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General introduction and scope of thesis 
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Our health is greatly determined by the intimate interactions between our different cell types 

and the trillions of microbes residing within us. Although many of these interactions are 

beneficial for both parties, there are specific microbes that can invade us and cause diseases. 

More than 700 bacterial species have been identified in the oral cavity, and this niche 

represents one of the most unique and diverse microbial ecosystems in the human body1,2. 

Among the different oral pathogens that may reside at the periodontium, which is the tissue 

supporting our teeth, Porphyromonas gingivalis is one of the major ethological agents of 

periodontal diseases3,4. P. gingivalis is a Gram-negative, obligatory anaerobic, non-motile and 

black pigmented bacterium, which is isolated primarily from deepened periodontal pockets5–

7. It has become increasingly evident, since the second half of the 1900s when it was first 

characterized, that the presence of P. gingivalis strongly correlates with the severity of the 

chronic inflammatory disease periodontitis (PD)7. This highly widespread and complex 

multifactorial disease usually unfolds in early adulthood and often results in tooth loss8. 

Importantly, the world prevalence of severe PD is ~11%, making it the 6th most prevalent 

inflammatory disease worldwide8. Moreover, epidemiological research has shown that PD 

could be associated with at least 43 systemic diseases3,9. Although association does not 

necessarily mean causation, it has become evident that PD, and specifically P. gingivalis, are 

likely to be directly involved in the initiation and/or the development of rheumatoid arthritis 

(RA), atherosclerosis and Alzheimer’s disease1,10–12. 

Besides the evident role of P. gingivalis in aggressive PD, it can also be found at disease-stable 

sites, which are defined by several clinical parameters including pocket depth and the loss of 

dental attachment over a defined time period. In fact, P. gingivalis can also be found in 

healthy individuals, although at lower levels9,11,13. Thus, other factors, such as the patient’s 

immune status, characteristics of individual P. gingivalis strains, environmental elements and 

the presence of other microorganisms, are also important determinants for the disease 

development11,14. In particular, P. gingivalis has been recognized as a keystone pathogen, 

which is characterized by having the ability to orchestrate microbial dysbiosis in the oral 

cavity, even if present in low abundance. In fact, PD, originally considered an infectious 

disease, is rather a dysbiotic disease in which the levels of individual oral species within a 

polymicrobial community are altered by a specific subset of microbial actors14,15. In turn, this 

altered microbial composition can result in a dysregulated host immune response, which is 

unable to effectively clear the bacterial biofilm that is being formed on the tooth surface and, 
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at the same time, irreparably damages periodontal tissues surrounding the teeth, including 

the alveolar bone. Moreover, during tissue breakdown by deregulated inflammatory 

processes, pathobionts that are known as inflammophilic, acquire nutrients that are 

necessary to promote their survival11,15. A positive feedback loop is then generated, where 

dysbiosis and inflammation are coupled, creating a perpetual pathogenic cycle11.  

 

 
Figure 1. Characteristics of PD. PD is a dysbiotic disease in which the keystone pathogen P. gingivalis can modify 
the composition of the oral microbiome, promoting the survival of inflammophilic microbial species. The 
resulting dental biofilm extends into the periodontal pocket. Innate immune cells are unable to resolve dysbiosis, 
and remain constantly activated. This chronic inflammation causes damage of the periodontal tissue, including 
bone loss, and it perpetuates the disease. 
 

From the human host’s perspective, the main immune cell type that is responsible for 

protection against periodontal disease and for maintaining homeostasis with the oral 

microbiota, is the neutrophil15–17. Interestingly, neutrophils can adapt to different types of 

stimuli and microenvironments by employing diverse strategies to protect host tissues from 

invading pathogens. Being professional phagocytes, neutrophils can effectively engulf 

bacteria and kill them intracellularly. Additionally, neutrophils can also target pathogens in 

the extracellular space by the release of reactive oxygen species and the contents of 

cytoplasmic granules, which comprise a broad arsenal of antimicrobial proteins and 

proteolytic enzymes17. Lastly, neutrophils can undergo a regulated cell death mechanism, 

which entails the release of extracellular DNA traps to immobilize and kill pathogens18,19. In 

fact, these neutrophil extracellular traps (NETs) are decorated with histones, various 
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antimicrobial peptides/proteins for pathogen clearance18. However, oral pathogens such as 

P. gingivalis, have evolved mechanisms to evade or inhibit neutrophil-mediated bacterial 

killing. Importantly, these pathogens can concomitantly promote neutrophil activation and 

inhibit neutrophil-clearing mechanisms, such as apoptosis, resulting in the accumulation of 

neutrophils in the periodontal pockets. In fact, neutrophils represent ≥95% of 

all leukocytes that are recruited in periodontal pockets to form a protective front against 

tooth-associated biofilm15,16,20. At later stages in the infection, P. gingivalis also faces other 

innate immune cell types, including macrophages, which are essential mediators of the 

immune response against invading pathogens. Macrophages also play important roles in the 

clearance of cellular debris and apoptotic cells to resolve the inflammatory response18,20. 

Accordingly, P. gingivalis has evolved different mechanisms to subvert important macrophage 

functions that inhibit bacterial phagocytosis and killing, while preventing the resolution of 

inflammation21,22. For instance, P. gingivalis can actively and safely enter macrophages using 

lipid rafts on their plasma membrane, disrupt bacterial killing processes and survive 

intracellularly22. 

 
Figure 2. Neutrophil antibacterial mechanisms. Neutrophils employ different strategies, depending on the type 
of stimuli and microenvironment, to eliminate invading pathogens. Being professional phagocytes, neutrophils 
can phagocytose pathogens to kill them intracellularly. Moreover, granule contents composed of antimicrobial 
proteins and proteolytic enzymes, are released into the extracellular environment. NETosis entails the 
extracellular release of DNA bound to antimicrobial agents that trap, immobilize and kill invading 
microorganisms. 
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P. gingivalis possesses specialized and unique virulence factors that are responsible for the 

subversion of the host’s inflammatory response. Trypsin-like cysteine proteases, known as 

gingipains, are among the most important virulence factors and they are involved in the 

destruction of periodontal tissue via direct or indirect mechanisms. P. gingivalis can either 

cleave Arg-X peptide bonds with the arginine-specific gingipains RgpA and RgpB, or Lys-X 

bonds with the lysine-specific gingipain Kgp. Gingipains are known to effectively degrade 

several human proteins for different purposes, such as nutrient acquisition, growth, and 

manipulation and evasion of the host immune response22,23. In fact, gingipains have been 

shown to degrade host defense proteins, such as antimicrobial peptides, cell receptors, 

cytokines and components of the complement system20,24–26. Other P. gingivalis virulence 

factors that have been involved in host colonization and dysregulation of immune responses 

include fimbriae, hemagglutinins, phosphatases, outer membrane proteins, capsules and 

lipopolysaccharides (LPS)1,22. Additionally, P. gingivalis is the only bacterium found in the 

human body known to catalyze citrullination, a post-translational protein modification 

characterized by the conversion of the positively charged peptidylarginine into the neutral 

peptidylcitrulline. It should be noted that citrullinating enzymes, known as peptidylarginine 

deiminases (PADs), are also produced by humans. In fact, different PAD isotypes are produced 

by several human cell types and these enzymes participate in diverse physiological processes, 

such as cell death, epigenetic regulation, inflammation, hair growth and epidermal 

differentiation27,28. Although evolutionary unrelated to the human PAD enzymes and having 

a different mode of action and specificity, the Porphyromonas PAD (PPAD) is able to 

citrullinate both bacterial proteins and proteins of the human host. Importantly, the 

citrullination of human proteins and peptides involved in pathogen clearance can hamper 

significantly their function, which was recently shown to contribute to dysregulation of the 

host defenses and promotion of bacterial immune evasion10,29.  

Special attention has been attributed to the role of PPAD in the long-known relationship 

between PD, P. gingivalis and the autoimmune disorder RA10,28. The prevalence of RA is 1%, 

making it one of the most common autoimmune disorders worldwide. RA is characterized by 

a chronic synovial inflammation and joint destruction10,28. A very specific feature of RA is that 

autoimmune reactions are directed against citrullinated proteins. These reactions are 

mediated by anti-citrullinated protein antibodies (ACPAs), which are thought to be produced 

at distant sites from the joints, such as the oral cavity, the gut and the lungs 30,31. Interestingly, 
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ACPAs can already be detected years before the onset of RA symptoms, and their levels 

correlate with disease severity. Thus, ACPAs are thought to be among the main determinants 

for disease initiation and progression. Indeed, several mechanisms of ACPA-mediated 

pathogenicity have been proposed that could lead to the inflammation of synovial tissues and 

destruction of cartilage and bone32–34. It is therefore critical to address the current 

unanswered questions concerning ACPA production, such as the where(s)?, the how(s)? and 

the why(s)?. The first clues concerning possible causes of RA were obtained at the beginning 

of the 20th century, when the first associations between periodontal health and RA symptoms 

were identified35. Nowadays, it is clear that RA and PD do not only share many environmental 

and genetic risk factors, but also display strong clinical and epidemiological associations36. 

One of the shared features in both diseases is the direct or indirect involvement of 

citrullination catalyzed by human PADs or PPAD10,30,37–39. Regarding the latter, the full 

spectrum of possible roles of this unique bacterial enzyme in both PD and RA is still far from 

being fully understood. Recent evidence, however, has shown that PPAD can effectively 

mediate immune evasion, and that it can indirectly increase the activity of gingipains by 

preventing their self-degradation29.  
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Figure 3. Structure of P. gingivalis OMVs. OMVs, which have a diameter of 50-250 nm, are constitutively secreted 
by Gram-negative bacteria, including P. gingivalis. The composition of the lipid bilayer of OMVs is the same as 
that of the bacterial outer membrane. Accordingly, the outermost layer of OMVs seems to be composed of 
complex lipids, while the inner layer consists of a uniform phospholipid layer. The cargo of OMVs includes a wide 
variety of molecules, such as nucleic acids, enzymes, virulence factors, fragments of peptidoglycan and 
periplasmic constituents.  

 

One of the most interesting virulence delivery mechanisms of Gram-negative bacteria, 

including P. gingivalis, is the secretion of outer membrane vesicles (OMVs). OMVs are 

spherical outer membrane-derived particles with a diameter of ~50-250 nm that encapsule 

periplasmic components, nucleic acids and, in the case of pathogens, virulence factors40. 

Interestingly, many of the proteins and virulence factors contained in the OMVs are able to 

perform their biological roles in a concentrated and protected form at target sites, which can 

be distant from the OMV-producing bacteria. P. gingivalis OMVs have been shown to be 

specifically enriched in virulence factors, including gingipains and PPAD41. Consequently, 

many pathogenic roles of P. gingivalis OMVs have been uncovered not only in the context of 

PD, but also in relation to systemic diseases, such as diabetes mellitus, cardiovascular 

diseases, RA and Alzheimer’s diseases42–44. In addition to modulating the host cells, OMVs are 
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also known to be important determinants for both inter-bacterial interactions and bacterial 

survival. They are known to promote bacterial survival by increasing nutrient acquisition, 

maintaining cohesion within biofilm communities and antibiotic resistance. Thus, P. gingivalis 

OMVs promote dental plaque formation by facilitating the auto- and co-aggregation of 

different bacteria present in the oral cavity45. Synergistically, OMVs were also shown to 

mediate the specific killing of competing bacteria, which are different from the OMV-

producing strain45. 

 

Scope of thesis  

This thesis documents studies, which were aimed at uncovering different bacterial 

determinants that play a key role in the pathogenesis of P. gingivalis in the human host. 

Special attention was attributed to the role of the bacterial citrullinating enzyme PPAD in the 

initiation and development of PD, and possibly RA.  

Chapter 1 entails a brief introduction on the role of the oral keystone pathogen P. gingivalis 

in the oral disease PD, alongside this bacterium’s main opponent, the human neutrophil. 

Moreover, special focus was placed on OMVs secreted by P. gingivalis, which are specifically 

enriched in virulence factors.  

An in-depth discussion on the known roles of P. gingivalis in PD and RA is given in Chapter 2. 

Here, the different direct and indirect mechanisms through which this oral pathogen is 

implicated in the onset and development of RA are discussed. In particular, the discussion 

revolves around the relative contributions of direct disease-causing mechanisms involving the 

citrullination of both bacterial and human proteins by PPAD, and the indirectly triggered 

mechanisms involving the activation of human citrullinating enzymes. In addition to these 

mechanisms that take place at sites of infection, the impact of P. gingivalis on the composition 

of different microbiome communities is addressed. In this context, the focus is on the 

dysbiotic changes within the oral and gut microbiomes, and their possible consequences for 

RA. Lastly, relevant RA therapies involving microbiome-modifying agents are reviewed.  

Chapter 3 describes PPAD’s expression and secretion by a large panel of clinical P. gingivalis 

isolates, obtained from PD patients with or without RA. Using the supernatants of every 

isolate and rabbit antibodies specifically recognizing the PPAD protein, Western blot profiles 

were used to determine the presence of PPAD in either one of its secreted forms, in particular 
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the soluble form, or bound to OMVs. This investigation has revealed that soluble PPAD is 

present in the secreted fractions of all investigated isolates. However, PPAD is not always 

dominantly present in the OMV-bound state. In fact, only marginal amounts of OMV-bound 

PPAD are detectable in a small subset of the inspected clinical isolates. By sequencing the 

genomes of these strains, a specific amino acid substitution in PPAD could be associated with 

the reduced OMV attachment of PPAD. Accordingly, the strains displaying reduced 

attachment of PPAD to OMVs were named PPAD sorting type II strains.   

Chapter 4 highlights a novel role of PPAD in the evasion of innate immune responses by P. 

gingivalis. Human neutrophils were challenged with wild-type or PPAD-deficient P. gingivalis 

bacteria, and the different antimicrobial neutrophil responses were evaluated. The results 

show that PPAD mediates the escape of P. gingivalis from phagocytosis by neutrophils and 

NETosis. In addition, PPAD can prevent bacterial killing by a human antimicrobial peptide. 

Moreover, as shown with the infection model Galleria mellonella, PPAD contributes 

significantly to the virulence of P. gingivalis.  

The studies presented in Chapter 5 were aimed at a proteomic dissection of the cargo of 

OMVs of commonly used P. gingivalis type strains, their PPAD-deficient derivatives, and 

clinical P. gingivalis isolates belonging to the PPAD sorting type II. To this end, the different 

OMVs were purified and analyzed by mass spectrometry. This led to the identification of 

~100-200 OMV-associated proteins per strain, including mainly outer membrane and 

periplasmic proteins. Approximately 10% of the identified proteins were unique for the P. 

gingivalis type strains or their respective PPAD-deficient derivatives. Importantly, the OMVs 

were found to include 23 cargo proteins of the type 9 secretion system (T9SS), which is known 

to secrete the main virulence factors of P. gingivalis. Likewise, the OMVs of wild-type strains 

were shown to contain many components of the T9SS, some of which were absent from 

OMVs of the PPAD-deficient strains. Moreover, various cytoplasmic proteins with potential 

moonlighting functions were found to be exclusively present in OMVs of the PPAD deficient 

strains. Lastly, PPAD was shown to be involved in OMV-mediated hemagglutination of human 

red blood cells and for hemolysis by the OMV-producing bacteria. Thus, it seems that PPAD is 

important for the sorting of T9SS components into OMVs, and for the acquisition of heme and 

iron from red blood cells.  

The final experimental Chapter 6 of this thesis reports on the immunomodulatory properties 

of P. gingivalis OMVs. In particular, the interactions of OMVs with neutrophils and the 
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subsequent neutrophil responses were explored. The results reveal the degradation of the 

granule-derived myeloperoxidase and the antimicrobial peptide cathelicidin (also termed as 

LL-37) by OMV-bound gingipains. This degradative activity is promoted by the strategic 

adherence of OMVs to the surface of neutrophils, apparently allowing an instant degradation 

of the released granule contents upon degranulation. Remarkably, the unique OMV 

positioning on the neutrophil surface seems to be conserved amongst different P. gingivalis 

strains and the Gram-negative oral pathogen Aggregatibacter actinomycetemcomitans.  

Lastly, Chapter 7 summarizes and discusses the main results presented in this thesis, and it 

presents an outlook for future research on the virulence of P. gingivalis and the possible roles 

of this pathogen’s OMVs. 
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