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Periodonti ti s – a severe infl ammati on of gum ti ssue
The clinical background of the research presented in this thesis lies in an infl ammatory disease called 

periodonti ti s, which aff ects the ti ssues surrounding the teeth. Between 10 and 15% of the human 

populati on suff ers from some type of periodonti ti s, making it the number one infl ammatory disease 

worldwide1. The onset of periodonti ti s is associated with a combinati on of geneti c factors, as well as 

environmental factors like inadequate oral hygiene, high bacterial loads and smoking2. If left  untreated, 

periodonti ti s will lead to progressive retracti on of the infl amed gingival ti ssue surrounding the teeth, 

periodontal bone loss, loosening of the teeth and ulti mately tooth loss (Figure 1). 

Dental plaque biofilm 
Periodontal pocket 
Flow of gingival crevicular fluid 

Periodontal bone loss 

Figure 1: Clinical manifestati on of periodonti ti s. The panels from left  to right show a photograph, a radiograph and 

a schemati c representati on of the clinical manifestati on of a pati ent with severe periodonti ti s (images were kindly 

provided by Arjan Vissink and Johanna Westra).

Gum diseases like periodonti ti s, or the milder form of it called gingiviti s, have existed for thousands of 

years3. In the past, periodonti ti s was oft en treated simply by tooth extracti on. Nowadays, the treatment 

ranges from improvement of oral hygiene measures to professional tooth cleaning and periodontal 

surgery, while tooth extracti ons are only performed at very advanced stages of the disease. In view of 

the prevalence of periodonti ti s and its consequences for human wellbeing, much research has been 

focused on the triggers and causes of periodonti ti s, identi fying certain bacterial species as potenti ally 

causal pathogens for disease development and progression. The species Porphyromonas gingivalis,

Tannerella forsythia and Treponema denti cola belong to the so-called ‘red complex’ and, together, they 

are considered as main causati ve agents of periodonti ti s4. In additi on, the bacterium Aggregati bacter 

acti nomycetemcomitans has been implicated in an aggressive form of periodonti ti s5,6. What is oft en 

overlooked is the fact that these pathogens are not the only microbes living in our mouth. In fact, more 

than 600 diff erent bacterial species are known to reside in the human oral cavity along with other 

micro-organisms, like fungi, amoeba and viruses7,8. Importantly, what happens in periodonti ti s is that 

the ‘eubioti c’ homeostasis of microorganisms in the healthy human mouth shift s towards a ‘dysbioti c’ 

state, which is characterized by increased abundance of the afore-menti oned red complex pathogens 

or A. acti nomycetemcomitans9. This dysbiosis can trigger infl ammati on and damage of the gingival 
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tissues. As most of the pathogens involved are strict anaerobes, they preferably form biofilms in the 

periodontal pockets created by swelling of the gingiva and subsequent loss of periodontal attachment 

of inflamed gingival tissue thereby further promoting the inflammatory state10,11. 

 The loss of oral microbial homeostasis and the resulting inflammation lead to a recruitment of 

innate immune cells towards the infected tissues (Figure 2). Thus, a massive infiltration of neutrophils, and 

subsequently also macrophages, into the gum tissues can be observed in periodontitis12,13. An intensive 

‘fight’ between these immune cells and the bacteria begins. In the course of time, the inflammatory 

responses, together with highly destructive enzymes produced both by the oral pathogens and host 

immune cells lead to breakdown of the periodontal tissues, eventually resulting in increased tooth 

mobility and tooth loss14. In recent years, one bacterium in particular became the center of most of the 

periodontal research, namely P. gingivalis, which can be found in more than 75% of all periodontitis 

patients and which produces a plethora of unique proteins that impact on the human host15-17.

Figure 2: Hallmarks of periodontitis. Schematic representation of biofilm formation and neutrophil recruitment in 

the periodontal pocket. Note that the periodontal biofilm is polymicrobial, where P. gingivalis is represented in green 

and other microorganisms in orange and blue10,18.

Porphyromonas gingivalis – the periodontal keystone pathogen
P. gingivalis is a Gram-negative, black-pigmented, non-motile coccoid bacterium, which forms biofilms 

in the oral cavity (Figure 3)19. It is asaccharolytic, which means that it cannot ferment sugars, but needs 

proteins, peptides and amino acids to thrive. In the oral cavity, P. gingivalis maintains its metabolism 

by a highly proteolytic lifestyle. It produces three different isoforms of cysteine proteases, the so-called 

arginine-specific gingipains RgpA and RgpB, and the lysine-specific gingipain Kgp20. These proteases 

cleave human proteins, providing small peptides, essential for the bacterial metabolism and growth. 

Intriguingly, the gingipains are also known to cleave proteins involved in human immune responses, 

such as immunoglobulins and complement factors, thereby interfering with the host defense and 
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leading to increased survival of P. gingivalis21-24. Collectively, the factors leading to increased survival 

of bacterial pathogens in a host and improved evasion or invasion of immune cells are called virulence 

factors. P. gingivalis avails of a number of these virulence factors16,25. Besides the gingipains, P. gingivalis 

can for example produce a strong capsule consisting of polysaccharides26 that protect P. gingivalis from 

the immune system, and some isolates are highly fimbriated for improved adherence to host tissues27. 

Another important factor is an enzyme called Porphyromonas peptidylarginine deiminase (PPAD), which 

citrullinates arginine residues inside a protein and may protect the bacterium against its own gingipains 

and allow it to evade the host immune defenses18.

Figure 3: Growth of P. gingivalis on a blood agar base No.2 plate for 14 days.

In their struggle with human immune cells, it is crucial for bacterial pathogens to deliver their virulence 

factors in smart and effective ways. To this end, P. gingivalis employs a dedicated secretion system 

called the type IX secretion system (also: Porin secretion system or PorSS), which targets proteins 

either towards the outer membrane to which they become attached via an A–lipopolysaccharide 

(A-LPS) anchor, or secretes proteins directly into the extracellular milieu 28-30. An alternative way of 

delivering proteins in the extracellular milieu is the production of outer membrane vesicles (OMVs), 

which are lipidic vesicles released from the outer membrane31. As such, the OMVs represent a distinct 

compartment for transport of important proteins in a stable manner towards remote destinations. For 
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example, with the aid of OMVs the bacterium can manipulate immune cells already before getting into 

close contact with them, and OMVs can function as a decoy for the immune system by binding specific 

antibodies and thereby protecting the OMV-producing bacterial cell. The main virulence factors of P. 

gingivalis, like PPAD and the gingipains, are secreted by the Porin secretion system, directly as well as 

by OMV transport (Figure 4) 29,32-34. 

Figure 4: Secretion of virulence factors by P. gingivalis. Schematic representation of the secretion and delivery of 

virulence factors via the type IX secretion system (T9SS) and via production of outer membrane vesicles (OMVs). 

Upon export from the cytoplasm, PPAD and gingipains either remain attached to the OM or secreted OMVs, or they 

are secreted in a soluble form into the extracellular milieu. Courtesy of M. du Teil Espina.

Rheumatoid arthritis – a chronic inflammation of the joints
Rheumatoid arthritis (RA) is one of the most common autoimmune disorders in humans. It is characterized 

by chronic inflammation of synovial joints (Figure 5). The prevalence of RA in the general population 

is around 0.5-1.0%35. However, in patients suffering from periodontitis, the RA prevalence is almost 

two times as high as in the general population36-38. The reason for this might be found in the complex 

multi-factorial disease pathology of RA. One hallmark and very specific characteristic of RA is the loss 

of tolerance to citrullinated proteins. Many RA patients develop anti-citrullinated protein antibodies 

(ACPAs) already years before the actual clinical manifestation of the disease, and they are present in 

50% of patients with early rheumatoid arthritis39. ACPAs are highly RA-specific auto-antibodies, which 

are believed to trigger a preclinical state of the disease. Although this causal relationship remains to be 



General introduction and scope of this thesis

15

Ch
ap

te
r 1

proven unambiguously, ACPAs could lead via several inflammatory cascades to the pathology of chronic 

inflammation of synovial tissues and damage of articular cartilage and underlying bones.

 Just as periodontitis, RA can be triggered by genetic and environmental factors. Human leukocyte 

antigen (HLA) class II molecules have been associated with a predisposition to RA40,41. The disease is 

more prevalent in the elderly, especially in women, and smoking seems to be another risk factor42. As 

is typical for many multifactorial diseases, it is not entirely clear, what the final trigger for disease onset 

in the affected individuals is. One theory proposes a so-called two-hit mechanism, where the “first hit” 

is the formation of autoantibodies like ACPAs or rheumatoid factor (RF)43,44. The “second hit” would be 

delivered by an additional factor, causing a general systemic inflammation, and in combination with the 

autoantibodies, leading to chronic joint inflammation. One possible “second hit” could be an infection 

by bacteria, viruses or fungi, or a microbial shift in the gut or the mouth towards a dysbiotic state as 

mentioned above11.

Figure 5: Clinical manifestation of RA (Credit: Designua/Shutterstock.com)
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Citrullination and peptidylarginine deiminases – the missing link?
The two-hit hypothesis would be a plausible explanation for the link between periodontitis and RA, but 

there is also evidence for another mechanistic link between the two diseases. As mentioned above, RA 

patients lose their tolerance to citrullinated proteins39. Citrullination is a post-translational modification 

of proteins, where positively charged arginine residues in a protein are converted into neutral citrulline 

residues (Figure 6). It is important in several physiological processes, such as the development of the 

central nervous system or the keratinization of hair and skin45,46. Five different isoforms of human 

peptidylarginine deiminases (PAD 1-4 and PAD6) can catalyze these reactions. The human PAD enzymes 

are calcium-dependent and are able to citrullinate any arginine residues inside a protein, irrespective of 

their internal or terminal location in the polypeptide chain. Intriguingly, P. gingivalis produces the afore-

mentioned Porphyromonas PAD enzyme (PPAD), which can citrullinate bacterial and human proteins 

in a calcium-independent manner47. In fact, the protein sequence and structure of PPAD is completely 

different compared to the human PADs, and it has a preference for C-terminal arginine residues48.

 The production of PPAD could be the missing link between the diseases of periodontitis and 

RA. It has been shown that PPAD is able to citrullinate several known RA auto-antigens, especially the 

human α-enolase and fibrinogen49. By increasing the overall amount of citrullination in periodontitis 

patients, the burden could become too high and the patients could lose their tolerance at some 

point. Another possible explanation could be molecular mimicry50, which relates to the fact that some 

bacterial proteins are very similar to human proteins (e.g. bacterial vs. human α-enolase). Thus, an 

immune response against the citrullinated P. gingivalis α-enolase could lead to antibodies that cross-

react with the citrullinated human α-enolase 51,52. However, it is not yet entirely clear, what the exact 

pathways are that lead to the production of ACPAs. In fact, as mentioned above, it is still a matter of 

debate whether ACPAs are causal agents in RA or are the result of the disease.  Nevertheless, ACPAs are 

strongly associated with RA and are therefore used as a diagnostic marker.

 The biological relevance of bacterial citrullination is not entirely unraveled either. Human 

citrullination clearly is involved in the modification of protein structures and maturation of proteins 

in developmental processes46. Furthermore, citrullination may protect certain proteins against 

degradation by trypsin-like proteases53. So far, the advantage of the PPAD enzyme and citrullination for 

P. gingivalis has not been determined. Several theories for its role have been proposed: i. The chemical 

reaction of citrullination generates ammonia (NH3; Figure 6) as a byproduct, which has a suppressive 

effect on neutrophils and could help the bacterium to survive insults by these immune cells 54. ii. PPAD 

is able to citrullinate and thereby de-activate human host defense proteins55. iii. PPAD citrullinates other 

P. gingivalis proteins, protecting them from degradation by gingipains and proteases of the host.
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Figure 6: Chemical reaction of citrullination. Peptidylarginine is transformed into peptidylcitrulline by either human 

PAD enzymes or the bacterial PPAD enzyme. Citrullination changes the overall charge and structure of the respective 

protein. Ammonia (NH3) is released as a byproduct.

Proteomics – a powerful tool for ‘seeing the bigger picture’
In the last decades, there have been major technological advances in the field of biomedical sciences. 

With the advent of the so-called ‘Omics’ approaches, entirely new avenues have been opened for 

researchers to find answers for their research questions. Since the first whole genome was sequenced 

in 199556, a vast amount of genomics studies was performed in order to unravel the genetic make-up 

of bacteria, viruses, fungi, humans and other organisms. Such genomics studies give a comprehensive 

overview of the general make-up of an organism, however without providing information on the 

actual activation/transcription of the identified genes. Therefore, following the genomics approaches, 

transcriptomics approaches were developed to provide detailed information about the nature and 

amounts of all messenger RNAs (mRNA) produced. However, the presence of a gene transcript does 

not necessarily mean that it is translated into protein. Fortunately, by means of sophisticated mass 

spectrometry technologies, it is nowadays possible to investigate the whole proteome of an organism. 

Thus, proteomics can give detailed information on mRNA translation at a global scale, the quantity of 

individual proteins, post-translational modifications, protein degradation, localization and even activity.

 In the bacteriology field, proteomics is nowadays widely applied to achieve a comprehensive 

understanding of cellular functions and behavior at the systems level. However, it should be noted that 

the exoproteome, i.e. the extracellular complement of a bacterium, is the main reservoir of virulence 

factors. The exoproteome was first explored in Gram-positive bacteria, especially Bacillus subtilis and 

Staphylococcus aureus, yielding important insights about mechanisms of protein secretion, folding 

and activity57-59. More specifically, major bacterial virulence factors were identified and quantitatively 
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profi led by mass spectrometry/proteomics approaches60. Along the same lines, the proteome of P. 

gingivalis was investi gated in several studies29,32,61. Nevertheless, a global overview on the P. gingivalis

proteome and studies investi gati ng the eff ects of P. gingivalis on the human proteome have been scarce 

to date. Therefore, in most of the studies described in this thesis, proteomics approaches, as illustrated 

in Figure 7, were applied as a powerful tool to identi fy features that make P. gingivalis a periodontal 

keystone pathogen, and to defi ne its interacti ons with human immune cells in periodonti ti s and RA.

P.	gingivalis in	liquid	culture	

Exponential	phase	

Stationary	phase	 TCA	precipitation	 Trypsin	digestion	

Data	analysis	

Liquid	chromatography	Mass	spectrometry	

Figure 7: Example scheme of a general proteomics workfl ow
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Scope of this thesis

The main objecti ve of the research described in this thesis was to investi gate the interacti ons of the 

periodontal keystone pathogen P. gingivalis with human innate immune cells. A special focus was placed 

on the role of bacterial citrullinati on via the PPAD enzyme and its possible implicati ons in the diseases 

of periodonti ti s and RA. As introduced in chapter 1, this objecti ve was approached by the applicati on 

of advanced mass spectrometry. Further, this technology was applied for a detailed comparison of 

commonly used laboratory strains as well as clinical P. gingivalis isolates.

 The aim of the study described in chapter 2 was to investi gate the PPAD enzyme of P. gingivalis

in terms of gene conservati on, expression and citrullinati on ability. The results show that the 

pepti dylarginine deiminase gene is a conserved feature of Porphyromonas gingivalis’. The PPAD gene 

was identi fi ed in more than one hundred clinical P. gingivalis isolates from periodonti ti s pati ents, 

RA pati ents and healthy control individuals, while it was absent from other related oral bacterial 

species. Furthermore, the ability of the diff erent clinical isolates for protein citrullinati on did not diff er 

signifi cantly, leading to the conclusion that the producti on of PPAD is an invariant trait of P. gingivalis, 

irrespecti ve of the source of isolati on.

Chapter 3 of this thesis enti tled ‘there’s no place like OM: vesicular sorti ng and secreti on of PPAD 

in Porphyromonas gingivalis’ was aimed at investi gati ng PPAD at the protein level. The results show that, 

in most of the study isolates, PPAD is mainly present in outer membrane vesicles (OMVs) and to a lesser 

extent in a soluble state in the extracellular medium. In a small subset of the isolates, the amounts of 

the OMV-bound PPAD were drasti cally reduced, and one isolate showed restricted amounts of OMVs. 

The reduced PPAD binding to OMVs could be associated with a point mutati on in the respecti ve gene. 

It thus seems that such variati ons have no serious implicati ons for growth and survival of P. gingivalis in 

the oral cavity.

 The fi rst two experimental studies described in this thesis focused solely on the PPAD enzyme. In 

contrast, the study described in chapter 4 enti tled ‘extracellular proteome and citrullinome of the oral 

pathogen Porphyromonas gingivalis’ gives a global overview on the whole exoproteome of P. gingivalis. 

Several clinical isolates, as well as laboratory strains and PPAD-defi cient mutants of P. gingivalis, were 

investi gated by mass spectrometry. The isolates displayed a substanti al heterogeneity, especially in the 

presence of typical cytoplasmic proteins in the extracellular fracti on. However, the major virulence 

factors of P. gingivalis were shown to be universally expressed at high levels in all investi gated isolates. 

Intriguingly, the arginine-specifi c gingipain RgpA was found to be citrullinated along with various other 

extracellular proteins, which has potenti al implicati ons for periodonti ti s and RA.

 As outlined in Chapter 1, the biological role of the PPAD enzyme for P. gingivalis was not fully 

understood at the start of the present PhD research. Chapter 5 presents the novel observati on that 

PPAD, ‘a secreted bacterial pepti dylarginine deiminase, can ‘neutralize’ human innate immune defenses’. 

The research described in this chapter was in parti cular aimed at unraveling the role of PPAD in the 

interacti on of P. gingivalis with the innate immune system. Therefore, neutrophils were infected with 

PPAD-profi cient or PPAD-defi cient P. gingivalis, and the eff ects on diff erent aspects of the anti microbial 
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activity exerted by neutrophils were examined. The results show that PPAD literally neutralizes human 

innate immune defenses at three different levels, namely phagocytosis, bacterial capture by neutrophil 

extracellular traps (NETs) and bacterial killing by a lysozyme-derived antimicrobial peptide. Altogether, 

this study has shown for the first time that PPAD is a crucial virulence factor of P. gingivalis that allows 

this pathogen to evade the human immune defenses. In fact, PPAD represents a completely new type 

of immune evasion factor.

 The final experimental chapter 6 of this thesis reports that PPAD, ‘a secreted peptidylarginine 

deiminase of Porphyromonas gingivalis, modulates the proteome of human neutrophils and 

macrophages’. This proteomics study was aimed at capturing the ‘bigger picture’ of the effects of PPAD 

on human innate immune cells, neutrophils and macrophages in particular. The results show that PPAD 

exerts a major influence on the proteome of P. gingivalis-infected neutrophils and, to a somewhat lesser 

extent, the proteome of macrophages. In particular, the abundance of many host defense proteins with 

antimicrobial activity, histones, oxidative stress-responsive proteins and phagocytosis-related proteins 

was significantly lower upon infection with the PPAD-proficient bacteria. Importantly, a vast number 

of proteasome-related proteins, which are involved in the elimination of phagocytosed bacteria, was 

completely absent from neutrophils infected with PPAD-proficient P. gingivalis. Several of these proteins 

were also found to be citrullinated, suggesting that they may be directly or indirectly connected with 

the etiology of RA. 

 Lastly, a ‘summary and future perspectives’ of the findings described in this thesis are presented 

in chapter 7. In particular, this chapter is focused on the possible implications of P. gingivalis in 

periodontitis and RA. Taking into account that this bacterium is regarded as the keystone oral pathogen, 

this implies that possible preventive and therapeutic measures to minimize the burden of disease 

should target the major virulence factors of P. gingivalis, especially PPAD and the gingipains.
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