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Periodontitis is a bacterial biofilm mediated inflammatory disease. It is characterized by inflammation of the gingivus, gingival recession, periodontal pockets, loss of connective tissue and loss of the underlying bone. This can ultimately lead to loss of teeth. Porphyromonas gingivalis, a gram-negative anaerobic rod, contributes significantly to chronic periodontitis (CP) by inducing pathogenic changes in oral biofilm composition. Several virulence factors, like gingipains (cystein proteinases), contribute to this process. In CP, neutrophils, complement, B cells, T cells and dendritic cells are involved in immunopathogenesis. Dendritic cells connect the innate immune system with the adaptive immune system. Specific dendritic cell subsets, both Langerhans cells and dermal dendritic cells, occur frequently in the oral cavity. Furthermore, an increase in mature dendritic cells is noticed in CP patients compared to HC. This indicates that both P. gingivalis and dendritic cells are involved in CP. This review focusses on the interaction between dendritic cells and P. gingivalis in CP, by lipopolysaccharide, fimbriae and capsule, which ultimately leads to the features of CP. Insights into the host-microbe interactions, contributes to development of targeted treatments of CP. 



Periodontitis
Periodontal diseases affect almost 90% of the human world population 1 and at this moment, 15-20% of the people at middle age suffer from severe periodontal diseases which can lead to tooth loss 2. Roughly, periodontitis can be subdivided into an aggressive (highly destructive) and chronic (slowly progressive) form 3, 4. 
	Periodontitis is a bacterial induced inflammatory disease in which the periodontium is involved. The periodontium consists of the alveolar bone, the gingivae, the periodontal ligament and the cementum (Fig. 1) 4, 5. Periodontitis is characterized by inflammation of the gingivus, gingival recession, periodontal pockets, loss of connective tissue and loss of the underlying bone. This can ultimately lead to loss of teeth 3, 6, 7. Especially periodontal pockets are characteristic for periodontitis. Periodontitis is irreversible and treatment is necessary to prevent further progression of the disease 1. 
	Factors promoting periodontitis are mostly unknown 8, but bioplaque formation at the teeth might be relevant 8, as well as genetic and environmental factors like smoking 9. An association between rheumatoid arthritis (RA) and periodontitis has been described 10-12  besides associations with cardio-vascular diseases like coronary heart diseases (CHD) 13, 14 and diabetes mellitus 15, 16. Yet for all, a causal relationship is not proven. The risk of CHD is between 1.141 and 2.226 times higher in people with periodontitis in comparison to healthy controls (HC) 16. In addition, the prevalence of periodontitis is three fold higher in people with diabetes in comparison to HC 16. Furthermore, patients with diabetes and periodontal disease have a higher mortality risk of cardio-vascular disease 17. 
	An important genetic risk factor for periodontitis is HLA-DR4. In a case control study HLA-DR4 was more prevalent in people with severe periodontitis than in HC 18. In addition, several single nucleotide polymorphisms (SNPs) are associated with periodontitis, for instance polymorphisms in the gene corresponding to the vitamin D receptor are associated with early onset of disease 19. 
	In periodontitis, a multiple bacterial species biofilm is located around the gingival margin 20-22. In biofilm formation, initially single planktonic bacteria attach to the surface and next divide and multiply while they produce extracellular polymeric substance (EPS), which is an important component of the biofilm matrix, which increases cohesion of the biofilm. In addition, the EPS protects bacteria for instance against antibiotics and antibodies 23 also other components are produced which induce tissue destruction, in order to cause periodontitis 8. In this process bacteria switch to a biofilm mode of growth, which renders them less susceptible to antibiotic treatment 24. Biofilm mode of growth is an immune evasion strategy. This protects bacteria against phagocytosis, reactive oxygen species and limits penetration of immune cells into the biofilm 23. The biofilm triggers an inflammation intended to clear the infection, but this inflammation tends to become chronic leading to tissue damage and other features characteristic of CP 1, 22 and also leads to release of essential nutrients for the bacteria in the biofilm 25.
More than 700 bacterial species reside in the oral cavity 26, but only several bacteria are involved in CP. The biofilm is initiated by early colonizers like Streptococcus gordonii 27 while the late colonizer Porphyromonas gingivalis is associated with induction of a pathogenic biofilm 24, 28. 
[image: ]P. gingivalis is a gram negative anaerobic rod 25, 29, 30 which is detected in approximately 86.6% of the patients with CP. It also occurs in healthy controls (HC), although its prevalence is 25 times lower in HC in comparison to CP patients 31. Moreover, removal of P. gingivalis from diseased sites is associated with a decrease in severity of CP at that specific site 25, 32, 33. These findings support the role of P. gingivalis in CP. P. gingivalis harbors several virulence factors, of which some contribute to biofilm pathogenesis and immune evasion 34. Fig. 1: Different stages of periodontitis. A) healthy tissue B) early periodontitis C) moderate periodontitis and D) severe periodontitis. (Figure adapted from 5.



	When P. gingivalis enters the oral cavity, it will be attacked by anti-microbial molecules (AMPs) from the host saliva. Yet, proteinase production protects P. gingivalis from these AMPs by degrading these host molecules, which enables the bacterium to adhere to the gingival sulcus and periodontal pockets 35. However, P. gingivalis can only survive under anaerobic conditions. When initially other bacterial species, like S. gordonii, form a plaque around the teeth and induce an anaerobic environment, P. gingivalis can adhere to this plaque and interact with other bacteria in the biofilm 35-37. Multi-species composition of the biofilm is not only required for colonization but also for nutrient acquisition of the bacterial cells in the biofilm 35, 38. 
	Differences in composition of the oral microbiota are observed between CP and HC 39. Since P. gingivalis can also be detected in the oral cavity of HC, the bacterium should not only colonize the oral cavity but also disturb the normal oral microbiota to become pathogenic. Currently human data is missing, yet in mice, P. gingivalis can disturb the oral microflora via the anaphylatoxin receptors (C5aR and C3aR). Specific -pathogen-free (SPF) mice infected with P. gingivalis showed changes in the composition of the oral microbiota, C5aR and C3aR knock out (KO) SPF mice infected with P. gingivalis did not. Furthermore, unlike SPF mice, in C5aR KO mice, P. gingivalis did not cause an impaired innate immune response, bacterial burden and disease outcome. Furthermore, C5aR antagonists induced elimination of P. gingivalis and restored the composition of the oral microbiota to the state before P. gingivalis colonization. This indicates that C5aR and C3aR mediate disturbance of microbiota in periodontitis, induced by P. gingivalis 40.
	Apart from influencing the oral microbiome and inactivation of AMPs by biofilm formation; P. gingivalis also evade the immune system in following ways. P. gingivalis induces rearrangement of the cytoskeleton in gingival epithelial cells, leading to its internalization in these cells 41. After internalization the bacterium can survive by suppressing ATP-dependent apoptosis 42 and it can spread from epithelial cell to epithelial cell via rearrangement of the actin cytoskeleton. The bacterium does not pass the extracellular space, and, in this way, it is protected from the immune system 43.
Several P. gingivalis virulence factors, lipopolysaccharide (LPS; endotoxin), fimbriae, capsule and cysteine proteinases, called gingipains 25, 44, contribute to biofilm formation and immune evasion. Three different gingipains have been identified, two arginine specific gingipains (HRpgA and RpgB) and one lysine specific gingipain (Kgp) 45. These proteinases have different functions including degradation of the complement system and host anti-microbial peptides 46, 47, and deregulation of cytokine signaling 47. Furthermore, gingipains are involved in degradation of the extracellular matrix (ECM). HRpgA and RpgB degrade fibronectin, which results in detachment of fibroblast from the ECM. All gingipains cleave tenascin-C which is a modulator of contact between ECM and fibroblasts. Degradation of tenascin-C by gingipains results in anti-adhesive activity against fibronectin by tenascin-C fragments 47. Gingipains are also involved in other ECM degrading processes 48. 
Gingipains do not only induce fibroblast detachment and evoke immune evasion, but they also affect epithelial cell proliferation and apoptosis. After internalization, Kgp degrades the protein mTOR (mammalian target of rapamycin) which is a serine/threonine kinase and is involved in many cell processes like cell division and protein synthesis 49, 50. Degradation of mTOR by gingipains leads to a reduced cell proliferation rate 50. Furthermore, lysine specific gingipains hydrolyze and cleave actin which leads to a cytoskeleton collapse and apoptosis 51. 
In summary, P. gingivalis affect multiple host cells in CP. Apart from epithelial cells and fibroblasts, immune cells are involved in CP. Multiple immune cells are detected in the oral mucosa of periodontal lesions including T cells, B cells, dendritic cells (DCs) and macrophages 52. This indicates that both the innate and the adaptive immune system are involved in CP. DCs connect the innate immune system with the adaptive immune system. They are professional antigen presenting cells (APCs) and are the sensors of the immune system. They recognize invading pathogens at the site of infection and subsequently migrate to the lymph nodes to activate T cells. DCs present their antigens by major histocompatibility complex I (MHC I) and major histocompatibility complex II (MHC II), to activate respectively T helper cells (TH cells; CD4+ T cells) and cytotoxic T cells (TC cells; CD8+ T cells).
DCs are detected in different parts of the human body, for instance in the blood, skin, lungs and liver. This implies that multiple DC subsets exist, adapted to each site. The DC subsets are distinguished based on their location and their phenotype. Moreover, the different DC subsets have overlapping functions 53. Overall, DCs can be subdivided into lymphoid DCs and myeloid DCs (mDCs). In CP, Langerhans cells (LCs) and dermal dendritic cells (DDCs) are involved, these cells belong to the mDC lineage 52-56. 
In the oral cavity of HC, in particular LCs reside in the gingival epithelium and the periodontal tissue 54. LCs are characterized by the expression of CD1a, CCR6 (chemokine (C-C motif) receptor 6) and E-cadherin 57-61. Moreover, LCs express TLR1, TLR3, TLR6 and TLR7 62. Characteristics and functions of LCs in the oral mucosa and/or gingiva in detail are reviewed by Cutler and Jotwani 53. 
Besides LCs, CD1a- mDC, also known as DDCs, are detected in the oral cavity 52. These DDCs are characterized by the expression of DC-SIGN (dendritic cell-specific ICAM-grabbing non-integrin), CD11b and factor XIIIa 63-65. In addition, DDCs express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7 and TLR8. However, the expression of TLR6 is decreased on DDCs in comparison with LCs 62.
In CP, LCs, CMRF44+ DCs, CMRF58+ DCs, CD83+ DCs and pDCs can be discerned. CMRF44 and CMRF58 are markers for activated DCs and CD83 is a marker for mature DCs 52, 66. However, no difference in the percentages of CMRF44+ DCs and CMRF58+ DCs is detected in patients with CP compared to HC 52, 66. Reported prevalence of LCs in CP is inconsistent; while some studies do not observe differences between CP patients and HC 66, others detect a decrease of CD1a+ DCs in patients 67. However, morphologic differences are noticed in LCs of CP patients, which appear to be smaller and rounder than LCs of HC 68. Furthermore, in CP, an increase of mature DCs is observed. These CD83+ cells are associated with clusters of CD4+ T cells and these clusters do not occur in HC 69. Furthermore, the number of DDCs in the lamina propria and oral mucosa is increased in CP 69, 70. Moreover, LCs expression of metallo-matrixproteinase-2 (MMP-2) and MMP-9 in the basal epithelial layer is higher in CP patients compared to HC 71. MMPs are endopeptidases and are involved in the degradation of extracellular matrix macromolecules 72. In conclusion, the composition of DC subsets in the oral mucosa in CP is different than in HC. 
In summary, both P. gingivalis and DCs are crucial in periodontitis. P. gingivalis influences biofilm formation and is present in biofilm of the majority of CP patients. Furthermore, Apart from immune evasion, P. gingivalis virulence factors are involved in tissue degradation. Interactions between P. gingivalis and DCs are established. P. gingivalis requires mDC to survive under aerobic conditions, which renders mDCs as a protective niche for the bacterium 73. DCs connect the innate and adaptive immune system, which are both involved in periodontitis. Different compositions of DC subsets occur in the oral mucosa of patients with CP and HC, which indicates a crucial role of these cells in in the disease. Insights into molecular interactions of P. gingivalis with DCs can lead to development of targeted therapies, reducing CP disease severity. Therefore, this review will focus on an update of the molecular interaction of different P. gingivalis virulence factors and DCs in CP.
	 
The interaction between P. gingivalis and DCs
P. gingivalis induces DC differentiation; monocytes differentiate into CD1c+ DC-SIGN+ monocyte derived DCs (moDCs) 73. moDCs are characterized by a decrease in expression of CD1a and an increase in expression of HLA-DR, CD86 and CD80 74. moDC differentiation is initiated by GM-CSF and IL-4 73 and these cells are comparable to DDCs 64. At low MOI (multiplicities of infection), P. gingivalis, in combination with growth factors, increases the DC differentiation rate with 28% compared to the DC differentiation rate induced by growth factors 73. These results indicate that P. gingivalis is capable of influencing moDCs. 
Furthermore, moDCs of CP patients differ slightly from moDCs of HC. moDC of CP patients, in culture, express lower levels of HLA-DR+ cells. P. gingivalis stimulated moDCs of CP patients express higher levels of CD1a and lower levels of CD11c compared to moDCs of HC stimulated with P. gingivalis. Furthermore, no differences in HLA-DR, CD123, CD80 and CD86 expression and cytokine production are observed 74. Therefore, moDCs of CP patients do not differ in their capacity for maturation and immune responses compared to moDCs of HC. This indicates that moDCs of HC can be used as model for CP moDCs. Currently, based on in vitro experiments with human cells, the known virulence factors involved in moDC interaction are LPS, fimbriae and capsule and will be addressed here.

LPS
LPS is a cell wall component of gram-negative bacteria. Animal models showed that P. gingivalis LPS (pgLPS) can induce bone resorption 75, which is an important clinical feature of periodontitis. LPS influences also the production of MMPs.  Multiple MMPs are observed in CP including MMP-3. An increase in MMP-3 secretion is induced by penta-acylated lipid A of P. gingivalis unlike tetra-acylated lipid-A 76. 
pgLPS induces moDC maturation which is characterized by the expression of CD83 and other co-stimulatory proteins like CD40, CD80, CD86 and HLA-DR 69, 77. After stimulation with pgLPS, moDCs produce IL-β, IL-6, Il-8, IL-10, Il-12, IL-12p70, IFN-γ, GM-CSF (granulocyte-macrophage colony-stimulating-factor), MCP-1 (monocyte chemo attractant protein-1), MCP-2, RANTES (regulated on activation, normal T cell expressed and secreted), TARC (thymus and activation regulated cytokine) and  TNF-α (tumor necrosis factor-α) 69, 77-80. Production of pro-inflammatory cytokines is induced in particular by binding of pgLPS to TLR4; blocking of TLR2 does not influence pro-inflammatory cytokine production 80. However, stimulation of both TLR2 and TLR4 is necessary for maturation of the moDCs 80, and subsequently, induction of a TH2 response. CD4+ T cells in co-culture with P. gingivalis stimulated moDCS, secrete high levels of TH2 cytokines like IL-5 and IL-13 and only low levels of TH1 cytokines like IL-2 and IFN-γ 69, 77.  
An important host molecular factor involved in maturation and cytokine production in DCs is NF-κB (nuclear factor kappa-light-chain-enhancer of B cells) 80-82. NF-κB is a dimer and consists of five different subunits, p50, p52, p65, p100 and p105. p50 does not contain a transactivation domain, and, thereby, it can both act as an activator and as a repressor, depending on which dimer is formed 80. P50 homo dimers are associated with inhibition of the production of inflammatory cytokines, which occurs during LPS tolerance 83. pgLPS stimulated moDCs  show increased expression of p50 homodimers. Presence of these homo-dimers probably explain the reduced pro-inflammatory potential of pgLPS compared to E. coli LPS 80.
	pgLPS induces differentiation to CD14+CD16- and CD14+CD16+ moDC subsets, and increased soluble CD14 (sCD14) production. CD14+CD16- and CD14+CD16+ DCs are characterized by unchanged expression of CD1a and HLA-DR similar to unstimulated moDCs. These subsets are still immature, characterized by weak expression of CD40, CD80 and CD16. Hence, pgLPS induces both immature DC 78 and mature DC subsets.
P. gingivalis induces expression of human β-defensin 1 (hDB1), hDB2 and hDB3 on moDCs 79 in which HDB3 is involved in maturation of DCs 84. Also epithelial cells express HDB2 and HDB3, which influence moDCs. HDB2 induces IL-6, MCP-1, GRO (growth regulated oncogene) and IL-8 production in moDCs, while HDB3 induces MCP-1, GRO, IL-8, PARC (pulmonary and activation-regulated cytokine), TARC, TIMP-2 (tissue inhibitor of metalloproteinase-2). HDB2 and HDB3 expression on epithelial cells is not directly influenced by P. gingivalis. However, induced by epithelial cells, DCs can amplify the innate immune response against P. gingivalis 79. Lipoprotein PG0717 of P. gingivalis is involved in many processes like intracellular trafficking of the bacterium, autophagy of P. gingivalis, increased gingipain activity and early activation of the epithelial immune response 85. This stresses the indirect effects of P. gingivalis on moDCs via epithelial cells which can be amplified by LPS.  
	pgLPS can also induce secretion of high levels of enzymatically active MMP-9 by moDCs. TIMP-1 is involved in inhibition of MMP-9 by binding to its active site 86-88. However, TIMP-1 expression by moDCs is not influenced by pgLPS. In conclusion, pgLPS induces a TIMP-1/MMP-9 disbalance in moDCs 87 contributing to tissue destruction in CP.

Fimbriae
P. gingivalis fimbriae are important for adhesion to extra cellular matrix, cells and other bacteria in the biofilm 25, 34, 89, 90. P. gingivalis contain two different types of fimbriae, major 91 and minor fimbriae (FimA and Mfa-1) 92. Fimbriae bind to TLR1/TLR2, TLR2/TLR6 93 which leads to secretion of inflammatory cytokines and adhesion 94. Furthermore, fimbriae of P. gingivalis can inhibit TLR2 response in monocytes via CXCR4 (chemokine (C-X-C motif) receptor 4) 95. Finally, minor fimbriae are also involved in infection and internalization of P. gingivalis by DCs 96. 
Similar to LPS, fimbriae induce CD14+CD16- and CD14+CD16+ moDC subsets with expression of CD1a and weak expression of CD83, indicating the immature state of most cells. Fimbriae induce, via TLR2, IL-8 and RANTES production by moDCs. Furthermore, in co-culture with T cells, P. gingivalis fimbriae stimulated moDCs induce T cell proliferation 97.
	FimA and Mfa-1 have different effects on moDCs. Strain DPG-3 (Mfa-1+ FimA-) induces moDC differentiation but almost no moDC maturation 96, 98. These DGP-3 stimulated moDCs produce lower levels of TNF-α and IL-1β, compared to MFI (Mfa-1-FimA+), WT (Mfa-1+FimA+) and MFB (Mfa-1-FimA-) stimulated moDCS. Furthermore, the DPG-3 stimulated moDCs induce CD4+ T cell to produce high levels of IL-4 and low levels of IL-12p70, compared to MFI stimulated moDCs. This indicates that Mfa-1 induce a TH2 response 96. Furthermore, mature DPG-3 stimulated moDCs are not able to induce strong T cell proliferation, in contrast to MFI, WT and MFB stimulated moDCs 98.  However, Mfa-1 binds to DC-SIGN on moDCS 96. Blocking of DC-SIGN on moDCs infected by DPG-3 showed levels of apoptosis compared to MFI and MFB. This indicates a protective role of Mfa-1 binding to DC-SIGN on moDCs. Moreover, DPG-3 stimulated and WT stimulated moDCs contain lower levels of caspase-1, 3 and 7 activity compared to moDCs stimulated by the other strains. This mechanism protects the cell against apoptosis, providing a protective niche for P. gingivalis 98.
DC-SIGN is not only important for inhibition of apoptosis; it is also necessary for association of DCs with P. gingivalis. Early attachment of P. gingivalis to DC-SIGN is followed by internalization of the bacterium; although it is still unclear in which compartment(s) the bacterium is localized.  Blocking of DC-SIGN reduced the strength of moDC-P. gingivalis interaction, while moDCs phagocytosis and internalization capacity of the moDC for other micro-organisms remained unchanged 96. 
Mfa-1 can also induce MMP-9 production in moDCs 73. MMP-9 is associated with degradation of type IV collagen of the basement membrane in CP 72 and LCs expressing MMP-9 are almost undetectable in HC 71. 
Besides, Mfa-1 is also involved in upregulation of CXCR4 on moDCs. moDCs infected with DPG-3 or WT show an increase in CXCR4 expression compared to MFB. However, P. gingivalis does not upregulate CCR7 expression 99. CCR7 is important for migration of DCs to the lymph node 100 where DCs activate T cells. P. gingivalis infected moDCs migrate towards CXCL12 (chemokine (C-X-C motif) ligand 12) (CXCR4 ligand) but not to CCL19 (CCR7 ligand). In particular WT migrates to CXCL12. However, mature moDCs stimulated with P. gingivalis are capable to respond to CCL19 99.
Major fimbriae FimA (MFI) also induce moDC differentiation, although at a lower level than DPG-3 98. Although some show that MFI can also induce moDC maturation 96, others show that MFI does not induce maturation 98. Yet, MFI stimulated moDCs produce higher levels of IL-1β, IL-8 and TNF-α than moDCs stimulated by DPG-3, WT or MFB.  T cells stimulated by MFI induced moDCs produce lower levels of IL-4 and higher levels of IL-12p70 in comparison to T cells induced by DPG-3 stimulated moDCs, which indicates that FimA induce a TH1 response 96. In addition, mature moDCs stimulated with MFI induce higher levels of T cell proliferation compared to moDC stimulated with DPG-3 98. Nevertheless, FimA does not provide a protective niche for P. gingivalis since it induces caspase-1 activity, which will ultimately lead to apoptosis of moDCs 96. 
	Presumably both minor and major fimbriae cooperate in moDC maturation. Mfa-1 binds to DC-SIGN and blocking of DC-SIGN inhibits maturation of moDCs induced by DPG-3 and WT, but, on the other hand, induction of moDC maturation by MFI is not influenced. This indicates an uncoupling of maturation of moDCs by binding of Mfa-1 to DC-SIGN. Furthermore, DPG-3 induces a TH2 response while MFI induce a TH1 response, just as WT. WT induces lower levels of IL-4 and IL-12p70 compared to DPG-3 and MFI, however IFN-γ production is similar in all three strains. Therefore WT P. gingivalis is associated with the highest TH1 index. Overall these results show that binding of Mfa-1 to DC-SIGN induced almost no DC maturation and only low levels of pro-inflammatory cytokines, resulting in limited T cell proliferation and a TH2 response 96. However, in WT the TH2 response is probably overruled.

Capsule
Encapsulation of bacteria is also an immune evasion strategy 101. Seven different serotypes of the P. gingivalis capsule are identified based on variation of the antigen K 102-104; also non-encapsulated P. gingivalis strain exists. The different K-serotypes trigger other host immune responses than non-encapsulated strains and have also different effects on DCs 101, 105. 
	Certain K-serotypes have a pro-inflammatory effect on moDCs. K- and K1 to K6 P. gingivalis serotypes induce maturation of moDCs. All these serotypes induce cytokine production by moDCs, but in particular K1 and K2 induce high levels of TNF-α, TNF-β, IFN-γ, IL-12p35, IL-12p40, IL-10 and IL-6 105. Furthermore, the K1 and K2 stimulated moDCs induce TH1 and TH17 cells. TH1 cells secrete high levels of IFN-γ, IL-1β, TNF-α, TNF-β, IL-12p40, IL-12p70 and IL-2, while TH17 cell are characterized by IL-6 and IL-17 expression. On the other hand, moDCs primed by serotypes K3 to K5 induce TH2 cells which produce IL-4 and IL-5. K- induce regulatory T cells (Tregs), characterized by high levels of IL-10 106. The differences in potential of serotypes in DC stimulation and induction of T cells can be [image: ]probably explained by the genetic variation in the polysaccharides, which form the bacterial capsule 105, 106. 
Figure 2: Interactins of fimbriae and pgLPS on moDCs involved in maturation, apoptosis and pro-inflammatory cytokine production 69, 77, 80, 96, 98 

Conclusion and recommedations 
Currently, P. gingivalis virulence factors interacting with moDCs are pgLPS, fimbriae and capsule. pgLPS induces moDC differentiation and maturation, CD14+CD16- and CD14+CD16+ moDC subsets, MMP-9 and a TH2 response 69, 77, 78, 80. However, pgLPS also induces production of inflammatory cytokines but this response is weaker than cytokine production induced by E. coli LPS 69, 77, most likely because of pgLPS p50 homodimers 80. Mfa-1 induces also moDC differentiation, MMP-9 secretion, CXCR4 expression and a TH2 response while FimA induces a TH1 response73, 96, 98, 99. Furthermore, FimA induces moDC differentiation and maturation, besides pro-inflammatory cytokine production 96, 98. The main effects of the interactions between pgLPS, Mfa-1 and FimA and moDCs are summarized in fig. 2. Besides, the different K-serotypes have their own influences on moDCs. All induce moDC maturation and cytokine production. Especially K1 and K2 have a high immune stimulatory potential 105. moDCs primed by K1 and K2 induce TH1 cells and TH17 cells, while moDCs primed by K3 to K5 induce TH2 cells and K- induced moDCs prime Tregs 106.  The in vitro effects of LPS, fimbriae and capsule on moDCs are summarized in table 1.
However, all these in vitro studies need to be connected to clinical features of CP (Fig. 3). As mentioned before differences are observed between CP patients and HC. One of the differences observed is an increase in CD83+ cells in the lamina propria 69. This CD83+ cell population consists of LCs, B cells and mature DDCs 70. LPS, major fimbriae and the different K-serotypes are able to induce moDC maturation 69, 77, 96, 105. However, maturation induced by the different K-serotypes was only performed with whole P. gingivalis cells, instead of with purified proteins. Since these strains contain LPS, which is known to induce DC maturation, it is unclear whether the maturation in these experiments was induced by the K-serotypes itself, or by LPS. To elucidate this, it will recommend to repeat the experiments with purified capsule.
	Apart from presence of higher numbers of mature DCs, also significant increases in IL-1β, IL-10, IFN-γ and PGE2 are detected in ginigival crevicular fluid of CP patients 69. All discussed virulence factors induce cytokine production by moDCs 69, 77-79, 96-98, 105. moDCs stimulated with pgLPS or FimA produce multiple cytokines including IL-1β, IL-10 and IFN-γ 69, 77, 96.. K1 and K2 also induce production of IFN-γ and IL-1β 105. In summary, all these observations demonstrate that P. gingivalis virulence factors induce high level production of IL-1β, IL-10 and IFN-γ in moDCs. However, also these results should be confirmed by the use of purified K1, K2 and major fimbriae.  
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However, IL-1β, IL-10 and IFN-γ can also be produced by T cells. moDCs stimulated by LPS, Mfa-1, FimA, K1 or K2 induce IFN-γ production by T cells 69, 77, 96, 106. Since Mfa-1- FimA- P. gingivalis is not able to induce IFN-γ production 96, apparently all contribute to the increased IFN-γ levels in gingival crevicular fluid in CP patients, not only by moDCS but most likely also by T cells. 
	Apart from DC maturation and cytokine production, both LPS and fimbriae are involved in differentiation of immature CD14+CD16- and CD14+CD16+ moDCs 78, 97. In general, DCs are characterized by the fact that they are lineage negative for CD14 and/or CD16 53, 107-109, and therefor DC lineage was confirmed by CD1a expression 78, 97. Periodontal pocket tissue of CP patients contains also CD14+ CD1a+ DCs 110. However, the presence of CD16 among these cells has not been studied yet. Yet both LPS and fimbriae are believed capable of inducing CD14+CD1a+ DCs in CP patients, which induce an inactive immune response against P. gingivalis. 
	Another important host factor involved in CP is MMP-9 which is associated with migration of DCs through the basement membrane 71. pgLPS induce a TIMP-1/MMP-9 disbalance which is skewed towards MMP-9 . This disbalance results in a deregulation of MMP-9 87. In addition, minor fimbriae induce MMP-9 production by moDCs 73. These in vitro experiments indicate that LPS and Mfa-1 are presumably responsible for the high levels of MMP-9 expressed by LCs in CP patients, contributing to migration of DCs through the basement membrane. 
	
Table 1: influence of virulence factors of P. gingivalis on moDCs 69, 73, 77, 78, 79, 80, 87, 96, 97, 98, 105, 106  
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Figure 3: Proposed models of the interaction between LCs and DDCs with pgLPS, Mfa-1, FimA and the different K-serotypes in CP. A) legend; B) pgLPS; C) FimA; D) Mfa-1 and E) K1 to K5 and K-. pgLPS induce MMP-9 production, TH1 and TH2 cells. FimA primed DDCs induce TH1 cells and T cell proliferation. Mfa-1 induce TH2 cells which produce IL-4 and activate B cells. K- induce Tregs while K1 and K2 induce TH1 and TH17 and K3 to K5 induce TH2 cells 69, 71, 73, 77, 78, 79, 80, 87, 96, 97, 98, 110, 105, 106. (Illustration of the tooth is adapted from 5)
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Both Mfa-1 and LPS activate TLR2 93, 111 while TLR2 signaling is blocked by binding of fimbriae to CXCR4 on monocytes 94. Furthermore, Mfa-1 increases CXCR4 expression on moDCs 99. Yet, TLR2 inhibition on DCs has not been studied. However, an increased CXCR4 expression on mDCs is detected in CP patients compared to HC which is induced by Mfa-1 99. These results suggest that if CXCR4 inhibits TLR2 signaling on DC, P. gingivalis blocks TLR2 activation via an upregulation of CXCR4 and binding of Mfa-1 to this receptor. This will lead to a diminished immune response against the bacterium.
	To survive under aerobic conditions, P. gingivalis can invade mDCs which serve as a protective niche 73. This niche is presumably induced by binding of minor fimbriae to DC-SIGN on moDCs. Mfa-1 decrease caspase-1, 3 and 7 activity in moDCs via DC-SIGN, in comparison to FimA and fimbriae- P. gingivalis, which protects against apoptosis of the moDC 98. This indicates that the virulence factor Mfa-1 is a survival factor for P. gingivalis under aerobic conditions like the oral cavity.   
	The discussed in vitro experiments have some limitations. However, increased knowledge of the interactions between the immune system and P. gingivalis increases understanding of CP pathogenesis. Based on insights into the molecular interactions between DCs and P. gingivalis, novel targeted treatments directed against either P. gingivalis or P. gingivalis targets on DCs can be developed to combat CP. Fimbriae and/or DC-SIGN are good candidates for P. gingivalis or DC targeted treatment in CP. However, accomplishment of decreased CP severity by reduced DC activity will be challenging, since not only DC-P. gingivalis interactions need to be blocked in the oral cavity, but also responses against other pathogens should preferentially not be affected. Concluding, blockage of virulence factors of P. gingivals will be a better option for CP treatments. 
Mfa-1 is involved in many pathogenic processes of CP. It is also involved in biofilm formation, by allowing P. gingivalis to attach to other bacteria in the biofilm 34. Blockage of Mfa-1 might inhibit pathogenic biofilm induction. Mfa-1 interacts also with moDCs 96. It induces a protective niche for P. gingivalis by decreasing caspase activity 73, 98. Although Mfa-1 induces internalization of P. gingivalis by moDCs, FimA can also mediate this process 96. Furthermore, Mfa-1 influences migration capability of moDC by increasing CXCR4 expression. mDCs of CP patients express higher levels if CXCR4 compared to HC, while CCR7 expression do not differ 99. mDCs expressing high levels of CXCR4 are probably more sensitive for CXCL12 compared to mDCs expressing low levels of this receptor. This will lead to a net migration towards CXCL12 expressing cells instead of the lymph nodes. Blocking of Mfa-1 will result in lower levels of CXCR4 expression and a higher migration rate of the mDCs towards the lymph nodes to induce a strong T cell response. Blocking of Mfa-1 will induce apoptosis of infected cells which probably results in elimination of the bacteria.  This indicates that, based on in vitro experiments, inhibiting binding of P. gingivalis minor fimbriae to moDCs is predicted to be most promising in targeted treatment of CP. 
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Summary
[bookmark: _GoBack]Periodontitis is a bacterial induced inflammatory disease. It is characterized by inflammation of the gums which can ultimately lead to loss of teeth 3, 4, 6, 7. Two forms of periodontitis are known aggressive periodontitis and chronic periodontitis (CP), which progress slowly 3, 4. This review focuses on CP. One of the bacteria involved is Porphyromonas gingivalis (P. gingivalis) 24, 28. P. gingivalis harbors several virulence factors which induce pathogenicity of the bacterium 25. These virulence factors are involved in inter alia biofilm formation, adhesion, colonization and immune evasion. Besides the bacterium, also the immune system is involved in CP. Multiple immune cells are detected in CP lesions like B cells, T cells and dendritic cells (DCs) 52. These DCs connect the innate immune system with the adaptive immune system. Furthermore, an increase of mature DCs is detected in the oral cavity of patients with CP 52, 66, 69. This indicates that, besides P. gingivalis, DCs are important for CP pathogenesis. This review focuses on the interaction between DCs and P. gingivalis in periodontitis. Lipopolysaccharide, fimbriae and the capsule interacts 69, 73, 77, 78, 80, 87 96, 97, 98, 99, 105, 106, in in vitro experiments, with monocyte derived dendritic cells (moDCs). These are monocytes differentiated into DC. The virulence factors induce maturation, differentiation, production of pro-inflammatory cytokines and other compounds by moDCs 69, 73, 77, 78, 80, 87 96, 97, 98, 99, 105, 106. All are involved in CP. These results showed that the interaction of P. gingivalis with DCs can be responsible for the molecular features of CP. The in vitro experiments have some limitations. However, they are representative for the interactions in CP. It is important to understand the interactions between pathogen and immune system the design of new CP treatments, for example blocking of fimbriae will probably leads to elimination of P. gingivalis or to better functioning of DCs in CP. 
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