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Porphyromonas gingivalis is the key etiological agent implicated in the development of 

periodontitis (PD), a highly prevalent chronic oral disease that affects dramatically the quality 

of life of the patient and represents a growing economic burden worldwide1–4. Besides its 

evident involvement in PD, increasing evidence has associated P. gingivalis with many and 

important chronic non-oral diseases, such as cardiovascular diseases, rheumatoid arthritis 

(RA), obesity and even Alzheimer’s disease5–8. The local and systemic effects of this oral 

pathogen are quite remarkable given the fact that P. gingivalis is a highly underrepresented 

bacterium amongst the oral microbiota in PD. This ability to mediate disease while existing in 

very low numbers, has given P. gingivalis the status of a keystone pathogen9. Understanding 

what the main bacterial factors are that orchestrate the local and systemic reactions leading 

to disease is essential to prevent or halt the progression of P. gingivalis-mediated pathogenic 

reactions. The research described in this thesis focused on the roles of the P. gingivalis 

peptidylarginine deiminase (PPAD), an enzyme unique amongst all human pathogens, in the 

pathogenesis of PD and related diseases.  

Chapter 2 of this thesis presents a discussion on how P. gingivalis can be responsible for the 

shift from a healthy oral microbiome to a dysbiotic microbiome, which is a key aspect in the 

initiation and progression of PD. The resulting inflammatory reactions eventually cause 

irreversible periodontal tissue damage, ultimately resulting in tooth loss. Specifically, the 

focus was directed towards possible mechanisms that this anaerobic bacterium employs to 

orchestrate the pathogenic reactions in both PD and the autoimmune disorder RA. In fact, P. 

gingivalis favors the survival of inflammophilic bacteria including members of the so-called 

red complex (i.e. Tannerella forsythia, Prevotella intermedia and Treponema denticola), 

which thrive in an environment where the human immune system is dysregulated and highly 

activated. This aberrant immune activation can then lead to many citrullination-inducing 

reactions by human PADs. One of the major PAD-activating mechanisms is the creation of 

neutrophil extracellular traps (NETs), which release intracellular PADs that can citrullinate 

extracellularly many other proteins. This, together with the bacterial citrullination of human 

proteins by PPAD, can create a hypercitrullination state. Together with other factors, such as 

genetic predisposition, this hypercitrullination may lead to the production of antibodies 

against citrullinated proteins (ACPAs). These ACPAs represent one of the hallmarks of RA. 

Another mechanism by which PPAD links PD to RA, is molecular mimicry. In this case, the 

human immune system, instead of targeting bacterial citrullinated proteins, targets human 
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citrullinated proteins that are highly similar to their bacterial counterparts. One of such 

proteins is enolase, which is a known target of ACPAs10. Moreover, microbial translocation 

from oral sites to distant sites, such as the gut and the joint, may represent one of the ways 

how this oral pathogen could initiate and/or exacerbate the inflammatory reactions 

underlying chronic diseases, such as RA. Indeed, various studies have revealed that P. 

gingivalis not only causes shifts in the microbiome of the oral cavity, but has the ability to 

remodel the composition of the gut’s microbiome, which was also recently linked to RA11. As 

a result, microbiome-based therapies have attracted interest since restoring the balance of 

the microbial communities within themselves and with the host, could have beneficial 

implications for RA patients. Such therapies could rely on the administration of beneficial 

bacteria or bacteria-derived small molecules that restore the balance between the immune 

system and the microbiome.  

Since PPAD is both a major suspect in the relationship between PD and RA, and one of the 

main virulence factors of P. gingivalis, it could represent a very attractive candidate target for 

therapies against PD and/or RA. However, it is first necessary to verify that the expression and 

subcellular localization of PPAD in different clinical isolates are similar. Accordingly, Chapter 

3 reports on the analysis of about 100 clinical P. gingivalis isolates that were obtained from 

patients with different periodontal and RA statuses, which were analyzed for the expression 

and extracellular localization of PPAD. First, it was important to investigate to what extent P. 

gingivalis virulence factors, such as PPAD, are secreted. The results showed that virulence 

factors are found in two different forms: a soluble form or an outer membrane vesicle (OMV)-

bound form. OMVs are constitutively secreted extracellularly and can be readily isolated by 

ultracentrifugation of the bacterial culture medium. The OMVs are important delivery 

nanoparticles that are specifically enriched in virulence factors. As shown by Western blot 

analyses, all investigated clinical P. gingivalis isolates expressed and secreted PPAD, although 

in different quantities. Of note, the majority of these isolates secrete PPAD in a predominantly 

OMV-associated way and these isolates were termed as PPAD sorting type I isolates. In 

contrast, a small subset of the investigated isolates mostly secreted PPAD in a soluble form, 

with small amounts of OMV-bound PPAD. These isolates were termed as PPAD sorting type II 

isolates. The sorting type II phenotype could be explained by an amino acid substitution at 

residue 373 of PPAD, i.e., Q373K, in which the distinctive lysine residue apparently affects the 

binding of PPAD to the outer membrane, and thus, to the OMVs. Of note, the different sorting 
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phenotypes could not be associated with a specific PD and/or RA status. Nonetheless, the 

secretion of PPAD appears to be a conserved characteristic of P. gingivalis, and the fact that 

PPAD is secreted in different forms and quantities, should be considered for future studies on 

the role of PPAD in infection. This could help to distinguish strains with different citrullinating 

activities towards bacterial and human target proteins.   

The key challenge for P. gingivalis in the periodontium is the survival in a highly inflamed 

environment. The main host cell type that opposes infection of the gums is the neutrophil, 

which forms a defensive frontline in response to pathogenic oral bacteria. P. gingivalis, 

however, evolved specialized strategies to escape killing, while promoting uncontrolled 

inflammation that allows other pathogenic bacteria to thrive. Virulence factors such as the 

gingipain cysteine proteases RgpA, RgpB and Kgp have been implicated in this immune 

subversion. Since PPAD has been shown to citrullinate several bacterial proteins, including 

gingipains and human proteins, the studies described in Chapter 4 were aimed at answering 

the question whether the absence of PPAD would influence the bacterium’s responses when 

facing neutrophils. It was observed that PPAD can impair three key antibacterial features of 

the neutrophil, namely phagocytosis, the bactericidal activity of excreted granule proteins, 

and the secretion of NETs. In fact, PPAD was able to significantly decrease the bacterial 

association to, and internalization by, human neutrophils. Moreover, PPAD was shown to 

citrullinate the cationic antimicrobial peptide LP9, inhibiting its killing capacity as 

demonstrated with the Gram-positive bacterium Bacillus subtilis. Lastly, PPAD was able to 

decrease bacterial capture and killing by NETs and citrullinate histone H3, a component of 

secreted NETs. Interestingly, the observation that the purified PPAD can citrullinate LP9 and 

H3 in the absence of proteolytic enzymes shows unambiguously that this enzyme is not only 

capable of targeting the terminal arginine residues of a polypeptide chain, as previously 

proposed, but that it can also target arginine residues within a polypeptide chain. Using the 

animal model Galleria mellonella, the overall relevance of these PPAD-dependent virulence 

mechanisms of P. gingivalis was demonstrated, as a higher mortality rate was observed when 

larvae were infected with the wild-type bacteria, in comparison to PPAD-deficient bacteria. 

These results support the pivotal role of the citrullinating enzyme PPAD in overcoming the 

innate immune defenses, which consequently will be less capable of eliminating this 

pathogen. Additionally, citrullination of neutrophil proteins by PPAD could also turn out to be 

beneficial for other microbial members of the oral microbial community. If so, this would be 
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in line with the concept that P. gingivalis remodels the oral microbiome composition leading 

to PD and other diseases as well. Altogether, it was shown that PPAD is a crucial immune 

evasion factor that allows the survival of P. gingivalis in the oral cavity. In turn, this could 

explain why PPAD is a strictly conserved protein produced by all P. gingivalis clinical strains, 

as documented in the study presented in Chapter 3.  

Since P. gingivalis’ secreted OMVs are important delivery vehicles of virulence factors, the 

objective of the study described in Chapter 5 was to identify the core and variable proteomes 

of OMVs isolated from different P. gingivalis strains. In particular, it was investigated whether 

the difference in PPAD secretion could be correlated to other differences in the OMV 

composition. To this aim, OMVs from the P. gingivalis wild-type strains W83 and ATCC 33277, 

their respective PPAD-deficient mutants, and two PPAD sorting type II clinical isolates were 

examined. This analysis unveiled that OMVs from P. gingivalis, irrespective of their complexity 

or the presence of PPAD, carry the majority of the type 9 secretion system’s (T9SS) cargo 

proteins. These T9SS cargo proteins are the main virulence factors of P. gingivalis.  In contrast, 

the absence of PPAD was shown to decrease or abolish completely the sorting of components 

of the T9SS machinery into the OMVs. Moreover, it was observed that typical moonlighting 

proteins were enriched in the OMVs that lack PPAD. Interestingly, it was also observed that 

the absence of PPAD results in a decreased ability of the OMVs to catalyze hemagglutination 

of human erythrocytes. Lastly, PPAD-deficient bacteria were found to be hemolysis 

incompetent, indicating a possible role of PPAD in heme acquisition by the OMV-producing P. 

gingivalis. 

To understand how PPAD could influence the interaction of OMVs with the host, human cells 

were challenged with OMVs. In particular, it was investigated how OMVs purified from the 

wild-type strain W83 and a W83-derived PPAD-deficient mutant interact with human 

neutrophils, macrophages and salivary gland epithelial cells. Immunostainings and confocal 

microscopy analyses showed that OMVs of both strains adhere to the neutrophil surface 

without being internalized. In contrast, OMVs are internalized by the macrophages and 

epithelial cells. To assess the implications of the OMV adhesion onto the surface of 

neutrophils, the influence of OMVs on neutrophil degranulation was investigated. To this aim, 

the presence of two specific antimicrobial granule components, myeloperoxidase (MPO) and 

LL-37, was tested in neutrophil supernatants using enzyme-linked immunosorbent assays. 

This revealed that OMVs were capable of degrading, in a gingipain-dependent manner, the 
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antimicrobial molecules. Indeed, specific inhibitors of RgpA, RgpB and Kgp, prevented OMV-

mediated degradation of purified MPO from human neutrophils. Interestingly, the 

degradative capacity of gingipain-containing OMVs from the wild-type W83 strain was higher 

than the one from the respective PPAD-deficient mutant. Next, it was tested whether OMV-

mediated degradation interferes with MPO-mediated bacterial killing in the presence of H2O2. 

Indeed, degradation of MPO by OMVs prevented MPO-mediated killing of P. gingivalis. 

Interestingly, the strategic adherence of OMVs to the neutrophil surface appears to be 

conserved amongst different strains of P. gingivalis, while the bacterium that produces these 

OMVs is rapidly phagocytosed. Similarly, OMVs from another Gram-negative anaerobic oral 

pathogen, Aggregatibacter actinomycetemcomitans, are retained at the neutrophil surface. 

Altogether these results suggest that the bacteria and OMVs interact differently with 

neutrophils, despite the fact that the bacterial outer membrane and the OMVs have a highly 

similar composition. Thus, a yet unknown physical or/and biochemical factor is responsible 

for this difference in the interaction with neutrophils. It is noteworthy to mention that 

macrophages internalize both intact bacteria and OMVs. This implies that there is actually a 

decisive difference in the interactions of OMVs with neutrophils and macrophages, for which 

the molecular basis is presently not understood. 

Altogether, the studies presented in this thesis provide important clues that shed light on the 

complex network of interactions between the innate immune system of the host and P. 

gingivalis. In particular, the results show that although PPAD secretion is conserved amongst 

all P. gingivalis strains, there is a significant strain-specific difference regarding PPAD sorting. 

Moreover, the proteomic composition and pathogenic potential of P. gingivalis OMVs is 

significantly influenced by PPAD. How these differences translate into the pathogenic 

potential of both the bacterium and its OMVs was assessed by focusing on the primary 

opponent of P. gingivalis, the neutrophil. One of the main conclusions from the present 

studies is that the absence of PPAD results in a decreased protease activity of gingipains, 

which are key virulence factors of P. gingivalis. Moreover, citrullination or gingipain-mediated 

degradation of important antimicrobial proteins, decrease significantly their bactericidal 

effects. The importance of PPAD for the virulence of P. gingivalis was underscored in the in 

vivo infection model G. mellonella, which showed that PPAD-deficient strains are less virulent 

than their PPAD-proficient counterparts. Lastly, the documented findings show that the 

bacteria and their OMVs employ different mechanisms to evade and corrupt neutrophils, with 
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the OMVs allowing the ‘neutralization’ of neutrophils at a ‘safe distance’ from the bacteria 

that produce these OMVs.  

 

Future perspectives 

Understanding which processes are essential for P. gingivalis to be a successful pathogen in 

PD, is the next step towards the development of preventive measures and universal therapies 

against this chronic degenerative disease. Current treatments of PD include a combination of 

the mechanical removal of oral biofilms on the tooth surfaces, and the administration of 

systemic antibiotics. This combinatorial approach significantly improves the clinical outcome 

in comparison to the use of mechanical PD treatments alone. However, important challenges 

exist in the use of systemic antibiotics for the treatment of PD, such as low specificity, the 

potential development of antibiotic resistance, the inadequate compliance with the 

prescribed antibiotic regime, and low antibiotic drug penetration into the dental plaque. This 

will make it a major challenge to develop small-molecule drugs that specifically target P. 

gingivalis. If it should be possible, to develop such molecules, they would need to target 

essential processes specific for P. gingivalis of its virulence, for instance the T9SS machinery, 

rather than particular virulence factors, such as PPAD or the gingipains. Alternative preventive 

methods and treatments are thus urgently needed, considering the fact that PD is one of the 

most prevalent diseases affecting humans. Interestingly, the inherent characteristics of OMVs 

make them really appealing for the development of OMV-based vaccines. In particular, the 

non-replicative property of OMVs, the presence of important immunogenic components that 

originate from the OMV-producing bacteria, and their inherent nature as delivery vehicles, 

enhances their potential as successful vaccines12–14. Accordingly, OMV-based vaccines have 

been shown to elicit protection against various pathogens and an OMV-based meningococcal 

vaccine has been approved for human use12. Another characteristic that renders OMVs 

attractive as platforms for vaccination is that they can be engineered to deliver specific 

antigens or molecules that elicit an efficient immune activation. In addition, as most virulence 

factors are displayed on the OMV surface, direct interaction with the host immune cells is 

possible, as was demonstrated by the experiments with human neutrophils presented in this 

thesis. Recent studies in mice have confirmed that OMVs from P. gingivalis are highly 

antigenic, and that LPS and A-LPS-modified proteins of P. gingivalis can potentially induce 

antibody production14. However, OMVs can be a double-edged sword as they can also 



 

 182 

mediate pathogenic reactions. For instance, this PhD research has shown that P. gingivalis 

OMVs are capable of inducing hemagglutination of red blood cells, as well as the degradation 

of several anti-microbial proteins. Moreover, recent studies have demonstrated that OMV 

components, such as gingipains and PPAD, may be deposited at non-oral sites such as the 

brain and joints, where they are thought to contribute to the development of Alzheimer’s 

disease or RA5. Thus, the key to develop effective and safe vaccines against PD resides in the 

engineering of OMVs that do not elicit harmful reactions in different organs and tissues of the 

human body. This is possibly achievable through mutation of the T9SS, since the main 

virulence factors of P. gingivalis are attached to the outer membrane and OMVs via the T9SS. 

Indeed, as can be inferred from preliminary data from our laboratory not presented in this 

thesis, the OMVs of a spontaneous P. gingivalis mutant with a deletion in one of the main 

T9SS components, are less pathogenic. However, it still remains to be elucidated whether a 

less pathogenic OMV preparation is equally immunogenic as one with OMVs fully loaded with 

virulence factors. . Also, there would still be a need to carefully assess whether such ‘defused’ 

OMVs are completely harmless, or whether other non-proteinaceous constituents like LPS 

could lead to unwanted host reactions or dysbiosis. 

Another factor to be considered in the development of future PD vaccines is the complexity 

of the oral microbiome associated with PD. P. gingivalis is a keystone pathogen that 

orchestrates microbial dysbiosis, resulting in uncontrolled immune reactions that favour the 

colonization and growth of other inflammophilic bacteria. Thus, targeting P. gingivalis alone 

might only be a first step towards the creation of an effective vaccine against this disease. 

However, other important oral pathogens, such as Aggregatibacter actinomycetemcomitans 

and the bacterial members of the “red complex”, are also strongly associated with this 

disease. Thus, a multi-species vaccine might be required to fully prevent the development of 

PD in patients. Other approaches that can modulate the oral microbiome as a whole may 

involve the administration of oral probiotics, or of molecules that target and reduce the 

pathologically activated responses of the host that lead to tissue and bone destruction15. 

Altogether, we still need to understand how to fine-tune potential therapies that protect 

against multiple oral pathogens, while leaving beneficial members of the human microbial 

community unharmed. Realistically, this can mean that a combination of several strategies 

will be needed. Furthermore, these strategies should be tailored according to the specific 

needs of individual patients with PD, in order to warrant the best possible outcome. 
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