM-1, displaying levels similar

to uninfected controls (Fig. 3A,C). Cell surface abun-

dance of VE-cadherin on both HMEC-1 and HDMEC

was reduced by sixfold upon infection with W83

(P ≤ 0.05; Fig. 3B,D). In contrast, cells infected with

ΔK/R-ab displayed VE-cadherin levels similar to those

of uninfected controls (Fig. 3B,D). Loss of VE-cadherin

was observed predominantly at the cell–cell junctions by
confocal microscopy, sites where this protein

Fig. 1. Strain and gingipain-dependent invasion of Pg into human

endothelial cells. HDMEC were infected with wild-type strain Pg

ATCC33277, W83, W50 or A245Br (A) or wild-type Pg W83 and

ΔK/R-ab (B) at a MOI 100 for 90 min. HMEC-1 (C) and HCAEC (D)

were infected with wild-type Pg W83 or ΔK/R-ab mutant also at a

MOI 100 for 90 min. Bacterial cell invasion was determined by

antibiotic protection assay and expressed as a percentage of

primary bacterial inoculum recovered. Graphs show means � SD

(n = at least 3 individual experiments with each individual

experiment performed in triplicate technical repeats; shown as

filled circles). Data were analysed using one-way ANOVA with

Tukey’s post hoc comparison test (Fig. 1A) or Student’s t-test

(Fig 1B-D), *P < 0.05, **P < 0.01, ***P < 0.001. Representative

maximum intensity Z projection images of HMEC-1 with

intracellular (green) and extracellular (cyan) Pg W83. Cell nucleus

(blue) and plasma membrane (red). Composite image shows

intracellular dwelling Pg as orange (green and red colocalisation,

white arrow), and extracellular (cyan) bacteria bound to the cell

surface (E). All images show x-axis, y-axis and z-axis planes, and

scale bars in images are all 5 μm.
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preferentially accumulates (Fig. 3F). Loss of PECAM-1

adhesion molecule cell surface expression was MOI-de-

pendent (Fig. 4A) and not due to differences in endothe-

lial cell death upon infection as cell viability was similar

to controls following infection with either W83 or ΔK/
R-ab (Fig. 4B–E). In addition, reduced abundance of

the endothelial cell surface adhesion molecule, E-selectin

(CD62E), a protein that plays a role in leucocyte adhe-

sion rather than vascular permeability, was also

observed (Fig. 5). The levels of cell surface E-selectin

were increased on HDMEC at 4 and 8 h following treat-

ment with TNFα, whereas immortalised HMEC-1 cells

did not display E-selectin at any time point examined

irrespective of cytokine treatment (Fig. 5A–D). Pg was

able to invade both HDMEC and HMEC-1 at similar

levels in the absence or presence of pro-inflammatory

stimulation (Fig. 5E,F). In 8-h TNFα-treated HDMEC,

infection with Pg significantly (P < 0.001) reduced E-se-

lectin cell surface abundance by fivefold compared with

uninfected controls (Fig. 5G,H).

An alternative explanation for the loss of endothelial

cell surface adhesion molecule expression is that the

bacterial infection may reduce gene expression. To test

for this possibility, we checked for differences in

endothelial mRNA expression by qRT–PCR following

incubation with wild-type W83 and mutant ΔK/R-ab

Pg. Incubation with either of these strains did not sig-

nificantly alter gene expression of VE-cadherin,

PECAM-1 or other tested cytokines (CXCL8, CCL2,

ICAM-1) in HMEC-1 and HDMEC cultures when

compared to the treatment with the potent pro-inflam-

matory cytokine, TNFα (Fig. 6A,B).

P. gingivalis reduces endothelial cell surface

adhesion molecule abundance in an in vivo

zebrafish infection model

We next used our established Pg zebrafish infection

model [27] to determine whether the observed changes

in adhesion molecule cell surface abundance seen in

Fig. 2. Pg W83 increases permeability of endothelial cell monolayers in a gingipain-dependent manner. HDMEC (A–C) or HMEC-1 (D) cells

were grown to confluent monolayers on fibronectin-coated inserts, infected with Pg at a MOI 1000 for 1.5 h, followed by the measurement

of high molecular weight (70 kDa) fluorescein dextran passing through the monolayer barrier. Morphology of HDMEC monolayer in the

absence (−Pg) or presence (+Pg) of W83 (A); white arrows indicate areas of cell attachment loss (scale bar in A = 20 μm). In vitro

permeability assay of HDMEC in the absence (−Pg) or presence (+Pg) of W83 (B) and upon treatment with KYT inhibitors prior to HDMEC

Pg infection (C). In vitro permeability assay of HMEC-1 infected with W83 or ΔK/R-ab (D). Data in B&C are presented as means � SD and

were analysed by one-way ANOVA followed by Tukey’s post hoc comparison test. *P < 0.05, ***P < 0.001. Data in D are presented as

means � SD and were analysed by Student’s t-test. ***P < 0.001; for all experiments, n = 3 individual experiments with each individual

experiment performed in triplicate technical repeats.
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vitro were replicated in vivo. Transgenic zebrafish with

endothelial cell-specific PECAM-1-EGFP expression tg

(fli1a:PECAM1-EGFP)sh524 were inoculated systemi-

cally with either red-labelled wild-type W83 or ΔK/R-

ab Pg. Reporter fluorescence was quantified where the

endothelium and Pg colocalised in the intersegmental

vessels and the caudal vein adjacent to the yolk sac,

anatomical sites that are free from any natural pig-

mentation to avoid problems with background fluores-

cence and where individual vessels were easily

distinguished. In PBS-injected zebrafish, PCAM-1

expression was observed on the endothelial cell surface

of the intersegmental vessels as well as the caudal

artery and vein (Fig. 7A,D). Both W83 and ΔK/R-ab

gingipain-null bacteria could be visualised within the

vessels at these sites (Fig. 7B,E and C,F), binding to

and in some instances having traversed the vascular

barrier into surrounding tissue (Fig. 7Gii). Impor-

tantly, in W83-infected zebrafish, colocalisation of Pg

at the endothelial surface was associated with a

marked reduction in endothelial PECAM-1 fluores-

cence at these sites (Fig. 7Gi,Gii). Consistent with our

in vitro experiments, we observed that loss of

PECAM-1-EGFP fluorescence was gingipain-depen-

dent since infection with the gingipain-null mutant,

ΔK/R-ab, was not associated with loss of PECAM-1-

Fig. 3. Degradation of endothelial cell surface-expressed junctional adhesion molecules in vitro. Representative flow cytometry histograms

of cell surface expression of PECAM-1 (A) and VE-cadherin (B) on HMEC-1 and HDMEC following infection with Pg W83 (green) or ΔK/R-ab
mutant (blue); IgG control (red); and uninfected control (orange). Normalised median fluorescence intensity (nMFI) histograms of PECAM-1

(C) and VE-cadherin (D) on HMEC-1 and HDMEC following infection with Pg W83, ΔK/R-ab or uninfected control (enclosed circles represent

data from each individual experiment, n = 4). Statistical differences were analysed by one-way ANOVA with Tukey’s multiple comparison

test *P < 0.05, **P < 0.01, ***P < 0.001. Micrograph images show immunofluorescent detection of cell surface expression of PECAM-1

(red, E) and VE-cadherin (green, F) in control or Pg-treated HDMEC (n = 3). Nuclei were counterstained blue with DAPI. Scale bars in E &

F = 100 μm.
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EGFP fluorescence (Fig. 7Gi). Indeed, fluorescence

intensity analysis showed that PECAM-1 fluorescence

was significantly reduced in the presence of W83 com-

pared with ΔK/R-ab on both the intersegmental ves-

sels in the tail (Fig. 7H, P < 0.001) and caudal vein

(Fig. 7I, P < 0.01). We next employed fluorescently

tagged VE-cadherin-TS transgenic zebrafish larvae and

quantified transgene fluorescence following PBS, W83

or ΔK/R-ab infection (Fig. 8A–F). Similar to the effect

on PECAM1-EGFP, when colocalised with the vascu-

lature (Fig. 8B,Gi), wild-type Pg significantly reduced

the fluorescence intensity of the VE-cadherin-TS repor-

ter on both intersegmental (Fig. 8H, P < 0.01) and

caudal vein (Fig. 8I, P < 0.05) vessels when compared

to ΔK/R-ab mutants, suggesting reduced fluorescence

of this reporter fusion protein was also gingipain-de-

pendent.

Pg infection increases vascular permeability

in vivo

We next tested whether Pg infection could also lead to

increased vascular permeability in an in vivo setting.

Here, we used transgenic zebrafish expressing a cyan

fluorescent protein, mTurquiose2, in endothelial cells

(tg(fli1a:mTQ2)sh321), to fluorescently label the vas-

culature and injected these with either fluorescein-la-

belled Pg or PBS as control followed by further

injection with tetramethylrhodamine (a red fluorescent)

dextran at 24 hpi. In PBS-injected larvae, the fluores-

cent dextran strictly localised to the lumen of the aor-

tic arches, opercular artery, hypobranchial artery and

other vessels in the vascular network, indicating that

the high molecular weight dextran was not able to pass

across the vascular barrier (Fig. 9A,D). Following

infection, Pg was observed both within blood vessels,

their surrounding tissues and in particular around the

oedematous heart (Fig. 9B,E). In these infected larvae,

diffuse fluorescent dextran staining was observed

throughout tissues, extending far beyond the confines

of the aortic arches suggesting widespread dextran

leakage from vessels (Fig. 9C,F). Furthermore, dextran

fluorescence was observed in the oedematous pericar-

diac region suggesting widespread vessel leakage in this

area (Fig. 9C,F). These data, along with our in vitro

studies, provide compelling evidence that Pg is able to

mediate vascular damage leading to loss of endothelial

integrity and increased vascular permeability.

Discussion

Increasing evidence suggests that periodontal disease is

associated with CVD and that this is influenced, in

part, by bacteria that enter the circulation via diseased

tissues in the oral cavity [1,6]. Further supporting evi-

dence comes from in vitro studies showing that oral

microbes, in particular Pg, can invade endothelial cells,

but more compellingly from human studies where the

DNA of several oral bacteria, including Pg, has been

found in nondiseased vascular tissue from patients

undergoing bypass surgery [16] as well as in atheroscle-

rotic plaques [31–33]. However, the molecular

Fig. 4. Pg-mediated decrease in PECAM-1 cell surface abundance

is MOI-dependent on viable endothelial cells. (A) PECAM-1 cell

surface abundance on HMEC-1 cells as determined by flow

cytometric analysis following infection with increasing MOI of Pg;

uninfected cells were used as controls (enclosed circles represent

data from each individual experiment). Data are displayed as

normalised median fluorescence intensity (nMFI), and statistical

differences were analysed by one-way ANOVA with Tukey’s

multiple comparison test; *P < 0.05, **P < 0.01 compared with

MOI 0, 1, 10. HMEC-1 (B&C) and HDMEC (C&D) viability

postinfection as assessed by a live/dead TO-PRO-3 exclusion flow

cytometric assay. The level of per cent viable cells (TO-PRO-3-

negative, blue dots) in the cell population was measured for W83

and ΔK/R-ab-treated cells. One-way ANOVA with Tukey’s multiple

comparison test showed no statistically significant differences in

cell survival between groups following infection.
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mechanism driving this association is, as yet,

unknown, with several divided theories proposed on

how this relationship develops. Therefore, in this study

we used both in vitro and in vivo approaches to deci-

pher the mechanisms at play with particular emphasis

on the role of gingipains, potent proteases known to

play a key role in Pg-mediated disease processes [34].

Our initial in vitro studies using monolayers of

endothelial cells from various vascular beds showed

that Pg (strains ATCC33277, W83, W50, A245Br)

were invasive but at low levels (~ 0.1%), which is in

agreement with previous findings from other groups

[18,19,35,36]. Collectively, these data show that

endothelial cells are less susceptible to invasion than

Fig. 5. Pg W83 infection decreases E-

selectin abundance on HDMEC in vitro. Cell

surface abundance of E-selectin increased

in a time-dependent manner on HDMEC (A)

upon treatment with TNFα (10 ng�mL−1)

when analysed by cell-based ELISA.

Expression increased at 4 h, displayed

maximal expression after 8 h (P < 0.05,

Mann–Whitney U-test, n = 3) with levels

returning to baseline by 24 h. HMEC-1 cells

did not express E-selectin at any time point

examined (B). These data were confirmed

by flow cytometric analysis where E-

selectin abundance was increased on

HDMEC after 8 h TNFα stimulation (C) but

was not present on HMEC-1 with levels

being similar to unstimulated controls (D).

Whisker plots showing that stimulation of

HDMEC (E) or HMEC-1 (F) with 10 ng�mL−1

TNFα for 8 h did not result in increased

invasion of Pg W83 compared with

unstimulated control cells (enclosed squares

and circles denote number of experiments

performed, and data are mean � SD).

Representative flow cytometry histogram of

cell surface expression of E-selectin (G) on

8 h TNFα-stimulated HDMEC following

infection with Pg W83 (orange), IgG control

(red) and uninfected control (blue). E-

selectin normalised median fluorescence

intensity (nMFI) histograms of Pg W83-

infected and Pg W83-uninfected controls.

Statistical differences in E, F and H were

analysed by Mann–Whitney U-test of n = 3

independent experiments, ***P < 0.001.
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oral epithelial keratinocytes that can display from 2%

to 10% cell invasion depending on the strain examined

[37,38]. Moreover, the gingipain-null mutant ΔK/R-ab

failed to invade endothelial cells, suggesting that bacte-

rial gingipains are crucial for this process. Confocal

microscopy analysis confirmed the presence of intracel-

lular dwelling Pg enclosed within membrane-bound

vesicles at perinuclear sites in endothelial cells, similar

to that documented for gingival epithelial cells, most

likely as a result of endocytosis [19,39,40]. Internalisa-

tion has several beneficial outcomes for the bacterium

including protection from the host immune response,

resistance to antibiotic therapy (many cannot pass the

plasma membrane) and increased survival [39]. When

infected with wild-type Pg, HDMEC within confluent

monolayers became detached and the endothelium dis-

played significant loss of permeability in vitro that was

prevented by inhibition of gingipain enzyme activity or

upon infection with ΔK/R-ab, the gingipain-null

strain. Similar observations were reported by Sheets

et al. [24] who noted that bovine coronary artery

endothelial cells and HDMEC exhibited loss of adhe-

sion to tissue culture plastic upon culture with Pg-

derived culture extracts. These data clearly point to

proteolytic degradation of cell surface molecules as the

likely mechanism for loss of cell–cell contacts and

adhesion. Indeed, our flow cytometric and confocal

microscopy analysis revealed gingipain-dependent

cleavage of PECAM-1, VE-cadherin and E-selectin

(CD62E) on human endothelial cells when cultured as

monolayers in vitro.

E-selectin is an adhesion molecule associated with

tethering of leucocytes to the endothelium during

inflammation. It was previously shown that Pg adhe-

sion to human umbilical vein endothelial cells

(HUVEC) that are derived from large blood vessels is

mediated by E-selectin [24,41]. In contrast, our data

indicate that Pg adhere and invade both E-selectin-de-

ficient HMEC-1 and E-selectin-expressing HDMEC at

similar levels, suggesting that E-selectin is not essential

for invasion into microvascular endothelial cells.

Gingipain-dependent degradation of other leucocyte

adhesion molecules (ICAM-1/CD54, VACM-1/CD106)

has also been observed [30], suggesting that Pg is able

to modulate leucocyte recruitment at the endothelium

surface. PECAM-1 and VE-cadherin act to form inter-

cellular junctions that are crucial for maintaining a

continuous endothelium and so loss of these cell–cell
contacts will inevitably lead to loss of tissue integrity,

increased permeability and endothelial dysfunction. In

this study, loss of PECAM-1 and VE-cadherin cell sur-

face abundance was identified in response to whole

bacteria, whereas previous studies have used recombi-

nant gingipains to show cleavage of endothelial cell

surface proteins including N-cadherin and integrin β1
as well as VE-cadherin [24]. Gene expression analysis

Fig. 6. Infection of endothelial cells with Pg

W83 or ΔK/R-ab does not alter mRNA

expression of pro-inflammatory genes.

HMEC-1 (A) and HDMEC (B) cells were

infected with either W83 or ΔK/R-ab (MOI

100) for 4 h, unstimulated or TNFα-
stimulated (25 ng�mL−1) cells were used as

controls. Bars represent means � SD of

relative fold change expression of VE-

cadherin, PECAM-1, CXCL8, CCL2 and

ICAM-1. Data were analysed by

Kruskal–Wallis with Dunn’s multiple

comparison test; **P ≤ 0.01, n = 3

individual biological experiments each

performed in triplicate technical repeats.
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showed no change in expression levels of PECAM-1 or

VE-cadherin as well as other inflammatory cytokines

(CCL2, CXCL8 and ICAM-1) in response to infection

with either wild-type W83 or ΔK/R-ab Pg, confirming

that loss of cell surface protein was due to protein

cleavage and not altered gene transcription. Interest-

ingly, our gene expression data are in contrast to those

reported by others who have observed increased gene

expression for CCL2 (formally MCP-1) by HUVEC in

response to Pg strain 381 [42] and ICAM-1 by

E.A.hy926 cells (an endothelial/epithelial hybrid cell

line) or HUVEC upon infection with Pg strain

ATCC33277 or W83, respectively [43,44], which may

be due to bacterial strain differences or to use of cell

lines or endothelial cells derived from large compared

with microvascular vessels.

In vitro generated data using monolayer endothe-

lium provide valuable information, but these experi-

ments lack conditions such as flow, shear stress and

presence of other cells that are important when exam-

ining systemic infection. We therefore set about con-

firming the in vitro data using our zebrafish Pg

infection model [27]. Zebrafish have been extensively

used for host–pathogen interactions as well as for car-

diovascular studies [45] and have several advantages

over murine models such as transparency and avail-

ability of fluorescently tagged proteins that allow for

real-time analysis of cell–cell interactions. Moreover,
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Fig. 7. PECAM-1 expression in an in vivo

zebrafish embryo systemic infection model.

Representative images of spinning disc

confocal micrographs showing PECAM-1

expression (green) in the tail region (A–C)
and yolk region (D–F) of zebrafish embryos

at 24 hpi. Embryos were injected with PBS

control (A&D), wild-type W83 Pg (red, B&E)

or ΔK/R-ab mutant (red, C, F) n = 15.

Decreased fluorescence in W83 expression

was observed in infected segmental

vessels, while loss of definition in W83-

infected vessels is clearer than in caudal

vein and artery. Loss of PECAM-1

expression is exemplified in high-

magnification images of the caudal vein

showing PBS controls (Gi, top), W83-

infected (Gi, middle) and ΔK/R-ab-infected
(Gi, lower) embryos and in the

intersegmental vessels which show a

marked loss of PECAM-1 fluorescence

(green) when colocalised with red-labelled

W83 (Gii, circled areas). W83 can also be

observed in the tissues having traversed

the vasculature (Gii, white arrows). Image

analysis showed significantly decreased

normalised median fluorescence values and

therefore PECAM-1 expression in both the

tail (H) and caudal vein (I) between zebrafish

embryo infected with W83 and ΔK/R-ab Pg

(**P < 0.01, ***P < 0.001, Student’s t-test;

data are means � SD of 3 pooled

independent biological experiments (n = 3)

with 5 technical repeats per experiment).

CA, caudal artery; CV, caudal vein; DLAV,

dorsal longitudinal anastomotic vessel; Se,

intersegmental vessels; Y, yolk sac. Scale

bar A–G = 40 µm.
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the close homology between numerous zebrafish and

human innate immune and cardiovascular-associated

molecules means that this in vivo model system is also

ideally placed to examine pathogen-mediated host

responses that may impact on CVD risk. We previ-

ously showed that zebrafish present with oedema upon

infection with wild-type but not the ΔK/R-ab gingi-

pain-null mutant [27] and given our in vitro data on

gingipain-dependent endothelial cell adhesion molecule

degradation we hypothesised that gingipains would be

responsible for cleavage of these molecules in vivo lead-

ing to vascular permeability. Using genetically engi-

neered zebrafish whereby PECAM-1 or VE-cadherin

was fluorescently labelled, we observed, for the first

time, in vivo Pg-mediated loss of fluorescence upon

infection with wild-type (W83) but not with the gingi-

pain-null mutant strain, indicating gingipain-dependent

degradation of these molecules. Loss of PECAM-1

and VE-cadherin on the endothelium was most evident

when colocalised with W83 Pg and was apparent in

several vascular regions of the zebrafish indicating that

infection is widespread and that Pg adhesion and

gingipain-mediated protein degradation are not con-

fined to specific vascular beds. Even more important

was that loss of adhesion molecule abundance was

associated with increased vascular permeability as

A B C
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Fig. 8. VE-cadherin (CDH5) expression in an

in vivo zebrafish embryo systemic infection

model. Representative images of spinning

disc confocal micrographs showing VE-

cadherin expression (green) in the tail

region (A–C) and yolk region (D–F) of
zebrafish embryos at 24 hpi. Embryos were

injected with PBS control (A, D), wild-type

W83 Pg (red, B, E) or ΔK/R-ab mutant (red,

C, F) n = 12. Decreased VE-cadherin

fluorescence when colocalised with W83

was observed in infected segmental

vessels and caudal vein. The loss of VE-

cadherin expression is exemplified in high-

magnification images from A, B and C

showing PBS controls (Gi, left), W83-

infected (Gi, middle) and ΔK/R-ab-infected
(Gi, right) intersegmental vessels. Image

analysis showed significantly decreased

normalised median fluorescence values and

therefore VE-cadherin expression in both

the tail (G) and caudal vein (H) between

zebrafish embryo infected with W83 and

ΔK/R-ab mutant Pg (*P < 0.05, **P < 0.01,

Student’s t-test, and data are means � SD

of 3 pooled independent biological

experiments (n = 3) with 4 technical

repeats per experiment). CA, caudal artery;

CV, caudal vein; DLAV, dorsal longitudinal

anastomotic vessel; Se, intersegmental

vessels; Y, yolk sac. Scale bar A-G =
40 µm.
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determined by dextran vascular leakage, signifying loss

of endothelium integrity and vascular damage, both

implicated in the pathogenesis of cardiovascular dis-

ease [46].

Several in vivo studies using murine experimental

models, in particular the hyperlipidaemic ApoE(null)

mice, have shown that Pg infection directly influences

atherosclerotic lesion formation or development [47,48]

and several mechanisms have been suggested. How-

ever, visualising bacterial–host interactions at a cellular

and even protein level are not possible in these models.

To our knowledge, this is the first time that the effects

of systemic Pg infection at the cellular level, in vivo,

have been reported and our data clearly point to a role

for Pg in mediating vascular damage. At present, it is

unknown whether Pg acts as an initiating event, where

it could be speculated that Pg-mediated endothelial

cell damage leads to the exposure of the underlying

vascular connective tissue leading to localised platelet

activation and leucocyte recruitment. However, it

could also be speculated that Pg acts to exacerbate the

disease process by negatively modulating the immune

response. Clearly, further studies are warranted to

decipher the precise role of Pg in CVD.

As with most in vivo experimental infection models,

animals (mice or zebrafish) are systemically inoculated

with high numbers of bacteria, much more than would

be observed in humans, and it could be argued that

these studies are therefore not completely physiologi-

cally relevant. However, it should be noted that many

cardiovascular diseases are long-term, chronic condi-

tions where the disease manifests over long periods

with repeat exposure to transient levels of one if not

several aetiological agents. Replicating this experimen-

tally in vivo is extremely challenging and would require

repeat low-dose inoculation or a long time frame, giv-

ing raise to ethical concerns over animal distress as

well as experimental cost. Current, in vivo infection

strategies aim to provide key information that collec-

tively points to significant risk factors within the full

knowledge of their limitations. In this regard, zebrafish

provide clear benefits as an in vivo model to examine

systemic host–pathogen interactions, and our data sig-

nificantly add to others in implicating Pg in vascular

pathogenicity. There is now an appreciation that many

bacterial-mediated diseases are polymicrobial in nat-

ure, with periodontitis being a case in point where it is

considered that several organisms within the subgingi-

val plaque drive pathogenesis rather than one organ-

ism in isolation. It is therefore likely that other oral

bacteria contribute to systemic disease. Indeed, in the

oral context, studies have shown significant impacts on

A B C
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Fig. 9. Pg W83 infection increases vascular permeability in zebrafish embryos. Representative maximum intensity Z projection

microangiography of PBS-injected (A, D) or fluorescein-stained wild-type W83 Pg-infected (green, B, C, E, F) zebrafish embryos with cyan-

labelled vasculature before (B, E) and after red fluorescent dextran injection (A, C). Upper panels show ventral view and lower panels lateral

view. White arrows in panels B&E indicate W83 within blood vessels, tissues and oedematous heart. Dashed lines in A, C, D and F outline

the aortic arches (AA) and opercular artery (ORA) vascular regions. Yellow arrows in C and F point to regions demonstrating dextran leakage

from the vasculature into the tissues. Data are representative of n = 3 independent biological experiments. HA, hypobranchial artery; PE,

pericardial oedema. Scale bar = 100 µm.
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the functional behaviour of Pg when in the presence

of other oral microbes such as Tannerella forsythia or

Fusobacterium nucleatum [49] and it will be important

to determine whether other microbes affect disease

progression. Nevertheless, this study provides crucial

evidence for the role of Pg, and gingipains in particu-

lar, in affecting endothelial function, reaffirming the

likely role or oral microbes in influencing systemic dis-

ease outcomes.

Materials and methods

P. gingivalis strains and culture

Wild-type strains W50, ATCC33277 and W83, as well as

clinical strain A245Br, were maintained on Fastidious

Anaerobe (FA) agar plates (NeoGen, Ayr, UK) supple-

mented with 5% v/v oxalated horse blood (Oxoid, Bas-

ingstoke, UK). Isogenic gingipain-deficient mutant

kgpΔ598-1732::TcR rgpA-::CmR rgpBΔ410-507::EmR (ΔK/
R-ab) was grown on blood FA plates supplemented with

1 μg�mL−1 tetracycline and 5 μg�mL−1 erythromycin. Liquid

cultures were maintained in either Schaedler (BTL Ltd.,

èódź, Poland) or brain–heart infusion broth (Oxoid) sup-

plemented with 0.5 % yeast extract, 250 μg�mL−1 cysteine,

1 mg�mL−1 haemin and 1 mg�mL−1 vitamin K (Oxoid).

Both liquid and agar cultures were incubated at 37 °C in

an anaerobic chamber with an atmosphere of 80% N2,

10% CO2 and 10% H2. For use in experiments, strains

were grown as liquid cultures anaerobically overnight,

adjusted to an optical density (OD600) equal to 0.1 and cul-

tured until late log phase. Bacteria were then harvested by

centrifugation at 8000 g for 3 min, washed with PBS and

resuspended at the required density. For zebrafish experi-

ments, bacteria were resuspended in PBS at

5 × 109 CFU�mL−1 for microinjection.

Endothelial cell culture

Human primary coronary artery endothelial cells (HCAEC,

purchased from the American Tissue Culture Collection)

and human primary microvascular endothelial cells

(HDMEC, purchased from PromoCell, Heidelberg, Ger-

many) were maintained in MV medium containing MV

supplement medium (PromoCell®), while immortalised

human dermal microvascular endothelial cells (HMEC-1

provided by F.J. Candal, Centers for Disease Control and

Prevention, Atlanta, GA) were grown in MCDB131 (Fisher

Scientific, Loughborough, UK) supplemented with

10 ng�mL−1 epidermal growth factor (Sigma-Aldrich, Poole,

UK), 1 µg�mL−1 hydrocortisone (Sigma), 10% v/v fetal calf

serum (Thermo Fisher Scientific, Loughborough, UK) and

2 mM L-glutamine (Sigma-Aldrich). All cells were cultured

at 37 °C, 5% CO2 in a humidified atmosphere.

Animals

Zebrafish maintenance and experimental work were carried

out in accordance with UK Home Office regulations and

UK Animals (Scientific Procedures) Act 1986 and EU

directive 2010/63/EU under Project Licence P1A4A7A5E

using zebrafish embryos under 5 days postfertilisation

(dpf). Nacre wild-type, VE-cadherin transgenic tg(cdh5ubs8−/

−;cdh5TS), PECAM-1 transgenic tg(fli1a:PECAM1-

EGFP)sh524 and tg(fli1a:mTurquoise2)sh321 embryos were

maintained in E3 medium at 30 °C according to standard

protocols. Anaesthesia of zebrafish larvae was achieved by

adding 0.16 mg�mL−1 tricaine (Sigma-Aldrich) to E3 med-

ium, while addition of 0.3 mg�mL−1 tricaine was used for

euthanasia.

Generation of zebrafish transgenic lines

Tg(fli1a:PECAM1-EGFP)sh524 was generated via injection

of pTol2-fli1a-pecam1-EGFP according to standard proto-

cols. Tg(fli1a:mTurquoise2)sh321 was generated by PCR

amplifying the coding sequence of mTurquoise2 from

pmTQ21-C1, a kind gift of Joachim Goedhart (University

of Amsterdam), using the following primers 50-ggccggatc-
catggtgagcaagggcgag-3, 50-ggccctcgagttacttgtacagctcgtc0-30

and cloning into the BamHI/XhoI sites of pME-MCS2 [50]

to generate pME-mTurquoise2. The pFli1a:mTurquoise2-

SV40pA construct was generated using the Tol2kit via

standard methods and the following components: fli1a

enhancer/promoter, pDestTol2-pA2, pME-mTurquoise2

and p3E-SV40pA, and injected into embryos alongside

Tol2 mRNA at 25 pg�nL−1.

Endothelial cell invasion quantification and

visualisation

Antibiotic protection endothelial cell invasion assays were

performed as described in Naylor et al. [51], with modifica-

tion. HCAEC, HDMEC or HMEC-1 cells were seeded at

2 × 105 cells per well in a 24-well plate and cultured to con-

fluence. Cell monolayers were washed with PBS and

blocked for 1 h with 2% bovine serum albumin (BSA;

Sigma-Aldrich) in cell culture medium. Endothelial cells

were infected with Pg strains (ATCC33277, W83, W50 or

A245Br) at a multiplicity of infection (MOI) of 100 in cell

culture medium and incubated for 90 min at 37 °C, 5%

CO2. Serial dilutions were carried out to determine viable

counts through colony-forming units (CFUs). Nonadhered

bacteria were removed with PBS and the cell-adherent bac-

teria killed by incubation with 200 μg�mL−1 metronidazole

(Sigma-Aldrich) for 1 h at 37 °C, 5 % CO2. Cells were then

washed with PBS, lysed with dH2O, scraped, serially

diluted on FA plates and incubated anaerobically for

3 days. CFUs were enumerated to determine the total
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number of invading bacteria, expressed as a percentage of

the viable count of the initial inoculum.

To visualise Pg invasion, HMEC-1 cells were grown

overnight on 4-well glass-bottom culture chambers (Sarst-

edt AG, Nümbrecht, Germany). Pg W83 was fluorescently

labelled by re-suspension in 0.4 μg�mL−1 5-(and-6)-car-

boxyfluorescein, succinimidyl ester (5(6)-FAM, SE) (excita-

tion 494 nm, emission 518 nm) (Thermo Fisher Scientific)

in PBS for 15 min with shaking at 4 °C. FAM-labelled Pg

were further biotinylated by diluted in 0.3 mg�mL−1 6-((bi-

otinoyl)amino)hexanoic acid, succinimidyl ester (Thermo

Fisher Scientific) in PBS and incubated for 30 min and then

resuspended in nonsupplemented MCDB medium. FAM-

biotinylated Pg were used for invasion (MOI 1000) into

HMEC-1 cells for 1 h at 37 °C, 5% CO2. HMEC-1 cells

were fixed with 4% paraformaldehyde (Sigma-Aldrich) for

20 min, washed and blocked with 10% v/v FCS in PBS for

5 min. Alexa Fluor 647
®-conjugated streptavidin (excitation 650 nm,

emission 655 nm) (Thermo Fisher Scientific) 5 μg�mL−1 in PBS contain-

ing 10% v/v FCS was incubated with the cells for 45 min

at 37 °C, 5% CO2. After washing, nuclei were counter-

stained with 7.5 μg�mL−1 Hoechst® (excitation 350 nm,

emission 461 nm) (Thermo Fisher Scientific) for 10 min,

rinsed and the endothelial plasma membrane stained with

5 μg�mL−1 wheat germ agglutinin (WGA) (excitation

555 nm, emission 565 nm) (Thermo Fisher Scientific) for

10 min at 37 °C. Chamber slides were analysed using a

Zeiss LSM 880 inverted Axio Imager and AiryScan confo-

cal microscope. Images were processed using AiryScan®

processing (Zeiss, Oberkochen, Germany), and composite

and orthogonal views were created using FIJI® software

(National Institute of Health, Bethesda, MD, USA).

Endothelial cell permeability

Endothelial monolayer permeability was measured using a

Transwell assay system. Millicell® cell culture inserts

(Merck Millipore, Watford, UK) were fibronectin-coated

(10 μg�mL−1) prior to seeding with HDMEC that were cul-

tured until confluent. Pg W83 were treated with KYT-1 or

KYT-36 (2 μM; Peptides International, Louisville, KY,

USA) to inhibit gingipain activity as previously described

[28]. HDMEC were infected in the absence or presence of

Pg W83 (with or without inhibitors) at a MOI of 1000 for

1.5 h at 37 °C in nonsupplemented MV medium. Bacteria

were removed, inserts transferred to a new 12-well plate

with 500 μL supplemented MV medium and 450 μL of MV

supplemented medium added to the apical compartment of

the insert together with 70 kDa fluorescent-labelled dex-

tran, a molecular weight that does not readily pass through

a confluent endothelial monolayer (Thermo Fisher Scien-

tific; final concentration of 65 μg�mL−1). Dextran leakage

through the cell monolayer from apical compartment of the

insert to the bottom well was monitored for up to 5 h by

measuring the fluorescence intensity (excitation 494 nm,

emission 521 nm; Tecan Ltd, Männedorf, Switzerland) of

250 μL medium aspirated from the bottom well; 250 μL of

fresh medium was added to the bottom well for further

readings. Inserts without cells were used as control wells.

In vitro PECAM-1 and VE-cadherin cell adhesion

protein expression

In vitro cell adhesion protein expression was analysed using

flow cytometry and immunofluorescence microscopy. For

flow cytometric analysis, HMEC-1 and HDMEC were

seeded at 4 × 105 cells per well, cultured until confluent,

rinsed and infected with MOI 1000 W83 or ΔK/R-ab Pg in

nonsupplemented medium for 1 h. Addition of medium

only was used as a control. Cells were washed, removed

using 0.02% EDTA (Sigma-Aldrich) for 20 min, cen-

trifuged and resuspended in 100 μL FACS buffer (0.1 %

BSA and 0.1 % sodium azide in PBS). For PECAM-1

(CD31) expression, 0.06 µg per test of PE-Cyanine7-conju-

gated anti-human PECAM-1 (Clone MW59; Thermo

Fisher Scientific) or its matching conjugated IgG control

(IgG2254 Isotype Control; Thermo Fisher Scientific) was

added and cells incubated for 45 min on ice. For VE-cad-

herin (CD144), 0.25 μg per reaction anti-human VE-cad-

herin antibody (Clone 123413, R&D Systems, Minneapolis,

MN, USA) or IgG isotype control (Clone 11711, R&D

Systems) was incubated for 45 min on ice, supernatant was

removed and Alexa Fluor® 488 goat anti-mouse antiserum

(Abcam, Cambridge, UK) diluted at 1 : 100 in FACS buf-

fer was added for 30 min on ice. Cells were washed and

resuspended in 300 μL FACS buffer, and single-colour

sample analysis was carried out using a LSR II flow

cytometer (BD Biosciences, San Jose, CA, USA) for PE-

CAM1 and FACSCalibur flow cytometer (BD Biosciences)

for VE-cadherin analysis. The cell viability dye, TO-PRO-

3® (1 mg�mL−1, Thermo Fisher Scientific), was added to

each sample before analysis. Cell populations were gated

using forward scatter (FSC) and side scatter (SSC) voltages

and TO-PRO-3-positive cells excluded from the analysed

population. Five thousand viable cells were collected for

HDMEC analysis, while 10 000 live cells were collected for

HMEC-1 analysis. Threshold for positively fluorescent cells

was set using isotype-matched controls, and data were anal-

ysed using FlowJo software (BD Biosciences). The nor-

malised median fluorescence index (nMFI) was calculated

by dividing the median fluorescence intensity of the positive

samples by that of the IgG controls.

For immunofluorescence microscopy, fibronectin-coated

(10 μg�mL−1) glass coverslips were seeded with 5 × 104

endothelial cells. Pg was stained with 5 μM Red CMTPX

CellTracker® (Thermo Fisher Scientific) and diluted to an

MOI 1000 in nonsupplemented cell culture medium to

infect primary and immortalised endothelial cells. Cells

were washed with PBS, fixed in 3.7% formalin for 10 min

at room temperature, washed again and blocked for 1 h
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with blocking buffer (2% BSA, 5% goat serum v/v in

PBS). For VE-cadherin staining, the cells were incubated

overnight at 4 °C with 3 μg�mL−1 mouse anti-human VE-

cadherin (Clone # 123413, R&D Systems) in blocking buf-

fer, or with mouse IgG1 isotype control (Clone P3.6.2.8.1,

R&D Systems) at the same concentration. Following incu-

bation, slides were washed with PBS and incubated with

1 μg�mL−1 Alexa Fluor 488 goat anti-mouse IgG (H + L)

secondary antibody for 1 h. Cells were rinsed again,

mounted in ProLong™ Diamond Antifade Mountant con-

taining 4’,6-diaminidine-2’-phylindole dihydrochloride

(DAPI) (Thermo Fisher Scientific) and imaged using a

Zeiss Axiovert 200M inverted fluorescence microscope with

an integrated high-resolution digital camera (AxioCam

MRm; Zeiss) with AxioVision 4.6 software (Zeiss). For

PECAM-1 staining, cells were blocked with 2.5% BSA in

PBS for 40 min and fixed in 2% paraformaldehyde for

20 min at room temperature. Cells were then washed in

PBS and stained with PE-Cy7 conjugated anti-human

PECAM-1 antibody (Clone WM59, BD Biosciences) for

40 min at room temperature. Nuclei were stained for 5 min

with 5 μg�mL−1 DAPI (Sigma-Aldrich), washed, mounted

ProLong Diamond Antifade Mountant (Thermo Fisher Sci-

entific) and left to set overnight. Images were captured

using a Nikon A1 confocal microscope.

In vitro gene expression analysis

Quantitative reverse transcription polymerase chain reac-

tion (qRT–PCR) was used to analyse mRNA expression of

endothelial immune molecules. HMEC-1 and HDMEC

were seeded at 4 × 105 cells per well and cultured until con-

fluent. Cells were either infected with P. gingivalis W83 or

ΔK/R-ab mutant at a MOI 100 for 4 h, and unstimulated

or TNFα-stimulated (25 ng�mL−1) cells were used as con-

trols. Total RNA extraction was carried out using ISO-

LATE II RNA Mini Kit (Bioline, Meridian Bioscience

Inc., Cincinnati, OH, USA) according to the manufac-

turer’s instructions and RNA measured by NanoDrop

(Thermo Fisher Scientific). High-Capacity cDNA Reverse

Transcription Kit (Thermo Fisher Scientific) was used to

produce cDNA and qPCR performed using Qiagen Rotor-

Gene (Qiagen, Hilden, Germany). Reactions consisted of

5 μL of TaqMan® qPCR BioProbe Blue Master Mix (PCR

Biosystems, London, UK), 3.5 μL RNase-free water,

0.5 μL human β-2-microglobulin (B2M) as an endogenous

reference control (VIC/MGB Probe, Thermo Fisher Scien-

tific), 0.5 μL target primer and 0.5 μL cDNA. Target pri-

mers used were PECAM-1 (Hs01065279_m1), VE-cadherin

(Hs00901465_m1), CXCL8 (Hs00174103_m1), CCL2

(Hs00234140_m1) and ICAM-1 (Hs0014932_m1) (Thermo

Fisher Scientific). All samples were run in triplicate; control

samples excluded cDNA. The threshold cycle (Ct) for each

test gene was normalised against their respective reference

controls. Fold change in expression relative to unstimulated

cells was calculated with ΔCt values of the sample and ref-

erence gene using the formula 2�ΔΔCt .

In vivo PECAM-1 and VE-cadherin cell adhesion

protein expression

Tg(fli1a:PECAM1-EGFP)sh524 and Tg(cdh5ubs8-/-;cd-
h5TS) transgenic zebrafish were outcrossed with nacre zeb-

rafish. Embryos were dechorionated and green fluorescent

protein (GFP)-positive embryos selected at 1 dpf using a

fluorescent dissecting microscope (Zeiss Axio Zoom.V16 fit-

ted with an HXP 200C Illuminator and a Zeiss Axiocam

503 monocamera). Zebrafish embryos at 30 hpf were anaes-

thetised using tricaine (0.02% (w/v) 3-amino benzoic acid

ester tricaine/MS-322 (Sigma-Aldrich), positioned in a solu-

tion of 3% (w/v) methylcellulose (Sigma-Aldrich) in E3

medium and 2 nL (5 × 104 CFU) of 5 μM Red CMPTX

(CellTrackerTM, Thermo Fisher Scientific) stained W83 or

ΔK/R-ab Pg were injected systemically using a microcapil-

lary needle (Scientific Laboratory Supplies) via direct

microinjection into the Duct of Cuvier (the common cardi-

nal vein); PBS was used as control. Live imaging of anaes-

thetised fish (5 zebrafish embryos per group) was carried

out 24 h postinfection (hpi) using a spinning disc confocal

microscope (PerkinElmer UltraVIEW VoX, PerkinElmer

Inc., Waltham, MA, USA) running on an inverted Olym-

pus IX81 motorised microscope. 488-nm and 561-nm lasers

were used to visualise fluorescent PECAM-1 or CDH5/VE-
cadherin (green) and Pg bacteria (red) in zebrafish

embryos. Micrographs were captured in two areas of the

tail, adjacent to the cloaca (closer to the yolk) and 4 vessels

further away from the cloaca (closer to the tip of the tail)

using Volocity® software (Quorum Technologies Inc., Pus-

linch, Ontario, Canada). Quantification of relative GFP flu-

orescence intensity (pixel value) was performed by batch

processing of maximum intensity z projection of micro-

graphs of whole images in the yolk and tail region using an

adjusted script on FIJI® Macros plug-in.

In vivo vascular permeability

Zebrafish Tg(fli1a:mTurquoise2)sh321 embryos were

infected at 2 dpf with FAM-labelled Pg W83, ΔK/R-ab or

PBS as a control, into the common cardinal vein. Embryos

with a functional circulation at 24 hpi were anaesthetised

and injected into the posterior cardinal vein (PCV) with

2 nL of 1 mg�mL−1 tetramethylrhodamine dextran

(2 × 106 kDa, Thermo Fisher Scientific). Microangiogram

images were acquired within an hour postdextran injection.

Real-time changes in vascular integrity were measured in

response to Pg W83 infection using light sheet microscopy

(Z1, Zeiss) with lasers 445-24, 488-30 and 561-20 with LSB

445/514/640.
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Statistical analysis

All data presented are from at least 3 independent experi-

ments (unless specified). Results are expressed as the

mean � standard deviation (SD) except for flow cytometry

data where the nMFI (normalised median fluorescence

index) was used. Normality was determined using Kol-

mogorov–Smirnov analysis. The differences between two

groups were assessed using either Student’s t-test or

Mann–Whitney U-test, while the differences between group

data were assessed using one-way ANOVA followed by

either Tukey’s or Dunn’s post hoc multiple comparison test

depending on the nature of the data (parametric or non-

parametric). All tests were carried out using GraphPad

Prism v8.2 (GraphPad, San Diego, CA, USA), and statisti-

cal significance was assumed at P < 0.05.
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Introduction
The association between periodontal disease and cardiovascu-
lar disease is well established. (Friedewald et al. 2009; Sanz  
et al. 2020). Periodontal disease has been found to increase the 
risk of both cardiovascular disease and coronary heart disease 
(Chhibber-Goel et al. 2016; Masi et al. 2019; Gustafsson et al. 
2020). Nonetheless, the biological mechanisms through which 
this occurs are still unknown. Increasing evidence suggests 
that in cases of extreme gingivitis or periodontitis, the anaero-
bic periodontal pathogen, Porphyromonas gingivalis, can enter 
the bloodstream through inflamed and ulcerated periodontal 
tissue, an area coined the porte d’entrée (Loos 2005; Castillo  
et al. 2011). Here, loss of tissue integrity and increased bleed-
ing facilitate movement of bacteria from the periodontal pocket 
into the bloodstream (Loos 2005; Schenkein and Loos 2013), 
with P. gingivalis repetitively detected in diseased vascular tis-
sue (Kozarov et al. 2005; Gaetti-Jardim et al. 2009; Marcelino 
et al. 2010; Szulc et al. 2015), as well as disease-free femoral 
and coronary arteries (Mougeot et al. 2017).

P. gingivalis harbors several virulence factors that have 
been attributed to causing its pathogenic effects both locally 
and systemically. This includes gingipains, lysine, and  
arginine-specific cysteine proteases that cause virulence by 
their ability to cleave host proteins (Hočevar et al. 2018), not 

only avoiding immune response by degradation of cytokines 
and proinflammatory molecules (Nassar et al. 2002) but also 
mediating cell surface protein and extracellular matrix disrup-
tion, facilitating the loss of cellular and tissue integrity (Tada et 
al. 2003; Yun et al. 2005; Ruggiero et al. 2013). We recently 
showed that P. gingivalis dramatically increases the morbidity 
and mortality of zebrafish in a gingipain-dependent manner 
when injected systemically (Widziolek et al. 2016), suggesting 
that these proteases may play a key role in mediating vascular 
damage.

Like most Gram-negative organisms, P. gingivalis produces 
outer membrane vesicles (OMVs) that appear to retain many of 
the virulence factors of the parent cell, including lipopolysac-
charide (LPS) (Haurat et al. 2011), fimbrae (Mantri et al. 
2015), and gingipains (Haurat et al. 2011; Nakao et al. 2014). 
OMV-derived virulence factors have been shown to drive oral 
epithelial cell responses (Nakao et al. 2014; Cecil et al. 2016) 
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Abstract
Periodontitis is increasingly associated with increased risk of cardiovascular and other systemic diseases. The Gram-negative anaerobe, 
Porphyromonas gingivalis, is a key periodontal pathogen, and several lines of evidence link the presence of this bacterium in the circulation 
with vascular disease. The outer membrane vesicles (OMVs) produced by P. gingivalis have been shown to play a role in periodontitis, 
although, to date, little is known about their interaction with the vasculature; therefore, this study assessed the effects of P. gingivalis 
OMVs on the endothelium. OMVs were isolated from wild-type strain W83 and the gingipain-deficient strain ΔK/R-ab. Immunoblotting 
along with cryo-EM showed gingipain expression in W83 but not ΔK/R-ab-derived OMVs, where gingipains were localized to the cell 
wall surface. Confluent endothelial cell monolayers infected with either W83 or W83-derived OMV displayed significantly increased 
dextran permeability over those infected with ΔK/R-ab or its OMV. Moreover, W83-derived OMVs induced significantly more vascular 
disease in a zebrafish larvae systemic infection model over 72 h compared to those injected with gingipain-deficient OMVs or controls. 
In line with these data, human microvascular endothelial cells (HMEC-1) displayed an OMV-associated, gingipain-dependent decrease 
in cell surface levels of the intercellular adhesion molecule PECAM-1 (CD31) when examined by flow cytometry. These data show, for 
the first time, that OMVs from P. gingivalis mediate increased vascular permeability, leading to a diseased phenotype both in vitro and in 
vivo. Moreover, these data strongly implicate gingipains present on the OMV surface in mediating these vascular events, most likely via a 
mechanism that involves proteolytic cleavage of endothelial cell-cell adhesins such as PECAM-1. These data provide important evidence 
for the role of bacterial-derived OMVs in mediating systemic disease.
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and influence the differentiation and calcification of smooth 
muscle cells in vitro (Yang et al. 2016), suggesting that OMVs 
may affect cells of the vasculature. Interestingly, the presence 
of P. gingivalis–derived OMVs has been detected in the periph-
eral blood and cerebrospinal fluid in animal models with severe 
bacterial infections (Bai et al. 2015; Jia et al. 2015), indicating 
that OMVs may be widespread within the circulation and 
access areas of tissue not accessible to whole bacteria. 
However, the effects of OMVs on endothelial cells remain to 
be determined and require further research. Using an in vitro and in 
vivo approach, we show for the first time that P. gingivalis–
derived OMVs significantly affect endothelial permeability in 
a gingipain-dependent manner, a process that may be mediated 
by cleavage of cell-to-cell adhesion molecules. These novel 
data demonstrate that P. gingivalis OMVs may play a pivotal 
role in disrupting the vasculature, a process that may drive or 
markedly increase the risk of cardiovascular disease.

Materials and Methods

Bacterial Culture and OMV Preparation

Wild-type P. gingivalis strain W83 and its isogenic gingipain-
deficient mutant ΔK/R-ab (kgpΔ598-1732::TcR rgpA-::CmR 
rgpBΔ410-507::EmR; provided by Prof. Jan Potempa, 
Jagiellonian University, Kraków, Poland) were maintained on 
Fastidious Anaerobe agar (NeoGen) supplemented with  
5% v/v oxalated horse blood and 1 µg/mL tetracycline. Bacteria 
were inoculated into brain-heart infusion broth (Oxoid) con-
taining 5 mg/mL yeast extract, 250 µg/mL L-cysteine, 1 mg/mL 
hemin, and 1 mg/mL vitamin K and incubated anaerobically 
(37°C, 80% N2, 10% CO2, and 10% H2). For OMV isolation, 
freshly grown bacterial cultures (OD600 = 1, equivalent to 9 × 
109 colony-forming units [CFUs]) were centrifuged (8,000 g, 
4°C, 5 min) and the pellet collected. The supernatant was fil-
tered (0.2 µm) and further centrifuged for 1 h at 100,000 g, 
4°C. The resulting OMV pellet was washed once with  
phosphate-buffered saline (PBS), ultracentrifuged again, resus-
pended in PBS, and characterized using nanoparticle-tracking 
analysis (ZetaView).

Immunoblot Analysis

Protein concentrations of bacterial cell pellets and OMV were 
measured by a bicinchoninic acid (BCA) protein assay. 
Samples (10 µg protein) were run on 4% to 12% NuPAGE gels, 
transferred to nitrocellulose membranes, and then blocked with 
5% w/v milk protein in Tris-buffered saline (TBS). Following 
washing with TBS–Tween-20 (0.1%), membranes were incu-
bated with either rabbit Rb7 antiserum (Aduse-Opoku et al. 
2006) or mouse monoclonal antibody 1B5 (Curtis et al. 1999) 
(gifts from Professor Mike Curtis, King’s College London, 
London, UK). Immunoreactive bands were visualized using 
horseradish peroxidase–conjugated IgG antibody followed by 
ECL substrate (Thermo Scientific).

Immunogold Cryo–Electron Microscopy

Immunogold cryo–electron microscopy (EM) was performed 
as described by Chen et al. (2011) with modifications. Briefly, 
exponential phase-grown W83 and ΔK/R-ab were adjusted to 
OD600 = 1, pelleted by centrifugation (10 min, 6,000 g at 10°C), 
washed, and resuspended in PBS. Cell suspensions were 
blocked with 3% bovine serum albumin (BSA) at 4°C, then 
incubated with MAb 1B5 (1/100 dilution) in 1% BSA for 1 h. 
After washing, cells were incubated with 12 nm gold- 
conjugated goat anti-mouse antibody (Abcam; 1/20 dilution) 
for 1 h and then washed with PBS. For cryo-EM, a 5-µL sam-
ple was applied onto a Quantifoil R3.5/1 holey carbon film 
mounted on a 300-mesh copper grid (Quantifoil MicroTools 
GmbH), rendered hydrophilic by glow discharge in a reduced 
atmosphere of air for 30 s. The grid was then frozen in liquid 
ethane and imaged under cryogenic temperatures using a 
Tecnai Artica (FEI Co.) at 200 kV, equipped with a Falcon 3 
Camera (Gatan). Micrographs were recorded under low-dose 
conditions with underfocus values of 4 to 10 µm.

Gingipain Activity

Arg- and Lys-gingipain proteinase activity was determined 
using a fluorescence-based substrate activity assay as described 
previously (Naylor et al. 2017). For Arg-proteinase activity, 
100 µL PBS containing 1 mM L-cysteine and 200 µM αN-
benzoyl-L-arginine-7-amido-4-methylcourmarin was added to 
50 µL (4.5 × 108 CFUs) of each sample. Lys-proteinase activity 
was quantified using 100 µL PBS containing 1 mM L-cysteine, 
10 µM D-ab-Leu-Lys-7-amido-4-methylcourmain, and 50 µL 
of sample. After a 10-min incubation, the reaction was termi-
nated by the addition of 200 µM or 500 µM N-α-tosyl-L-
phenylalanine chloromethyl ketone for Arg and Lys activity, 
respectively. In both assays, released 7-amido-4-methylcour-
marin was measured spectrophotometrically at a 365-nm exci-
tation and a 460-nm emission.

Cell Culture, Infection, and Flow Cytometry

Immortalized human microvascular endothelial cells (HMEC-
1) (Ades et al. 1992) were grown in MCDB131 supplemented 
with 10 ng/mL epidermal growth factor, 1 µg/mL hydrocorti-
sone, 10% fetal calf serum, and 2 mM L-glutamine. For flow 
cytometry, confluent HMEC-1 cultured in 6-well plates were 
infected with W83, ΔK/R-ab (multiplicity of infection [MOI] 
of 100), or OMVs (2.8 × 1010 particles/mL) derived from these 
bacteria for 1.5 h at 37°C in serum-free medium. For inhibition 
of gingipain activity, OMVs were pretreated with 2 µM KYT-1 
and KYT-36 for 30 min in anaerobic conditions prior to isola-
tion. Medium alone was used as control. Following infection, 
HMEC-1 were washed, removed from plates using 0.02% eth-
ylenediaminetetraacetic acid for 20 min, and resuspended in 
100 µL FACS buffer (0.1% BSA, 0.1% sodium azide in PBS). 
Phycoerythrin-Cyanine7-conjugated anti-human CD31 (clone 
MW59) or isotype-conjugated IgG control was added for  
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45 min on ice. Cells were washed and resuspended in FACS 
buffer and analyzed using a LSRII flow cytometer (BD 
Biosciences). FlowJo software (TreeStar) was used to calculate 
the normalized median fluorescence index (nMFI).

Fluorescent Dextran Permeability Assay

A fluorescent dextran permeability assay was performed as 
previously described (Wang and Alexander 2011). Fibronectin-
coated (10 µg/mL) 0.4-µm pore, hanging cell culture inserts 
(Millicell) were seeded with HMEC-1 until confluent and then 
incubated with W83 or ΔK/R-ab whole cells (MOI 100) or 
OMVs (2.8 × 1010 particles/mL) derived from these bacteria 
for 1.5 h at 37°C in serum-free medium. Inserts without cells or 
HMEC-1 alone were used as controls. Solutions were removed, 
inserts were transferred to a new plate containing 500 µL sup-
plemented MCDB131, and 450 µL supplemented MCDB131 
containing 65 µg/mL 70 kDa fluorescent dextran (Molecular 
Probes) was added to the insert. Dextran leakage through the 
cell monolayer to the bottom well was monitored hourly for a 
5-h period by aspirating 250 µL medium from the bottom well 
and measuring dextran fluorescence at a 494-nm excitation and 
521-nm emission. The aspirated volume was replaced with 
supplemented MCDB131 for further readings.

Systemic Injection into Zebrafish Larvae

Zebrafish maintenance and experimental work was performed 
in accordance with UK Home Office regulations and the UK 
Animals (Scientific Procedures) Act of 1986 and under project 
license P1A4A7A5E using larvae under 5 d postfertilization 
(dpf). London wild-type inbred zebrafish larvae were main-
tained in E3 medium at 29°C according to standard protocols. 
The 30-h postfertilization (hpf), Tricaine-anesthetized, decho-
rionated zebrafish larvae were injected with PBS, 5 × 104 CFU 
W83, or OMVs (1.15 × 105 particles) derived from W83 or 
ΔK/R-ab via direct systemic inoculation into the common car-
dinal vein (Widziolek et al. 2016). Zebrafish viability was 
assessed by examining the presence of a heartbeat and blood 
flow within the circulation. Live imaging was performed using 
a stereomicroscope (WILD) equipped with a camera.

Statistical Analysis

Data are presented as mean ± standard deviation (SD) from at 
least 3 independent experiments carried out in triplicate except 
for flow cytometry data where nMFI was used. Differences 
between 2 groups were assessed using either Student’s t test or 
Mann-Whitney U test, while differences between group data 
were assessed using 1-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc multiple comparison test for para-
metric or nonparametric data, respectively, following a 
normality test. Survival data were evaluated using the Kaplan-
Meier method, and comparisons between individual curves 
were made using the log-rank test. Statistical analysis was per-
formed using GraphPad Prism v8.4.0 (GraphPad Software), 
and statistical significance was assumed at P < 0.05.

Results

Characterization of Wild-Type W83  
and ΔK/R-ab-Derived OMVs

Our aim was to investigate whether P. gingivalis OMVs and 
their associated gingipains might mediate endothelial damage. 
We first characterized OMVs from wild-type W83 and its iso-
genic gingipain-negative (ΔK/R-ab) strain. Nanoparticle anal-
ysis showed that numbers of OMVs produced from these 2 
strains were comparable (Appendix Fig. 1A). Overall, wild-
type W83 OMVs were 24% larger in size (P < 0.05, Appendix 
Fig. 1B, C) than those from ΔK/R-ab (144 ± 23 nm). As 
expected, immunoblotting with the RgpA/B-specific antisera 
Rb7 produced immunoreactive bands of 45 kDa for whole 
W83 cells and W83-derived OMVs, whereas this band was 
absent from counterpart ΔK/R-ab samples (Fig. 1A). Similar 
immunoblot data were obtained when using the monoclonal 
antibody 1B5 that binds to a shared glycan epitope between 
Rgp and the minority A-LPS of P. gingivalis (Appendix Fig. 
2). Furthermore, the presence of gingipains on the bacterial 
surface and periphery of purified W83-derived OMVs was 
confirmed by cryo-EM using 1B5 monoclonal antibody immu-
nogold labeling, whereas ΔK/R-ab OMV did not show any 
immunoreactivity (Fig. 1B). Cryo-EM did not reveal any mor-
phological differences between whole cells and OMVs from 
either strain (Fig. 1B). Finally, W83 whole cells and OMVs 
displayed the expected gingipain enzyme activity for both 
lysine- and arginine-based substrate that was absent in the 
ΔK/R-ab strain (P < 0.001; Fig. 1C–F).

Gingipains Mediate Increased Endothelium 
Permeability In Vitro

Since increased vascular permeability has been linked to car-
diovascular risk (Chistiakov et al. 2015), we performed a fluo-
rescent dextran-based in vitro permeability assay on confluent 
HMEC-1 monolayers to determine the influence of OMV-
expressed gingipains on endothelial permeability. Confluent, 
untreated endothelial monolayers proved an effective barrier 
with little of the applied 70-kDa fluorescent dextran permeat-
ing the cell layer after 5 h (Fig. 2A). In contrast, the endothe-
lium displayed significantly increased dextran permeability 
upon treatment with whole-cell W83 (Fig. 2B; P < 0.01) or 
W83-dervied OMVs (Fig. 2C; P < 0.05) compared to counter-
part ΔK/R-ab-treated or noninfected controls, suggesting that 
altered vascular permeability is gingipain dependent. Notably, 
endothelium permeability was significantly higher (P < 0.05) 
in the presence of W83 whole cells (4.8% dextran/h) compared 
to OMVs (2.5% dextran/h).

OMV-Associated Gingipains Are Responsible 
for Systemic Symptoms in a Zebrafish Larvae 
Infection Model

We have previously shown that zebrafish larvae display 
increased mortality (death) and morbidity (cardiac and yolk 
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edema) when systemically injected with P. gingivalis 
(Widziolek et al. 2016). The presence of gingipain on the sur-
face of OMV suggests that these may contribute to systemic 
disease. Kaplan-Meier survival plot analysis showed that both 
whole-cell W83 and W83-derived OMVs caused significantly 
more zebrafish mortality than PBS-injected controls (P < 
0.001; Fig. 3A). In contrast, morbidity in zebrafish larvae 
injected with ΔK/R-ab-derived OMVs was not significantly 
different from controls. To interrogate the OMV data further, 
we stratified the fish into viable or diseased (nonviable + 
edematous) groups. A significant increase in the number of dis-
eased zebrafish treated with W83-derived OMVs was observed 
when compared to ΔK/R-ab-derived OMVs in a time- 
dependent manner (Fig. 3B–D). W83 OMV-treated zebrafish 
larvae displayed marked cardiac edema and enlarged yolk 
sack, whereas those injected with ΔK/R-ab-derived OMV or 
PBS-treated controls displayed mild or no edema (Fig. 4E), 
providing further evidence that gingipains present on the sur-
face of OMVs can cause systemic disease in vivo.

OMV-Expressing Gingipains Cleave Endothelial 
Cell Adhesion Molecules

PECAM-1 is a major endothelial adhesion molecule responsi-
ble for maintaining vascular integrity at cell-cell junctions, 
with its loss leading to increased vascular leakage (Privratsky 
and Newman 2014). Previous studies have shown that gin-
gipains can cleave recombinant PECAM-1 (Yun et al. 2005; 
Sheets et al. 2006; Widziolek et al. 2016). We therefore exam-
ined if OMV-associated gingipains could cleave intercellular 
PECAM-1. Treatment of HMEC-1 monolayers with W83 or 
W83 OMVs did not alter endothelial viability (Fig. 4A, B). In 
contrast, PECAM-1 cell surface abundance was significantly 
(P < 0.001) decreased following infection with whole-cell 
W83 (Fig. 4C, D) and W83-derived OMVs (Fig. 4E, F) com-
pared to both untreated controls and the ΔK/R-ab equivalents. 
To confirm these findings, W83-derived OMVs were pre-
treated with the gingipain-specific protease inhibitors KYT1 
and KYT36 before incubation with HMEC-1 monolayers. 

Figure 1. Presence and activity of wild-type and ΔK/R-ab Porphyromonas gingivalis gingipains on whole bacteria and outer membrane vesicles (OMVs). 
(A) Immunopositive bands of 45 kDa were observed in the W83 whole-cell and OMV samples but not in the gingipain-null ΔK/R-ab equivalents when 
protein extracts were analyzed by immunoblotting using the Rb7 antigingipain antiserum. (B) Cryo–electron microscopy (EM) micrographs showing 
mAb 1B5 immunogold-labeled W83 bacteria and OMV. The gingipain expression is mainly located to the cell wall in both W83 whole cells and OMVs 
(black arrows) but is absent in ΔK/R-ab equivalents (scale bar: whole bacteria = 100 nm; OMV = 50 nm). (C–F) Gingipain fluorometric enzyme activity 
assays showing the higher levels of activity of arginine-specific (Arg, C, E) and lysine-specific (Lys, D, F) protease in W83 whole cells and OMVs 
compared to ΔK/R-ab mutant equivalents. In C–F, data are mean ± SD of 5 independent experiments with each individual experiment performed in 
triplicate. Statistical significance was determined by 1-way analysis of variance, ***P < 0.001.
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Here, inhibition of gingipain activity significantly (P < 0.05) 
prevented OMV-mediated cleavage of PECAM-1 (Fig. 5), 
indicating that loss of cell surface PECAM-1 by W83 OMV is 
gingipain mediated.

Discussion
Periodontal disease is one of the most common diseases world-
wide and a major public health issue (Tonetti et al. 2017). It is 
frequently associated with several systemic conditions, leading 
to the notion of the now commonly phrased “oral health sys-
temic connection” (Tonetti et al. 2013). Like many bacteria, 
P. gingivalis produces abundant OMVs (Xie 2015), although 
there are limited data as to their effects in host-pathogen inter-
actions. Here, we show for the first time that P. gingivalis 
OMVs dramatically increase vascular permeability in vitro and 
potentiate vascular edema and mortality in vivo in a gingipain-
dependent manner, suggesting that they may act in concert 
with whole bacteria to affect cardiovascular disease risk.

Gingipains are key virulence factors of P. gingivalis. As 
well as functions in bacterial coaggregation, biofilm forma-
tion, and heme acquisition, they also cleave soluble and cell 
surface human proteins (Hočevar et al. 2018). Since both 
RgpA/B and Kgp gingipains have been previously detected in 
P. gingivalis–derived OMVs by mass spectrometry (Haurat  
et al. 2011), we reasoned that gingipain-expressing OMVs 
might be a key mediator of endothelial cell surface receptor 
degradation, leading to increased vascular permeability. This 
may be important in the context of systemic disease as their 
small size and abundance are likely to allow OMVs to pene-
trate host tissue micro-niches that may not be readily accessi-
ble to P. gingivalis whole cells. To test our hypothesis, we 
generated OMVs from wild-type W83 and its isogenic gin-
gipain-deficient counterpart, ΔK/R-ab, and confirmed pres-
ence or absence of gingipains on these strains/OMVs as 
previously observed using W50 and other P. gingivalis strains 
(Curtis et al. 1999; Aduse-Opoku et al. 2006; Naylor et al. 
2017). Immunogold labeling followed by cryo-EM also 
showed that gingipains were located to the OMV cell surface. 
Although no structural abnormalities were visibly observed by 
cryo-EM, nanoparticle-tracking analysis showed that W83-
derived OMV were larger in size than their gingipain-deficient 
counterparts. It is plausible that this size difference is due to 
changes in the molecular structure within the cell wall owing to 
loss of gingipain-mediated cell wall processing.

Very few studies have examined the role of P. gingivalis 
OMVs on vascular biology. Bartruff et al. (2005) showed that 
P. gingivalis ATCC33277-derived OMVs inhibited human 
umbilical vein endothelial cell (HUVEC) proliferation by up to 
80% as well as capillary tubule formation in an OMV dose-
dependent manner. These effects were inhibited by heat treat-
ment but not by protease inhibitors, suggesting that these 
effects were protein but not protease mediated, although no 
specific factor was identified (Bartruff et al. 2005). Using the 
same P. gingivalis strain, Jia et al. (2015) observed that OMVs 
suppressed endothelial nitric oxide synthase (eNOS) transcript 
and protein expression in HUVECs via activation of the 

Figure 2. Increased endothelium permeability in vitro following 
treatment with Porphyromonas gingivalis whole cells and outer membrane 
vesicles (OMVs) is gingipain dependent. (A) Movement of fluorescently 
labeled 70 kDa dextran from the upper well to the lower well in a 
Transwell assay increased in a time-dependent manner in the absence of 
human microvascular endothelial cells (HMEC-1; insert only), whereas 
this movement was almost abolished when a confluent endothelium 
was cultured on the insert surface (monolayer). Endothelial monolayers 
were treated with (B) whole bacteria or (C) OMVs from either W83 or 
ΔK/R-ab for 1.5 h, and then dextran permeability across the endothelium 
was measured for up to 5 h; phosphate-buffered saline (PBS)–treated 
endothelium was used as controls. Increased endothelial permeability 
was significantly increased in a time-dependent manner following 
exposure to W83 when compared to ΔK/R-ab equivalents and untreated 
controls for both whole bacteria and OMVs. No significant differences 
were observed between ΔK/R-ab-treated and uninfected controls. Data 
are presented as mean ± SD of 3 independent experiments and were 
analyzed by 1-way analysis of variance followed by Tukey’s post hoc 
multiple comparisons test. *P < 0.05. **P < 0.01.
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ERK1/2 and p38 MAPK signaling pathways in a Rho-
associated protein kinase-dependent manner. This study pro-
vides good evidence that OMVs may regulate vascular 
oxidative injury, although the OMV factors driving this effect 
were not examined. P. gingivalis–derived OMVs have recently 
been shown to promote vascular smooth muscle cell differen-
tiation and calcification by increasing the activity of runt-
related transcription factor 2 that is crucial in driving 
osteoblastic differentiation and mineralization of vascular 
smooth muscle cells (Yang et al. 2016).

Our study provides further evidence that OMVs can signifi-
cantly perturb endothelial homeostasis. In vitro, W83-derived 
OMVs not only cleaved PECAM-1 on endothelial cell (HMEC-
1) monolayers but also increased their permeability. Moreover, 
cleavage of PECAM-1 was significantly reduced when W83-
derived OMVs were either preincubated with the gingipain 
protease inhibitors KYT1 and KYT36 or infected with  
gingipain-deficient OMVs. Not only do these data show that 
P. gingivalis OMVs mediate vascular damage but also that this 
is via a gingipain-dependent mechanism, the first time that this 

has been documented for P. gingivalis OMVs. We confirmed 
some of these in vitro observations in vivo using a systemic 
zebrafish infection model. Although zebrafish larvae have 
been used extensively to examine systemic host-pathogen 
interactions (Sullivan et al. 2017), only a few studies have 
examined the role of bacterial OMVs in systemic disease, and 
to our knowledge, none have been performed using P. gingiva-
lis OMVs. OMVs derived from W83 but not ΔK/R-ab caused 
significant edema and mortality in zebrafish larvae, although 
the effects were less extreme than those observed with injec-
tion of whole-cell W83. These in vitro and in vivo data further 
confirm that OMVs have the potential to cause disease in the 
absence of whole-cell bacteria from which they are derived 
and augment current evidence that OMVs are able to exert 
their effects beyond that of the periodontal pocket.

Our data lead to the speculation that gingipains on OMVs as 
well as whole bacteria cleave endothelial intercellular junction 
proteins such as PECAM-1 and likely other adhesion mole-
cules (VE-cadherin, CD99), thereby loosening cell-to-cell con-
tacts to permit increased endothelial cell permeability. This 

Figure 3. W83 outer membrane vesicles (OMVs) induce systemic disease in zebrafish larvae in a gingipain-dependent manner. (A) Kaplan-Meier 
survival plots of zebrafish larvae infected 30-h postfertilization (hpf) with phosphate-buffered saline (PBS) control, Porphyromonas gingivalis (Pg) W83 
whole cells (WCs), Pg W83 OMVs, or ΔK/R-ab OMVs. Comparison of survival curves using the log-rank test shows significant differences between 
W83 whole cell–injected and W83 OMV-injected zebrafish compared to PBS controls. Survival curves of zebrafish larvae injected with ΔK/Ra-b OMVs 
were not statistically different from the PBS control (ns = no significant difference, ***P < 0.001). (B–D) Percentage live, edematous, and dead zebrafish 
larvae at (B) 24, (C) 48, and (D) 72 hpi showing that the percentage of diseased (dead + edematous) zebrafish was significantly increased following 
systemic infection with W83 OMVs compared to ΔK/R-ab OMVs at all time points (*P < 0.05, **P < 0.01 by 1-way analysis of variance with Tukey’s 
post hoc multiple comparisons test). (E) Representative micrographs showing the morphology of zebrafish larvae infected with PBS control, W83 
whole cells (WCs), W83 OMVs, or ΔK/R-ab OMVs. W83 whole-cell and OMV-infected zebrafish showed marked edema around yolk sac and heart 
(black arrows). Scale bars = 500 µm. Data in A–D are mean ± SD pooled from 3 independent experiments with at least 39 zebrafish total per group.
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may have 2 consequences: first, to allow exudate from the cir-
culation into tissues leading to tissue edema, which we 
observed in vivo, and, second, to expose underlying connec-
tive tissue that may lead to platelet activation and subsequently 
foci for immune cell activation on the endothelium that would 
have dramatic implications for increased risk of systemic dis-
ease (Chistiakov et al. 2015). Moreover, the nanoscale size of 
OMVs would allow proteolytic damage to occur at vascular 
sites not accessible to whole bacteria. Although this hypothesis 
requires further evaluation, our data provide a potential mecha-
nism for the link between periodontal disease and cardiovascu-
lar disease. It also provides clear evidence that the role of 

OMVs in host-microbial pathogenesis may be as important as 
whole bacteria, a factor that needs to be taken into consider-
ation in the ongoing drive to decipher the oral health systemic 
connection.
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