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Summary

Hosting about 600 different bacterial species, the human mouth is one of the most diverse microbial 

habitats of the human body1. Porphyromonas gingivalis is one of these bacterial species. Although it 

constitutes less than 0.01% of the human oral microbiome, it is one of the key players in the highly 

prevalent oral diseases gingivitis and periodontitis 2. P. gingivalis can shift the eubiotic healthy state 

of the mouth towards a dysbiotic state characterized by inflammation and destruction of the tissues 

surrounding the teeth. Recently, periodontitis and P. gingivalis have also been associated with the 

prominent inflammatory disease rheumatoid arthritis (RA), since individuals with periodontitis have a 

two times higher risk of developing RA than individuals with a healthy periodontium3,4. But how can a 

single low-abundant bacterial species contribute to such a massive shift in the oral microbiome, thereby 

impacting on the condition of the periodontium and various other sites of the human body, such as the 

synovial joints? As a first approach to tackle these questions, the aim of the PhD research documented 

in this thesis was to resolve the numerous roles of P. gingivalis in early-stage interactions with its human 

host. A special focus was placed on the production, secretion and delivery of virulence factors, with 

particular emphasis on the P. gingivalis peptidylarginine deiminase (PPAD).

 Virulence factors are molecules (often proteins) that help a bacterium to colonize or invade 

different host tissues or body sites. To do so, they facilitate attachment, metabolic activity, host cell and 

tissue destruction and evasion of the host’s immune defenses. There are numerous ways of studying 

these factors, which all follow the central principle of molecular biology, namely the transcription 

of DNA into RNA and translation of RNA into proteins. Accordingly, the present investigations were 

initiated with a study to assess whether the gene encoding PPAD belongs to the core genome of P. 

gingivalis. Chapter 2 describes the strict conservation of this gene in a collection of 100 P. gingivalis 

isolates derived from Dutch periodontal clinics. Furthermore, database searches indicated that the 

PPAD enzyme is a unique feature of P. gingivalis among bacterial pathogens. Nonetheless, while 

the enzymatic activity of PPAD was known, the biological and clinical relevance of this enzyme was 

still poorly understood and debated. However, if PPAD were not important for the bacterium in its 

ecological niche, the oral cavity, the PPAD gene would probably not be part of the core genome. A 

second goal of the studies described in this chapter was to compare the citrullination capability of P. 

gingivalis isolates from periodontitis patients, RA patients and healthy control individuals. However, no 

clear difference in overall citrullination patterns could be detected for the different investigated isolates, 

which is consistent with the strict conservation of PPAD.

 The next question to be addressed was whether those 100 clinical isolates actually express their 

PPAD genes. This was examined through the studies in chapter 3, where the subcellular localization 

of PPAD was also taken into account. From a bacterial perspective, it is of crucial importance that 

virulence factors are not only produced efficiently, but also secreted and delivered to an appropriate 

target location. To exert their effects on host cells, virulence factors have to be localized on the surface 

of the bacterial cell or in the extracellular milieu. In Gram-negative bacteria like P. gingivalis, this is 

achieved by several different mechanisms that facilitate the passage of virulence factors across the 
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inner and outer membranes of the cell envelope. Subsequent secretion may involve the release of the 

proteins in a water-soluble state or in association with outer-membrane vesicles (OMVs). In the case of 

PPAD, both ways of secretion are utilized as documented in chapter 3. In fact, most investigated isolates 

secrete PPAD mainly in the OMV-bound state and to a lesser extent as a soluble protein. However, 

some clinical isolates present a massive reduction of the OMV-bound version of PPAD, mainly secreting 

PPAD in a soluble form. This reduction in OMV-association of PPAD is genetically linked to an amino 

acid substitution where a lysine residue is present in position 373 instead of a glutamine residue. This 

substitution is of high interest from a molecular point of view, since it seems to directly inhibit the 

binding of PPAD to the outer membrane. However, this substitution cannot be associated with any 

clinical phenotype, suggesting that membrane-binding of PPAD per se is not crucial for interactions of 

P. gingivalis with the human host.

 While chapter 2 and 3 solely focus on the role of PPAD as a virulence factor, chapter 4 deals 

with the entire extracellular proteome and citrullinome of P. gingivalis. Citrullinated proteins have 

been implicated in the pathogenesis of RA, since patients with RA develop auto-antibodies against 

citrullinated residues up to 10 years before clinical signs of RA become apparent5. Aim of chapter 4 was, 

therefore, to explore which P. gingivalis proteins are efficiently secreted into the extracellular milieu and 

which of these proteins are citrullinated. By implementation of a state-of-the-art mass spectrometry 

(MS) approach, it was possible to detect around 250 extracellular proteins, of which six to 25 were 

found to be citrullinated. The citrullinated proteins included major virulence factors, like the protease 

RgpA and the adhesive fimbriae proteins. PPAD itself was also found to be citrullinated in some cases, 

which could be associated with a difference in post-translational modification. However, it should be 

noted here that the detection of protein citrullination is highly challenging and that in most available 

assays based on antibodies or particular reagents, small differences in the citrullination of individual 

arginine residues or even entire proteins may be overlooked. This also applies to the citrullination assay 

implemented for the studies in chapter 2. Therefore, the implementation of MS, as done for the studies 

documented in chapter 4 represented a major improvement. However, even with MS, the detection 

of citrullination remains challenging since the mass shift caused by citrullination is only 1 Dalton. 

Accordingly, a careful manual curation of the MS data is essential to show citrullination unambiguously. 

This was implemented in the present studies to show, for the first time, the bacterial proteins that are 

citrullinated and to uncover potential targets for future therapies against periodontitis and RA.

 As mentioned above, the full spectrum of biological functions of PPAD was not known at the start 

of this PhD research. There were several previous studies that proposed PPAD as a virulence factor 

acting on numerous host cell types6,7. Chapter 5 of this thesis documents for the first time which effects 

the PPAD enzyme has on the innate immune system. In particular, it was shown that PPAD can act in 

three distinct ways: i. inhibition of phagocytosis in neutrophils ii. impairment of neutrophil extracellular 

trap (NET) formation and iii. de-activation of the antimicrobial peptide LP9. All three mechanisms are 

crucial elements of the innate immune system and P. gingivalis can successfully escape these defenses 

via its potent PPAD enzyme. The importance of this enzyme was further underlined by the observation 
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that PPAD-defi cient mutants of P. gingivalis were much less virulent in a Galleria mellonella infecti on 

model compared to the PPAD-profi cient wild-type strains.

 The research presented in the fi nal experimental chapter 6 was aimed at determining eff ects of 

P. gingivalis and PPAD on the proteome and citrullinome of human neutrophils and macrophages. In 

accordance with the observati ons described in chapter 5, PPAD is a criti cal factor in the down-regulati on 

of host defense proteins, involved in phagocytosis, responses involving the formati on of anti microbial 

pepti des and reacti ve oxygen species (ROS), and NET formati on. Many of these important host defense 

factors were also found to be citrullinated. The present observati ons place the neutrophil in clear focus 

for future research on the roles of P. gingivalis in RA. This view is underscored by the unpublished 

observati on that the growth of P. gingivalis in vitro can be enhanced signifi cantly by providing human 

neutrophils as a ‘nutriti onal supplement’ (Fig. 1).

a b

Figure 1: Neutrophils as a ‘nutriti onal supplement’ for P. gingivalis grown on Brain-Heart-Infusion agar plates.
(a) P. gingivalis was streaked confl uently on the surface of the plate and human neutrophils from a healthy donor 

were subsequently spott ed in the center of the plate. (b) The same human neutrophil preparati on as used in (a) was 

confl uently plated as a control to verify the absence of bacterial contaminati on. Both plates were incubated for 5 

days anaerobically at 37°C.
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Future perspectives

A central question that remains to be answered is: what makes P. gingivalis a keystone periodontal 

pathogen? Besides the above-described PPAD enzyme, P. gingivalis possesses several other virulence 

factors accounting for its pathogenicity. These virulence factors are interesting research subjects 

for understanding the interactions of P. gingivalis with the human host, and they may eventually be 

exploited as novel targets for drug development. In this respect, proteases represent a particularly 

relevant class of virulence factors that may allow P. gingivalis to feed not only on gingival tissue, but 

even on the highly bactericidal human neutrophils (Fig. 1). P. gingivalis produces several proteases 

of different classes in large amounts, including trypsin-like, collagenolytic and glycylprolyl peptidases. 

Among the most prominent enzymes are the cysteine proteases, referred to as gingipains8. In fact, 

gingipains form the majority of proteases produced by P. gingivalis9. They are specific to P. gingivalis, 

responsible for the destruction of periodontal tissue and de-regulate host defense mechanisms, as 

observed in periodontitis10.   

 The gingipains of P. gingivalis account for its trypsin-like activity9. Hitherto, two major types of 

gingipains are known, encoded by three genes. The arginine-specific gingipains RgpA and RgpB cleave 

polypeptide chains at arginine residues. The lysine-specific gingipain Kgp cleaves polypeptide chains at 

lysine residues8. The genes encoding these three gingipains are universally conserved in all P. gingivalis 

isolates11. Nevertheless, three types of rgp genes (type A, B and C) can be distinguished and two types 

of kgp genes (type I and II)12.

The gingipain enzymes are known to exist in multiple forms. The molecular masses of major Rgps were 

for example shown to be 110-, 95-, 70-, 90-, and 50-kDa, which can be explained by their modular 

structure9. RgpA and Kgp form non-covalent complexes of a catalytic domain, bound to four polypeptides 

of hemagglutinin domains, whereas RgpB lacks a hemagglutinin domains (Fig. 2) 8. Gingipains are found 

mostly bound to the outer membrane, but they are also secreted into the medium in an OMV-bound 

or soluble state13. An A-LPS membrane-anchor facilitates proper binding to the outer membrane upon 

secretion of the gingipains via the Porin secretion system (PorSS) 14. The differences in molecular mass 

can be explained by the fact that the catalytic domains form complexes with multiple non-covalently 

bound hemagglutinin domains and a C-terminal domain (CTD) 9. The catalytic domains of Kgp and RgpA 

are largely distinct, showing only 22% similarity. Their hemagglutinin regions are however very similar, 

though one region shows considerable variability. The catalytic domain of RgpB is nearly identical to 

that of RgpA8,11. However, there are notable differences in substrate specificity between the catalytic 

domains of RgpA and RgpB, which can be explained by four amino acids substitutions around the active 

site15.

 The RgpA and Kgp gingipains are produced as polyproteins, comprising the catalytic domains and 

the hemagglutinin/adhesion (HA) domains. These polyproteins need to be proteolytically processed to 

form mature, fully active enzymes. The HA domains are excised and subsequently stay non-covalently 

attached to the catalytic domains to form complexes. The lack of an adhesion binding motif in RgpB, 
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which is found in the catalytic domains of RgpA and Kgp, is thought to be the reason why RgpB is not 

capable of binding the HA domains16.

RgpA 

RgpB 

Kgp 

Propeptide    Catalytic domain  HA1                 HA2           HA3             HA4         CTD 

Hemagglutinin/adhesion domains 

Propeptide    Catalytic domain                      HA1   CTD 

Propeptide    Catalytic domain  HA1                 HA2                   HA3/4              CTD 

Figure 2: Polypeptide structure of the gingipains RgpA, RgpB and Kgp. The gingipains consist of a propeptide, 

a catalytic domain, hemagglutinin/adhesion (HA) domains and a C-terminal domain (CTD). Homology between 

the respective domains is indicated in color code. The size of the domains in the scheme is proportional to their 

molecular weight.

Processing of these polyproteins requires activity of the gingipains themselves and an additional 

carboxypeptidase17. RgpA and Kgp contain large N- and C-terminal extensions that require proteolytic 

processing at several arginine and lysine residues, and in the case of RgpB at arginine residues, to 

produce the mature enzymes18. Kgp needs to be processed by Rgps to activate its proteolytic activity19. 

Gingipains were furthermore implicated in the attachment of an A-lipopolysaccharide (A-LPS) anchor 

to the C-terminus17. In particular, RgpB appears to be involved in this post-translational modification, 

which also renders the enzymes more stable20. However, it was recently shown that the binding of 

PorSS substrates to the outer membrane is facilitated by a sortase-like enzyme, called PG0026, which 

substitutes the CTD with the A-LPS anchor14.

 Gingipains have been studied extensively and it is evident that they serve many crucial functions 

for the bacterium. This is exemplified by their requirement in nutrient- and iron acquisition, the 

involvement in tissue destruction, but also in biofilm formation and host colonization Moreover, the 

gingipains are involved in modulation of host immune system factors such as cytokines and receptors. 

In the following, several of these effects and functions will be addressed in more detail. 

 First of all, gingipains aid in providing nutrients for the bacterium. Since P. gingivalis is unable to 

utilize sugars as carbon and energy sources, this bacterium relies on peptides and amino acids provided 

through protein degradation by gingipains21. Gingipains are also key factors in iron acquisition by P. 

gingivalis. Free iron is insoluble in water at a physiological pH. For this reason, iron in biological systems 
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is generally only found in iron-binding complexes such as heme and hemoglobin. P. gingivalis can bind 

heme on its surface, which might provide a nutritional advantage and contributes to the formation of 

the black pigment. However, because of limited iron availability, the bacterium needs compensating 

mechanisms to obtain heme and iron in order to survive and proliferate. Remarkably, P. gingivalis does 

not use siderophores, small iron-binding molecules used by many other Gram-negative bacteria for iron 

uptake, but instead it employs various proteins for this purpose including the gingipains8. P. gingivalis 

can acquire heme from a range of hemoproteins, including hemoglobin and transferrin, which are also 

present in the gingival crevicular fluid in diseased periodontal pockets, indicating that the bacterium can 

capture heme from these proteins. Especially Kgp was found to be involved in this process8. RgpA and 

Kgp, but not RgpB, bind and degrade hemoglobin22,23. The fact that gingipains contain hemagglutinin 

domains, and are also involved in hemolysis, implies an involvement in vascular disruption, degradation 

of heme-binding proteins and subsequent utilization of the liberated iron by this pathogen8. For these 

reasons, gingipains were referred to as ‘the molecular teeth of a microbial vampire’16. A recent study 

reported that the proteolytic activity of gingipains on hemoglobin is enhanced by small peptides such 

as glycylglycine (GlyGly) 24. These peptides serve as acceptors for a gingipain transpeptidation activity 

that outcompetes their hydrolytic activity. Intriguingly, in the absence of GlyGly, gingipains were shown 

to produce up to 116 novel transpeptidation products of hemoglobin-derived peptides. Conceivably, 

such products could represent neo-epitopes that eventually lead to the breakdown of immunological 

tolerance of the host.

 Besides providing essential nutrients, gingipains are also involved in survival through colonization 

and biofilm formation of P. gingivalis. To survive in the oral cavity, P. gingivalis must compete with 

other bacteria, but also form biofilm plaques with these co-resident species12. Of note, genetically-

engineered bacteria deficient in gingipains showed no co-aggregation activity with Actinomyces 

viscosus, a commensal oral bacterium 25. The same phenomenon was observed for co-aggregation with 

Treponema denticola and Tannerella forsythia (formerly known as Bacteroides forsythus), which are 

major pathogens in periodontal disease that are generally referred to as the ‘red complex’ 26,27.

 A noteworthy feature of the gingipains is that they significantly contribute to the processing of 

various surface and secretory proteins. As mentioned above, gingipains perform self-cleavage, but they 

are also involved in the processing of other major virulence factors such as fimbriae, which are outer 

membrane structures that facilitate attachment to other bacteria and host cells. In particular, Rgps are 

involved in maturation and translocation of the precursors of fimbrilin, which is a major constituent 

of fimbriae. An Rgp mutant, but not a Kgp mutant, indeed showed less fimbriation compared to the 

respective wild-type strains28.

 Many studies provide evidence that gingipains are involved in tissue destruction. For this purpose, 

their adhesion domains are not only involved in colonization and interaction with other bacteria, but 

also in binding human epithelial cells and tissues29. Thus, RgpA and Kgp bind to fibrinogen, laminin, 

collagen type V, fibronectin and hemoglobin. This implies that the adhesion domains target the 

proteolytic activity to host cell (matrix) proteins. The continuous binding and degradation of surface 
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proteins on host cells can lead to cell death, inflammation, tissue destruction and vascular disruption. 

In turn, the latter can cause gingival bleeding, which is a major symptom of periodontitis16.

 Not only direct disruption of endothelial cells causes vascular disruption and bleeding. 

Gingipains can also increase vascular permeability indirectly via the kinin system. Higher production of 

proinflammatory kinins has been suggested to contribute to periodontitis progression, and RgpA and 

Kgp appear to have the ability of kinin activation30. Gingipain-dependent release of vasoactive kinins 

might contribute to vascular permeability and increase gingival edema and crevicular fluid production in 

periodontitis31. Furthermore, endothelial adhesion molecule expression is affected by gingipain activity, 

resulting in reduced leukocyte adhesion and recruitment to the site of inflammation32. Regarding the 

role of P. gingivalis  in periodontal tissue destruction, the group of gingipains appear to be a major 

factor33,34 that does not only degrade adhesion molecules, but also the structural proteins collagen type 

I and type IV 10.

 A characteristic feature of periodontitis is alveolar bone resorption by osteoclasts. Gingipains 

may also be stimulators in this process. In particular, Kgp may enhance osteoclastogenesis by the 

degradation of osteoprotegerin, an osteoclastogenesis inhibitory factor secreted by osteoblasts35. The 

degradation of osteoprotegerin is suggested to be a crucial event in osteoclastogenesis and bone loss 

in periodontitis. Conversely, a recent study showed that differentiation into osteoclasts induced by the 

pro-inflammatory cytokine IL-17A can be reduced by Kgp degradation36.

 Besides the above-mentioned processes that lead to tissue destruction, gingipains are also 

involved in degradation of immune system components thereby facilitating the evasion of host defense 

mechanisms and colonization. Strikingly, Rgps are not affected by natural human protease inhibitors 

such as cystatins and alpha 1-antichymotrypsin, and also Kgp was shown to retain its activity in human 

plasma, suggesting that gingipains are ‘immune’ to normal host defense systems10,37. Gingipains even 

have the ability to cleave immunoglobulin G, and its cleavage products were detected in gingival 

crevicular fluid samples from severe periodontitis patients37. Not only immunoglobulins are degraded, 

also complement factors and receptors are cleaved and degraded38,39. It has been shown that Kgp 

significantly hinders opsonin-dependent phagocytosis of P. gingivalis by neutrophils37. Additionally, 

gingipains are involved in activation of the coagulation system and platelet aggregation via activation 

of the coagulation factors human factor IX and thrombin. Therefore, gingipains may be involved in 

subsequent production of prostaglandins and interleukin 1, all associated with the development of 

periodontitis. Possibly this explains the presence of bacterial components in atherosclerosis plaques 

and thrombus sites, all indicating a relationship between periodontitis and cardiovascular diseases40,41.

 Not only immune factors, but also immune cells are influenced by the multifunctional gingipains. 

In macrophages, RgpA and Kgp decrease expression of the innate immune receptor CD14. Reduced 

CD14 correlates with decreased TNFα production and bacterial phagocytosis. As a consequence, 

macrophages appear to become hypo-responsive to bacterial challenge42. Even when P. gingivalis 

is phagocytosed, it can evade the autophagic pathway in infected cells and traffic to the endocytic 

pathway. In this respect, gingipains are required to gain resistance to lysosomal destruction43.
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 Gingipains are able to degrade cytokines and chemoattractant proteins produced by human 

cells44. It has been proposed that gingipains efficiently degrade pro-inflammatory cytokines and 

receptors close to the infection site while, more distant from the infection site, lower gingipain levels 

can cause enhanced inflammatory responses through protease-activated receptors (PAR) activation 

and cytokine release, ultimately leading to tissue destruction and bone resorption16. Gingival epithelial 

cells use PARs to recognize P. gingivalis, but the expression of certain PARs changes after exposure to 

the supernatant of cultured P. gingivalis45. 

 Besides macrophages, also neutrophils seem to be impaired by the P. gingivalis gingipains.  The 

bactericidal function of neutrophils is inhibited by gingipains46. The production of ROS from activated 

neutrophils is also inhibited by Rgps, suggesting that they are responsible for disruption of the function 

of these cells10. The neutrophils are extensively involved in the inflammatory response to P. gingivalis 

infection, and the modulation of their behavior by gingipains is highly relevant in view of the fact that 

neutrophils play a major role in the immune response against P. gingivalis47.

 Judged by their multiple targets, it must be concluded that gingipains are major virulence factors 

of P. gingivalis and that their protease activity has an impressive variety of direct and indirect effects on 

the interaction with the human host. For these reasons, it is important to investigate their exact function 

and role in the onset and progression of the disease, as well as their potential for the development of 

vaccines and novel antimicrobial therapies. Recently, it was shown that immunization with a recombinant 

RgpA protein protects mice against periodontitis induced by P. gingivalis and decreases alveolar bone 

loss by 50% 48 . Curtis et al. demonstrated that Kgp might be the most promising drug target amongst 

the gingipains. A specific slowly reversible inhibitor was developed for Kgp. This inhibitor causes loss 

of pigmentation, poor growth and significant reduction of virulence in mice49. The latter observations 

underpin the important role of Kgp in nutrient acquisition and virulence of P. gingivalis. Therefore, 

inhibitors of these proteases might form a novel class of antimicrobial agents. Accordingly, recombinant 

derivatives of RgpA and Kgp have been administered as a vaccine to assess the ability of different sub-

domains of these proteins to attenuate P. gingivalis infection in mice. From this experiment it was 

concluded that all adhesion domains significantly attenuated the infection, but the first adhesion 

domain had the highest efficacy. This domain contains sub-domains implicated in host tissue binding. 

Importantly, the resulting antisera reacted with Kgp, RgpA and HagA29. The efficacy of this vaccine 

might be due to the fact that it targets several P. gingivalis proteins simultaneously. Nevertheless, in 

an earlier study, the adhesion domains demonstrated high immunogenicity, but a peptide derivative 

thereof did not elicit a protective immune response. A major  conclusion from this study was that 

vaccination against the N-terminus of the catalytic domain of Rgps is protective, which might be due to 

inactivation of the enzyme by antibody recognition of a processing site on the precursor50. Even though 

different studies propose the use of different gingipain epitopes for immunization, it is clear that the 

gingipains can provide good targets for novel therapeutic strategies. Therefore, it is of great importance 

to investigate the role of these proteases in the survival and virulence of P. gingivalis and the interaction 

with immune cells in the human host.



Summary and future perspectives

149

Ch
ap

te
r 7

 In recent years, a plethora of clinical isolates of P. gingivalis and related Porphyromonas species 

has been characterized by whole genome sequencing51,52. Many of these genome sequences are 

publicly available, which prompted an investigation into the genetic conservation of gingipains in 

Porphyromonas species isolates from humans and non-human hosts. Figure 3 illustrates the genetic 

conservation of the three gingipains in these isolates. It is evident that the N-terminal parts of the 

gingipains, including the catalytic domains, are highly conserved in isolates from humans. In contrast, 

there is substantial variation in the sequences encoding the HA domains. This variation is even more 

prominent when gingipain gene sequences from human-derived Porphyromonas isolates are compared 

with those of isolates derived from non-human hosts. The heterogeneity in the HA domain sequences 

places the catalytic domain in focus as the main region to be targeted in future vaccines. Of note, 

vaccines directed against the HA domains might protect against a subset of P. gingivalis isolates, but 

definitely not against all of them.
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Figure 3: Geneti c variati on of the gingipains RgpA, RgpB and Kgp. DNAplott er analysis of the geneti c variati on of 

the three gingipain genes rgpA, rgpB and kgp using the respecti ve genes of ATCC 32277 as a reference. Red regions 

represent highly conserved sequences in gingipain genes from diff erent isolates compared to the respecti ve reference 

genes, while white regions indicate high sequence divergence. The fi rst 33 isolates in the alignment are human-

derived P. gingivalis, while the last 11 isolates are Porphyromonas isolates derived from non-human hosts. 19X2-K1, 

P. gingivalis isolate derived from a monkey; G251, I-372, I-433, Chien 5B, Chat 2 and 3492 are Porphyromonas gulae
isolates derived from monkeys, a dog and cats; TG 1 and TT1 are Porphyromonas loveana isolates from sheep; 157 

is a Porphyrpomonas salivosa isolate from a cat; and Jaguar 1 is a Porphyropmonas circumdentaria isolate from a 

jaguar52.
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 Since P. gingivalis possesses a number of very potent virulence factors, like PPAD and the 

gingipains, it is able to shift  the delicate homeostasis in the oral environment towards a dysbioti c 

conditi on. However, as menti oned before, P. gingivalis only consti tutes a very small proporti on of the 

whole oral microbiome2. Future research should therefore not only focus on the role of single bacterial 

species, but should also investi gate the complex interacti ons of diff erent species of bacteria in the oral 

cavity. One possible approach could be the co-culturing of the red complex bacteria P. gingivalis, T. 

denti cola and T. forsythia with a subsequent analysis of the secreti on of important virulence factors. This 

is an informati ve approach, as was previously demonstrated for a number of wound-colonizing bacteria 

that were shown to modulate each other’s expression of virulence factors53. Alternati ve approaches 

would be the implementati on of shotgun metagenome or metatranscriptome sequencing to determine 

the abundance of millions of microbial genes and their expression in individuals with periodonti ti s, 

healthy individuals or individuals with RA. Thereby it would become possible to have a deep look into 

the whole oral microbiome, also including viruses and fungi. However, the latt er approaches would not 

provide any informati on on the actual presence of the microbial proteins in the mouth, but only on 

the respecti ve genes and transcripts. Therefore, it would be important to complement such studies by 

metaproteomic studies. However, before metatranscriptomic and metaproteomic approaches can be 

implemented, it will be important to develop biochemical and bioinformati c approaches to eff ecti vely 

separate human and bacterial transcripts and proteins.

 Besides RA, there are a few other autoimmune diseases which have been recently associated 

with microbial colonizati on or infecti on. Bacteria and other microbes closely interact with the human 

immune system, as described for P. gingivalis in the present thesis. Therefore, it is conceivable that 

these microbes ti p the balance from a healthy immune status towards a dysfuncti onal, hyperacti ve or 

autoimmune state. For examples, this has been proposed for the autoimmune disease granulomatosis 

with polyangiiti s (GPA), where nasal carriage of the infecti ous agent Staphylococcus aureus has been 

associated with a higher risk of relapses in these pati ents54,55. Another interesti ng example is provided 

by the gut bacterium Enterococcus gallinarum, which can travel towards other ti ssues like the lymph 

nodes, the liver or the spleen. There it can trigger the onset of autoimmune diseases like systemic lupus 

and autoimmune liver disease56. Intriguingly, researchers were able to suppress autoimmunity in mice 

with an anti bioti c or a vaccine directed against E. gallinarum.

 At this point, the precise mechanisms how bacteria can trigger autoimmunity in RA, GPA or systemic 

lupus are unknown. In view of the severe impact of autoimmune diseases on the pati ents’ quality of life, 

future research should clearly investi gate how single bacterial species or altered microbiomes can lead 

to such severe systemic eff ects. Most probably, with this future knowledge, it should become possible 

to prevent or treat chronic infl ammatory diseases in pati ents by a therapy as simple as a vaccinati on 

against ‘bad’ bacteria or a supplementati on of benefi cial bacteria via the administrati on of probioti cs. 

This would be a major advance towards healthy ageing and increased quality of life for many people 

who suff er from chronic diseases.
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