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Periodontitis and Porphyromonas gingivalis  
 
Periodontitis is a chronic inflammatory disease of the tooth-supporting tissues, 
the periodontium (Fig.1). In periodontitis, a constant interaction between host 
cells and a pathogenic microflora induces a host inflammatory response, which 
leads to tissue destruction. A major symptom of periodontitis is degradation of 
the alveolar bone due to excessive bone resorption by osteoclasts, the bone-
resorbing cells, which can eventually lead to tooth loss1.   

Periodontitis is a multi-factorial disease, meaning that its development 
depends on the interplay of various risk factors. Besides the presence of 
periodontal pathogens, the inflammatory responses of the host, host 
susceptibility, and environmental or behavioral risk factors all play important roles 
in the development of periodontitis.  

Porphyromonas gingivalis is a major oral pathogen associated with 
periodontitis. The presence of P. gingivalis in the oral cavity, as well as responses 
of host cells of the oral tissues to P. gingivalis, are important determinants for the 
clinical outcome of periodontitis. Therefore, in this thesis we set out to investigate 
in vitro how host cells of the periodontium, in particular gingival and periodontal 
ligament fibroblasts (Fig. 1), respond to a challenge with P. gingivalis, and 
moreover, what the role of this response could be in periodontitis.   

In the following sections, a general background on P. gingivalis, gingival 
and periodontal ligament fibroblasts, and the host response is given.  

 
Porphyromonas gingivalis 
Many microbial species inhabit the oral cavity without causing any harm or 
disease. They form the commensal oral microflora, in which Gram-positive 
bacteria are the most common4. Periodontitis is associated with a shift from 
mainly Gram-positive aerobic species to mainly Gram-negative anaerobic species 
in subgingival plaque5. Bacterial species that have been associated with 
periodontitis include Porphyromonas gingivalis, Tannerella forsythia, Treponema 
denticola, Prevotella intermedia and Aggregatibacter actinomycetemcomitans6, 7.  
 Porphyromonas gingivalis, formerly known as Bacteroides gingivalis, is 
recognized as a major etiologic agent causing periodontitis5-8. It is a Gram-
negative, black-pigmented anaerobic rod that possesses a vast array of virulence 
factors with which it can accomplish in the oral cavity its colonization and survival 
in subgingival plaque, stimulation and activation of host cells, and perturbation 
and evasion of the host inflammatory response. The main focus of this thesis 
therefore was to study the interaction between host cells and viable P. gingivalis, 
rather than a single virulence factor of P. gingivalis. The complete set of P. 
gingivalis virulence factors has been extensively reviewed by O’Brien-Simpson and 
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co-workers, Holt and Ebersole, and Lamont and Jenkinson9-11. As P. gingivalis 
proteases, lipopolysaccharide, and the polysaccharide capsule play a more 
pronounced role in the research presented in this thesis, these three virulence 
factors are briefly described below.  
 
 
 
 

 

Figure 1. Tissues and structures of the periodontium 
Adapted from ‘The Periodontium’ by Mikael Häggström, Wikimedia commons2.   
Based on  Lindhe, Clinical Periodontology and Implant Dentistry / edition 5 3. 
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Gingipains; cysteine proteases 
P. gingivalis can express a range of proteolytic enzymes on the outer side of its 
cell wall, with which it can modulate or degrade host proteins. The most active 
proteases, that are also most involved in virulence, are three cysteine proteinases 
called gingipains9, 12.   
 The gingipains can degrade host proteins like pro-inflammatory cytokines 
or complement factors, thereby repressing the normal host inflammatory 
response9, 13-16. Also, by proteolytic cleavage the gingipains can activate 
destructive host proteins such as matrix-metalloproteases, after which these 
cause tissue damage in the periodontal tissues9, 17.  P. gingivalis gingipain-mutants 
lacking one or more of their gingipains have been shown to be less virulent than 
their wild-type strains9. 
 
Polysaccharide capsule 
P. gingivalis can produce capsular polysaccharides that form a capsule 
surrounding its entire outer membrane. Based on the antigenic properties of its 
capsule, or K-antigen, P. gingivalis strains can be divided into 7 capsular serotypes 
(K1-K7)18, 19. Still, other not K-typeable capsular types may exist. Furthermore 
there are P. gingivalis strains that do not produce a capsule (serotype K-)19.  

The function of the capsule remains unclear, but it does play an important 
role in P. gingivalis virulence20-22. Possibly, like in other encapsulated pathogens, 
the capsule of P. gingivalis plays a role in preventing recognition and clearance by 
the host9. 
 
Lipopolysaccharide (LPS) 
All Gram-negative bacteria contain LPS as a major component of the outer 
membrane of their bacterial cell wall. LPS is important for the integrity of the 
bacterial cell wall, but it is also highly antigenic23.  

P. gingivalis LPS is slightly different in structure from ‘classic’ Gram-
negative LPS, like for example Escherichia coli LPS. This may have important 
implications for its immunogenic properties9, 23. Still, P. gingivalis LPS can induce 
the production of pro-inflammatory cytokines in a range of host cells such as 
gingival fibroblasts, gingival epithelial cells, monocytes, macrophages and 
neutrophils9, 23-28.  Furthermore, P. gingivalis LPS can stimulate the formation of 
osteoclasts and thereby induce (alveolar) bone loss9, 23, 29, 30.  
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The host response   
 
Although periodontitis is initiated by the presence of periodontal pathogens such 
as P. gingivalis, tissue destruction is mainly the result of an exaggerated 
inflammatory and immune response of host cells to those pathogens23, 31, 32. Not 
all persons that harbor P. gingivalis or other periodontal pathogens in their oral 
cavity develop periodontitis, and in persons that do develop periodontitis this can 
be contributed to their specific host response11, 23, 31-33.  

Over 500 bacterial species normally inhabit the oral cavity34. Host cells 
possess tightly regulated mechanisms to recognize and respond to those bacteria. 
It is proposed that interaction of host cells with commensal oral bacteria does not 
lead to activation of an immune response, but to tolerance6. Moreover, the 
presence of a commensal oral microflora may provide the stimulus for expression 
of innate defense mediators that form a first line of defense against invading 
pathogens in healthy periodontal tissues5.  

Periodontal pathogens, however, can induce very strong inflammatory 
responses in host cells that include production of high levels of pro-inflammatory 
cytokines like IL-6 and TNFα, production of chemokines, and production of tissue 
degrading proteins like matrix-metalloproteases5, 6, 23, 35, 36. Furthermore 
periodontal pathogens possess mechanisms to disturb or evade the normal 
defense mechanisms of host cells5, 6. They can prevail in the subgingival plaque, in 
spite of the host’s inflammatory responses, and thereby cause chronic 
inflammation and a continuous presence of potent pro-inflammatory cytokines. 
These high levels of inflammatory mediators lead to tissue damage, loss of 
gingival fibroblasts, and increased number and activity of osteoclasts, which in 
turn results in loss of the periodontal ligament and alveolar bone31, 37, 38. 

 
Recognition of bacteria by host cells 
The response of a host cell to a (periodontal) pathogen begins with recognition of 
the pathogen by pattern-recognition receptors like the Toll-like receptors (TLRs) 
on host cells. TLRs recognize ‘pathogen associated molecular patterns’ (PAMPs), 
among which typical bacterial structures such as LPS, fimbriae or bacterial DNA, 
but also viral, fungal or protozoal structures. Activation of TLRs by triggering with 
their specific PAMP leads to activation of down-stream signaling cascades in the 
host cell, in turn leading to activation of transcription factor NF-κB (Fig. 2). 
Activated NF-κB then translocates to the nucleus and stimulates transcription and 
production of various sets of genes, including those of pro-inflammatory cytokines 
interleukin (IL)-1β and IL-6, and chemokines IL-8 (Fig.2), thereby initiating an 
inflammatory response to eliminate the encountered pathogens. Furthermore, 
triggering of TLRs on inflammatory host cells, like dendritic cells, can initiate 
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cellular signaling that will activate adaptive immune-responses involving T-cells 
and B-cells39-41.  
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 eleven TLRs have been described in humans, TLRs1-11 (reviewed by 
nd by Kawai and Akira)40, 42. Several TLRs are known to play a role in 

ion of P. gingivalis. In contrast to most Gram-negative LPS, which is 
etected by TLR4, P. gingivalis LPS interacts mainly with TLR2, though it 
bind to TLR424, 43-46. TLR2 and TLR4 are both expressed on the outside of 
 cell.  
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P. gingivalis can also be recognized by intracellular TLRs; TLR7 has been indicated 
in the response of macrophages to P. gingivalis fimbriae, and TLR9 can detect P. 
gingivalis DNA47-49. 

In the periodontium, P. gingivalis will encounter various host cell types; 
epithelial cells, connective tissue cells such as fibroblasts, and inflammatory cells 
like neutrophils, monocytes, macrophages, and dendritic and Langerhans cells. 
Epithelial cells form a physical barrier to protect underlying tissues from invading 
bacteria, and inflammatory cells are specialized pathogen-recognizing cells, 
equipped to recognize and eliminate invading pathogens. Fibroblasts, however, 
are not specialized pathogen-recognizing cells as for instance macrophages and 
dendritic cells. Still, they do play important roles in the persistence of chronic 
infections like periodontitis50-53.   
 Fibroblasts are spindle-shaped connective tissue cells that contribute 
significantly to tissue structure by producing the extracellular matrix, and play an 
important role in tissue development, tissue differentiation, and wound healing51, 

54. 
Upon interaction with pathogenic bacteria, fibroblasts can produce 

chemokines to attract an infiltrate of inflammatory cells, and pro-inflammatory 
cytokines that regulate activity and survival of those inflammatory cells50. 
Fibroblasts can also provide the signals that ensure clearance of the inflammatory 
cell infiltrate after initial inflammation has been resolved50. If this process is 
disturbed, for instance by bacteria that have escaped immune recognition, an 
inappropriate signaling by fibroblasts may arise, causing the development of a 
persisting chronic inflammation50. Furthermore, the presence of periodontal 
pathogens can induce deregulated expression and production of tissue-degrading 
enzymes by fibroblasts, causing tissue damage35, 55. 

Two functionally distinct types of fibroblasts in the periodontium that may 
play an important role in periodontitis are gingival fibroblasts (GF), and 
periodontal ligament fibroblasts (PDLF). GF are located just apical to the gingival 
epithelium (Fig. 1). They are the most frequently occurring cells of the connective 
tissue in the gingiva (the gums) and play a crucial role in its turnover. PDLF are 
present in the periodontal ligament, the ligament that connects teeth firmly to 
the alveolar bone (Fig. 1). Besides their essential function in the formation and 
turnover of this periodontal ligament, they can also be involved in alveolar bone 
remodeling56-60.  

 
In periodontitis, GF and PDLF can be triggered by bacteria, bacterial 

components, or by cytokines produced by cells in their surrounding, to release 
pro-inflammatory cytokines and chemokines themselves37. For GF, it has been 
described that they express several TLRs (TLR1-9) and thus seem to be equipped 
to recognize various microbial components61, 62. Both GF and PDLF have been 
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shown to recognize P. gingivalis, or other Gram-negative oral pathogens, through 
TLR2 and TLR463-66.  

Furthermore, GF and PDLF may also be involved in regulating osteoclast 
formation at bone surfaces of the periodontium. Both cell types have been shown 
to support and influence the formation of osteoclasts in vitro67-69. Thus, GF and 
PDLF may play important roles in the development and progression of 
periodontitis.  
 
Osteoclasts and inflammation 
In a healthy situation, the periodontal tissues and alveolar bone are maintained by 
a constant remodeling process. In a state of (chronic) inflammation, this 
remodeling processes can be perturbed by bacteria and by the presence of 
elevated levels of pro-inflammatory cytokines. 

During normal bone remodeling, “old” bone is resorbed by osteoclasts at 
sites where bone remodeling is necessary, after which new bone can be formed. 
Osteoclasts are large, multinucleated, bone-resorbing cells that arise from the 
fusion of osteoclast precursor cells from the monocyte/macrophage lineage70, 71. 
This happens when receptor activator of nuclear factor-κB ligand (RANKL), a key 
molecule in this process, binds to its receptor RANK (receptor activator of nuclear 
factor-κB) on osteoclast precursors. RANKL can be produced by osteoblasts, which 
are the bone-forming cells, by stromal cells, by inflammatory cells, and also by GF 
and PDLF70-72. 

Binding of RANKL to RANK initiates a downstream signaling cascade that 
induces the differentiation and fusion of osteoclast precursors into osteoclasts. 
Another important factor in osteoclast differentiation is macrophage-colony 
stimulating factor (M-CSF), which stimulates proliferation and survival of 
osteoclast precursor cells70, 71, 73. An important inhibitor of osteoclast formation is 
osteoprotegerin (OPG), which acts as a decoy-receptor for RANKL, and thereby 
prevents binding of RANKL to RANK70, 71.  

Besides the RANKL-pathway though, many molecules expressed and 
produced during inflammation can influence the formation of osteoclasts, and can 
disrupt the balance that normally exists between bone degradation and bone 
formation31. Pro-inflammatory cytokines, especially TNFα and IL-1β, can induce 
osteoclast differentiation and activation independently of the RANKL-pathway. 
Furthermore, TNFα, IL-1β and IL-6 can enhance RANKL-induced formation and 
activation of osteoclasts, as well as induce expression of RANKL in other host 
cells31, 73-79.  

P. gingivalis or its components can stimulate production of these pro-
inflammatory cytokines, as well as production of RANKL, not only in osteoclast 
precursors themselves, but also in various other host cell types in the 
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periodontium like fibroblasts, macrophages, osteoblasts and lymphocytes72, 80-82. 
Elevated levels of IL-1β, IL-6 and RANKL have been found in gingival crevicular 
fluid, an inflammatory exudate secreted in the gingival crevice (Fig. 1), of 
periodontitis affected sites in the oral cavity. Also, an association has been 
described between the presence of P. gingivalis fimbriae and increased levels of 
IL-1β, IL-6 and TNFα in gingival crevicular fluid31, 83-85.  

The inflammatory responses that P. gingivalis causes in cells of the 
periodontium may thus have a serious impact on osteoclast formation in the 
periodontium, leading to an increased number and activity of osteoclasts, thereby 
leading to irreversible bone loss. 
 
Host susceptibility  
As stated above, P. gingivalis or other periodontal pathogenic bacteria do not 
always cause disease, and sometimes inhabit the oral cavity without any obvious 
problems for the host11, 33. Susceptibility of the host towards those pathogens is 
an important determinant in the development of periodontitis. Inflammatory 
responses of host cells to pathogenic bacteria can vary greatly between 
individuals, and excessive inflammatory responses as well as inadequate 
responses can both lead to disease progression1, 32   

Intrinsic properties of host cells, caused by the host’s genetic background, 
can be of great importance to the susceptibility of a host towards periodontitis86. 
Several host cells, such as monocytes, neutrophils, and platelets from 
periodontitis patients have been shown to initiate stronger pro-inflammatory 
responses to periodontal pathogens, than cells from healthy persons87-90. Little is 
known, however, of such differences in GF and PDLF between periodontitis 
patients and healthy controls. 

There is evidence that genetic variations (polymorphisms) in genes 
involved in inflammatory processes, such as production or activity of cytokines IL-
1, IL-6 and TNFα, or pattern recognition receptor CD14, are associated with a 
higher risk of developing periodontitis86, 91, 92. However, results of studies 
investigating polymorphisms that confer genetic predisposition towards 
developing periodontitis are often conflicting, due to study design91. So far, no 
exact genetic polymorphisms for susceptibility towards periodontitis have been 
pinpointed86, 91, 92.  

There are links, though, between severe periodontitis and the rare genetic 
conditions Papillon-Lefèvre syndrome and Haim-Monk syndrome, which are 
caused by a mutated cathepsin C gene, leading to a non-functional protein93, 94.  

Besides a host’ genetic background other factors, like systemic diseases, 
environmental factors or individual habits can lead to a higher risk of 
periodontitis. Diabetes type I and type II both are associated with a higher severity 
of periodontitis1, 95.  
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Smoking is well known to increase the risk for developing periodontitis, and also 
psychosomatic stress can play an important role in the development of 
periodontitis, although the mechanism for this remains unclear1, 95.  
 
Aim and thesis outline 
 
Interactions between P. gingivalis and host cells have mostly been studied using 
purified P. gingivalis factors and their effect on various host cell types. However, 
so far relatively little is known about interactions between viable P. gingivalis and 
GF and PDLF. The general aim of this thesis therefore was to investigate the 
inflammatory responses that viable P. gingivalis elicits in GF and PDLF, and the 
role those inflammatory responses may play in periodontitis and osteoclast 
formation.  

In order to investigate whether GF and PDLF respond differently to P. 
gingivalis, in Chapter 2 GF and PDLF from young healthy persons were challenged 
with viable P. gingivalis in a newly introduced in vitro infection assay.  

As the host response is a crucial factor in periodontitis, GF and PDLF from 
periodontitis patients may respond to P. gingivalis differently compared to cells 
from healthy persons. Therefore, in Chapter 3 we assessed the responsiveness of 
a unique collection of GF and PDLF from periodontitis patients and age-matched 
healthy controls to P. gingivalis, using the in vitro infection assay from chapter 2. 
Moreover, not only the expression of pro-inflammatory cytokines, but also of TLRs 
that are involved in recognition of P. gingivalis, and transcription factor NFκB 
were investigated.  

In Chapter 4, the interaction between viable P. gingivalis and GF was 
examined more closely by investigating the role of the P. gingivalis capsular 
polysaccharide in this interaction. Using the in vitro infection assay from chapter 
2, GF were challenged with encapsulated P. gingivalis strain W83, a non-
encapsulated isogenic mutant of this strain, and a complemented mutant which 
produced a capsule again, created in our laboratory.  

As bone loss due to excessive resorption by osteoclasts is a major clinical 
symptom of periodontitis, in Chapter 5 we investigate the role that P. gingivalis 
itself, as well as the inflammatory response P. gingivalis induces in GF, may play in 
osteoclast formation. In this chapter, conditioned medium from P. gingivalis, or 
from GF challenged with P. gingivalis, was used to investigate its effect on 
osteoclast formation.  

Finally, in Chapter 6, the results of chapters 2-5, and their implications for 
the role of GF and PDLF in periodontitis are reviewed and discussed, and several 
ideas for future research to further elucidate the role of interactions between P. 
gingivalis, fibroblasts, and osteoclasts are proposed.  
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Abstract 
 
Background and objective: Porphyromonas gingivalis is an oral pathogen strongly 
associated with destruction of the tooth-supporting tissues in human 
periodontitis. Gingival fibroblasts (GF) and periodontal ligament fibroblasts (PDLF) 
are functionally different cell types in the periodontium that can participate in the 
host immune response in periodontitis. This study aimed to investigate the effects 
of viable P. gingivalis on the expression of genes associated with inflammation 
and bone degradation by these fibroblast subsets. 
 
Methods: Primary human GF and PDLF from 6 healthy donors were challenged in 
vitro with viable P. gingivalis W83 for 6 hours. Gene-expression of inflammatory 
cytokines in GF and PDLF was analyzed using real-time PCR, and protein 
expression was analysed using ELISA.  
 
Results: Viable P. gingivalis induced a strong in vitro inflammatory response in 
both GF and PDLF. We found increased gene-expression of interleukine (IL)-1β, IL-
6, IL-8, tumour necrosis factor-α (TNFα), monocyte chemotactic protein-1 (MCP-
1), and RANTES (regulated upon activation, normal T-cell expressed and secreted). 
In GF, but not PDLF, macrophage-colony stimulating factor (M-CSF) was induced 
and expression of osteoprotegerin (OPG) was decreased. In non-challenged cells, 
IL-6 was expressed higher in GF than in PDLF.  Between individual donors there 
was large heterogeneity in responsiveness to P. gingivalis. Also, within each 
individual, either GF or PDLF were more responsive to P. gingivalis.   
 
Conclusion:  Considerable heterogeneity in responsiveness to P. gingivalis exists 
both between GF and PDLF and between individuals, which may be crucial 
determinants for the susceptibility to develop periodontitis. 
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Introduction 
Periodontitis is a complex chronic infectious disease that leads to destruction of 
the tooth- supporting tissues, including alveolar bone, and may eventually result 
in tooth loss. The disease develops as a result of a host-mediated inflammatory 
response to a pathogenic microflora residing in periodontal pockets1, 2.   
 Bacterial species that have been associated with periodontitis include 
Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola and 
Aggregatibacter actinomycetemcomitans.  P. gingivalis is recognized as a major 
etiologic agent3-6; it is a Gram-negative anaerobic rod that possesses a number of 
virulence factors, including lipopolysaccharide (LPS), fimbriae, capsule 
polysaccharide (CPS) and cysteine proteases7. Apart from the mere presence of P. 
gingivalis or other periodontopathic bacteria, other factors can play a role in the 
onset and progression of periodontitis, including genetic susceptibility, systemic 
diseases, and environmental factors such as smoking and stress8.  
 Among the different cell types in the periodontium that may be involved 
in the host inflammatory response in periodontitis are gingival fibroblasts (GF), 
and periodontal ligament fibroblasts (PDLF). GF are connective-tissue cells that 
are located in the gingiva apical to the gingival epithelium. PDLF are present in the 
periodontal ligament, the tissue that anchors the teeth to the alveolar bone. They 
play an important role in the homeostasis of the periodontal ligament and in 
alveolar bone remodelling9-11. In periodontitis, GF and PDLF may be involved in 
the regulation of osteoclast formation and activity by producing osteoclast-
stimulating and -inhibiting cytokines12-15.  
  

Although GF and PDLF are spatially located not far apart and have a 
similar spindle shaped phenotype in vitro, they belong to different periodontal 
tissues and have distinct functional characteristics. As was shown by Fujita and co-
workers, the two cell types have different gene-expressions of apolipoprotein D, 
MHC-DR-α, and MHC-DR-β in vitro16. Furthermore, PDLF, and not GF, are known 
to express high levels of the enzyme tissue non-specific alkaline phosphatase 
(ALP), an indicator for the osteoblast-like nature of PDLF17. Differences have also 
been shown at the transcriptional level by microarray analysis, which revealed 
different gene-expression patterns in GF and PDLF18. 
 Also, GF and PDLF have been suggested to play different roles in the 
regulation of osteoclast formation. We have previously shown19 that GF are more 
able to inhibit osteoclast formation than PDLF, possibly through the production of 
osteoprotegerin (OPG). This correlated well with a study in which stimulation with 
IL-1α caused a stronger increase in OPG gene-expression in GF than in PDLF, and 
suggested that this response was regulated by different protein kinases in the two 
cell types20. In a study by Yashiro and co-workers21 GF expressed more IL-11, a 



20 Chapter 2 – Gingival and periodontal ligament fibroblasts differ in their inflammatory             
                                                                                                                              response to viable P. gingivalis  

stimulator of osteoclast formation in vitro22, than PDLF when stimulated with 
TGFβ. 
 Since GF and PDLF have different functional characteristics, their role in 
the inflammatory process in periodontitis may also be different. Both cell-types 
can respond to P. gingivalis virulence factors by increasing the expression of IL-6, 
IL-1β, IL-8, RANKL, OPG, TNFα, PGE2 and several matrix metalloproteases23-29. Also 
GF can alter the expression of Toll-like receptors on their cell-surface in response 
to P. gingivalis LPS30. P. gingivalis can also influence the viability of GF and induce 
both pro- and anti-apoptotic genes in GF31, 32. 

Although virulence factors of P. gingivalis have been extensively studied, 
the effect of viable P. gingivalis cells on GF and PDLF remains relatively unknown. 
In the in vivo situation, P. gingivalis express a whole subset of virulence factors 
and may interact and stimulate host cells in a different way than a single virulence 
factor.  
  

The present study therefore aimed to compare cytokine-responses by GF 
and PDLF upon challenge by viable P. gingivalis. We hypothesized that viable P. 
gingivalis are potent stimulators of host cells. We also hypothesized that GF and 
PDLF would respond to P. gingivalis by initiating an inflammatory response which 
might be different between GF and PDLF. We focussed on alterations in the gene-
expression and the production of several cytokines involved in different aspects of 
the regulation of bone metabolism, i.e. the pro-inflammatory cytokines IL-6, IL-1β, 
TNFα, Receptor Activator for Nuclear Factor κ B Ligand (RANKL), and M-CSF that 
activate quiescent osteoclasts or induce osteoclast differentiation, the 
chemokines IL-8, MCP-1 and RANTES that can attract osteoclast precursor cells, 
and osteoprotegerin (OPG), an inhibitor of osteoclast formation15. In the present 
paper we show that there are functional differences between GF and PDLF in their 
response to viable P. gingivalis. 
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Materials and Methods 
 
Bacterial strain and culture   
P. gingivalis W83 was cultured anaerobically (80% N2, 10%H2, 10% CO2) until log-
growth-phase in Brain-Heart-Infusion (BHI)-broth enriched with hemin (5mg/l) 
and menadione (1mg/l). Bacterial cultures were checked for purity with Gram-
staining.  

Viable P.gingivalis were harvested from liquid culture by centrifugation. 
Bacterial pellets were washed twice in sterile phosphate buffered salt solution 
(PBS) and resuspended in antibiotic-free Dulbecco’s Minimal Essential Medium 
(DMEM, Gibco BRL, Paisley, Scotland) with 10% fetal calf serum (FCS) (HyClone, 
Logan, UT, USA). The optical density was measured at 690nm to establish the 
number of colony forming units (CFUs). To obtain dead bacteria, liquid cultures 
were heat-inactivated at 60°C for 1h prior to harvesting the bacteria. Heat-killed 
bacteria did not grow on blood-agar plates, but remained intact, as shown with 
Gram-staining. 
 
Fibroblasts  
Gingival (GF)  and periodontal ligament fibroblasts (PDLF) were obtained from 
erupted 3rd molars extracted from six healthy donors (1 male, 5 female, aged 16-
31, mean age 22.5). One donor was a current smoker, 5 donors had never 
smoked. Donors had given written informed consent, and the study was approved 
by the VUmc Medical Ethical committee. Donors were periodontally healthy and 
no alveolar bone loss was observed on X-rays. Donors did not suffer from systemic 
diseases and female donors were not pregnant.  

GF were recovered by collecting free gingiva-remains from the tooth with 
a scalpel. PDLF were recovered by scraping exclusively the middle 3rd of the root 
with a scalpel. Tissue samples were washed twice in DMEM supplemented with 
10% FCS and 2% antibiotics (100 U/ml penicillin, 100 µg/ml streptomycin and 250 
ng/ml amphotericin B; Antibiotic antimycotic solution, Sigma, St. Louis, MO, USA), 
and cultured in DMEM with 10% FCS and 2% antibiotics, in a humidified 
atmosphere with 5% CO2 at 37°C. Cells were stored frozen in liquid nitrogen at 
passage 4. Experiments were performed with cells from passages 5-7. 

Since PDLF are known to express higher levels of ALP than GF (17), we 
analyzed the ALP expression in non-challenged GF and PDLF from all donors; in all 
donors ALP levels were higher in PDLF than in GF (p=0.0313).   

 
Bacterial challenge   
GF and PDLF were seeded into 24-well-plates, and subsequently grown till sub-
confluence in 0.5ml DMEM with 10% FCS and without antibiotics. Bacteria were 
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added to fibroblast cultures at concentrations of 1.106/ml (MOI 50:1), 2.106/ml 
(100:1), 6.106/ml (300:1), 1.107/ml (500:1), 2.107/ml (1000:1), and 2.108/ml 
(10,000:1). Only DMEM with 10% FCS was added to control GF and PDLF (non-
challenged). PCR analysis with primers specific for P. gingivalis 33, modified for 
Lightcycler® 480 (Roche Diagnostics, Indianapolis, IN, USA), showed that at 
concentrations of 2.107 and 2.108 bacteria/ml about 10% of bacteria were in 
contact with fibroblasts while the rest remained in the supernatant.  
 GF and PDLF cultures were incubated with P. gingivalis for 6h in a 
humidified aerobic atmosphere with 5% CO2 at 37°C. Hereafter fibroblast 
morphology was checked for abnormalities or cell-detachment by phase-contrast 
microscopy (Olympus CK2, Olympus, Japan) (Supplemental Fig. 1a). Trypan Blue 
exclusion test showed that bacterial challenge did not affect viability of the 
fibroblasts. Viability of bacteria did not decrease after 6h of anaerobic culture 
(Supplemental Fig. 1b).  

After 6h bacterial challenge, fibroblast cultures were placed on ice and 
the supernatant (conditioned medium) was harvested for protein assays and 
stored at -20°C. Subsequently fibroblasts were immediately washed twice with 
cold (4°C) Hank’s Buffered Saline Solution (HBSS, Gibco BRL, Paisley, Scotland) and 
lysis buffer as supplied with RNeasy Mini Kit for RNA extraction (Buffer RLT, 
Qiagen, Hilden, Germany), supplemented with β-mercapto-ethanol, was added to 
the fibroblasts. Hereafter RNA was isolated. Experiments were performed in 
quadruple.  

 
mRNA expression   
Fibroblast mRNA was isolated using the Qiagen RNeasy Mini Kit for RNA 
extraction. The mRNA concentration was measured using a Nanodrop 
spectrophotometer (NanoDrop Technologies; Thermo-Fischer Scientific, 
Wilmington, Delaware, USA). mRNA was reverse-transcribed to cDNA according to 
the MBI Fermentas cDNA synthesis kit (Fermentas, Vilnius, Lithuania), using both 
the Oligo(dT)18 and the D(N)6 primers.  
 Real time PCR primers for IL1, IL6, IL8, TNFA, CCL2 (MCP-1),CCL5  
(RANTES), CSF1 (M-CSF), OPG, RANKL, and housekeeping genes B2M (β2-
microglobulin) and HMBS (porphobilinogen deaminasel; PBGD), were designed 
using Primer Express software, version 2.0, (Applied Biosystems, Foster City, CA, 
USA) (Table 1)19 or ordered from Applied Biosystems (RANKL; assay ID  
Hs00243522-m1). To avoid amplification of genomic DNA, each amplicon spanned 
at least one intron. The external standard curve used in the PCR reactions was a 
mixture of bone extract cDNA, PBMC cDNA, GF and PDLF cDNA, and the 
quantitative PCR human reference total RNA (Stratagene, La Jolla, CA, USA). Real 
time PCR was performed on the ABI PRISM 7000 (Applied Biosystems). Reactions 
were performed with 2 ng cDNA in a total volume of 8 μl containing SYBR Green 
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PCR Master Mix, consisting of SYBR Green I Dye, AmpliTaq Gold DNA polymerase, 
dNTPs with dUTP instead of dTTP, passive reference and buffer (Applied 
Biosystems) and 0.99 pM of each primer. After an activation step of the AmpliTaq 
Gold DNA polymerase for 10 minutes at 94 °C, 40 cycles were run of a two step 
PCR consisting of a denaturation step at 95 °C for 30 seconds and annealing and 
extension step at 60°C for 1 minute. Subsequently the PCR products were 
subjected to melting curve analysis to test if any unspecific PCR products were 
generated. The PCR reactions of the different amplicons had equal efficiencies. 
Samples were normalized for the expression of housekeeping genes β2-
microglobulin or PBGD, which were not affected by the experimental conditions, 
by calculating the ∆Ct (Ct housekeeping gene – Ct gene of interest) and expression of the 
different genes is expressed as 2-(∆Ct). Fold increase in gene-expression (induction) 
was expressed by  2 –(Δ ΔCt) , wherein Δ ΔCt = ΔCt challenged- average Ct-value non-

challenged . 
  
ELISA   
ELISAs for the protein levels of IL-6, IL-8, IL-1β and TNFα were performed with 
PeliKine ELISA kits (Sanquin Blood Supply Foundation, Amsterdam) according to 
manufacturer’s protocol. Prior to the ELISAs conditioned medium from challenged 
or control fibroblasts were harvested and centrifuged to pellet any present 
bacterial remains. Dilutions were prepared in dilution buffer supplied with 
PeliKine kit. Experiments were performed in duplicate with undiluted and 10x 
diluted supernatants. 
 
Statistical analysis   
Gene induction was tested with Wilcoxon’s signed rank test. Heterogeneity 
between donors and P. gingivalis survival in aerobic culture were tested with one-
way ANOVA. Differences between viable and dead P. gingivalis, and between GF 
and PDLF within a donor were tested by Student’s t-test; protein levels were 
tested with paired student’s t-test. Differences between gene-expressions in non-
challenged GF and PDLF were tested with Wilcoxon’s matched pairs test. Analysis 
was were performed with GraphPad Prism software (version 4, by MacKiev 
Software ™). Correlations were calculated by SPSS 15.0 software (SPSS Inc.). 
Differences were considered significant at p< 0.05. 
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Table 1. Real-time PCR primer sequences 

 
 

Gene                       Gene ID                                              primer sequences 
                               Ensembl                          5’-3’ Fw                                              5’-3’ Rv 
 
IL1 
 
IL6 
 
IL8 
 
TNFA 
 
CCL2 (MCP-1) 
 
CCL5 (RANTES) 
 
CSF1 (M-CSF) 
 
OPG 
 
ALPPL (ALP) 
 
RANKL 1. 
                 
B2M  
(β2 microglobulin) 
 
HMBS (PBGD) 
 

 
00000125538 
 
00000136244 
 
00000169429 
 
00000206439 
 
00000108691 
 
00000161570 
 
00000184371 
 
00000164761 
 
00000162551 
 
00000120659 
 
00000166710 
 
 
00000149397 
 

 
CTTTGAAGCTGATGGCCCTAAA 
 
GGCACTGGCAGAAAACAACC 
 
GGCAGCCTTCCTGATTTCTG 
 
CCCAGGGACCTCTCTCTAATCA 
 
CAGCCAGATGCAATCAATGC 
 
CATCTGCCTCCCCATATTCCT 
 
CCGAGGAGGTGTCGGAGTAC 
 
CTGCGCGCTCGTGTTTC 
 
GCTTCAAACCGAGATACAAGCA 
 
CATCCCATCTGGTTCCCATAA 
 
AAGATTCAGGTTTACTCACGTC 
 
 
TGCAGTTTGAAATCATTGCTATGTC 

 
AGTGGTGGTCGGAGATTCGT 
 
GGCAAGTCTCCTCATTGAATCC 
 
CTGACATCTAAGTTCTTTAGCACTCCTT 
 
GCTTGAGGGTTTGCTACAACATG 
 
TGCTGCTGGTGATTCTTCTATAGCT 
 
TGCCACTGGTGTAGAAATACTCCTT 
 
AATTTGGCACGAGGTCTCCAT 
 
ACAGCTGATGAGAGGTTTCTTCGT 
 
GCTCGAAGAGACCCAATAGGTAGT 
 
GCCCAACCCCGATCATG 
 
TGATGCTGCTTACATGTCTCG 
 
 
AACAGGCTTTTCTCTCCAATCTTAGA 
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Results 
 
GF and PDLF respond to viable P. gingivalis  
An initial set of experiments was performed to establish optimal experimental 
conditions to challenge GF and PDLF with P. gingivalis. GF and PDLF from two 
donors (A and B) were challenged with viable P. gingivalis for 6h at increasing 
multiplicity of infection (MOI). P. gingivalis induced an increase in the gene-
expression of IL6 in GF and PDLF. Induction of IL6 gene-expression by P. gingivalis 
was dose-dependent, and responses were statistically significant at 2.108 
bacteria/ml in both GF (donor A  p<0.001, donor B p< 0.001) and PDLF (donor A 
p<0.05, donor B p< 0.01). 
 To investigate whether viable bacteria are more potent stimulators of 
fibroblasts than dead bacteria, GF and PDLF from the same two donors were 
challenged with viable or heat-killed P. gingivalis. Viable P. gingivalis induced 
higher responses than heat-killed P. gingivalis for IL6 gene-expression in GF 
(donor A: 8- vs. 4-fold, p<0.0035, donor B: 45- vs.19-fold, p=0.056), and for IL8 
gene-expression in GF (donor A: 256- vs. 38-fold, p<0.0001, donor B: 1700- vs. 
400-fold, p= 0.0135) and PDLF (donor B: 690- vs. 51-fold, p<0.0001). 
 
Gene-expression in GF and PLDF  
All GF and PDLF responded to P. gingivalis by increasing the gene-expression of 
most cytokines measured (Fig 1a), but the scale of the responses varied greatly 
among the 6 donors. For example, the induction of IL8 expression varied between 
160-4000 fold increase in GF (p<0.0001) and between 100-3100 fold increase in 
PDLF (p= 0.0017) (Fig. 2b). Despite this heterogeneity though, several overall 
trends were observed. 
 Gene-expression of IL6 was clearly induced by P. gingivalis in GF (40-fold, 
p=0.0156) as well as in PDLF (40-fold, p=0.0156) (Fig. 1a). Interestingly, the IL6 
gene-expression in non-challenged fibroblasts was higher in GF than PDLF 
(p=0.0313) (Fig. 1b), whereas the other cytokines were expressed at similar levels 
in non-challenged GF and PDLF.  
 Gene-expression of IL8 was strongly induced in GF (870-fold, p=0.0156) 
and PDLF (1170-fold, p=0.0156), and also CCL2 (MCP-1) was induced in GF (18-
fold, p=0.0156) and PDLF (20-fold, p=0.0156).  IL1B and CCL5 (RANTES) both 
appeared induced, though not significantly, in GF (18 and 55-fold respectively) 
and PDLF (20 and 32-fold respectively) of 4 donors (Fig. 1a), and in two donors, 
CCL5 and IL1B mRNA could only be detected after challenge. Inductions were 
significant in each donor separately. CSF1 (M-CSF) was moderately induced in GF, 
but not in PDLF, by about 2-fold (p=0.0313). In both GF and PDLF, RANKL was not 
detectable before and after challenge with P. gingivalis.  
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 Since IL-1β, IL-6, and IL-8 are induced via a common pathway indicating 
NF-κB activation34, we analysed whether their expression levels in challenged and 
non-challenged GF and PDLF correlated by calculating Pearson’s correlation 
coefficient. Expressions of all three genes strongly correlated in GF and PDLF, with 
correlation-coefficients close to 1 (Table 2). In both GF and PDLF, correlation was 
strongest between IL6 and IL8.  
 In non-challenged fibroblasts, OPG tended to be expressed slightly higher 
in GF than in PDLF (p=0.0625). After bacterial challenge OPG was down-regulated 
in GF, but in PDLF no clear responses could be measured (Fig. 1a). TNFA 
expression was detectable only after bacterial challenge in both GF and PDLF, and 
not in non-challenged cells (Supplemental Figure 2). Absolute mRNA expression 
levels (normalized for housekeeping gene) of cytokines and chemokines before 
and after challenge with viable P. gingivalis are depicted in supplemental figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 1. Gene-expression responses to P. gingivalis by GF and PDLF  
a: Gene induction of cytokines and chemokines in GF (grey) and PDLF (black) by P. gingivalis at 2.108 
bacteria/ml after 6h challenge. Bars represent the medians +inter-quartile range of  average 
induction levels of 6 donors from two independent bacterial challenge experiments performed in 
duplicate. Stars indicate significant inductions by P. gingivalis, * p<0.05  
b: mRNA expression of IL-6 (relative to housekeeping gene) in non-challenged GF and PDLF. Bars 
represent the means of two independent experiments performed in duplicate. * p<0.05 
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GF and PDLF respond differently to viable P. gingivalis  
Since the cytokine-responses to P. gingivalis varied in strength between 
fibroblasts from the six donors, we also compared the responses of fibroblasts 
from each donor separately. It appeared that in each donor, a substantial 
difference existed between the gene-expression responses of IL6 and IL8 in GF 
and PDLF. Either GF or PDLF responded stronger upon stimulation with P. 
gingivalis (Fig. 2a,b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Induction of IL-6 and IL-8 in GF and PDLF per donor 
a: IL6 induction by P. gingivalis after 6h challenge in GF and PDLF from all donors separately.   
b: IL8 induction by P. gingivalis after 6h challenge in GF and PDLF from all donors separately. 
 In all donors the gene-expression responses differ in strength between GF and PDLF. Bars represent 
mean+SEM of triplicate measurements from one of two independent experiments with similar 
results. Stars indicate significant differences between GF and PDLF, * p<0.05, ** p<0.01, *** 
p<0.001; # indicates trend (p=0.0943). 
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Protein secretion 
To establish whether the altered gene-expression of cytokines also resulted in 
increased protein secretion, culture supernatants of challenged and non-
challenged GF and PDLF were analyzed for the presence and level of IL-1β, IL-6, IL-
8 and TNFα. Protein levels of IL-1β were elevated in P. gingivalis-challenged 
compared with non-challenged GF (p=0.0120) and PDLF (p=0.0212) (Fig. 3a).  

Surprisingly, IL-6 protein levels appeared to be decreased in the 
supernatant of challenged cells (Fig. 3b). To investigate if the decrease in IL-6 
protein levels in supernatants from challenged fibroblasts was caused by 
degradation by viable P. gingivalis, we analyzed the supernatants of GF and PDLF 
challenged with heat-killed bacteria for the presence of IL-6. Dead P. gingivalis 
induce IL-6 gene-expression in GF and PDLF, but bacteria-related release of 
proteases does not occur28. IL-6 protein levels were higher in supernatants 
collected from GF stimulated with dead P. gingivalis (p=0.0495) and appeared 
slightly increased in PDLF challenged with dead P. gingivalis, indicating that IL-6 
was indeed degraded by viable P. gingivalis.  
 IL-8 protein levels were elevated in challenged PDLF (p=0.0356) and also 
somewhat, though not significantly, in GF.  
 Again, heterogeneity existed between donors. Still, donors that had the 
strongest IL-8 gene-induction as a response to P. gingivalis also showed the 
highest elevations in protein levels; induction values in IL-8 gene-expression and 
secreted protein levels strongly correlated in both GF (Spearman’s rho 0.761, 
p=0.004) and PDLF (rho = 0.802, p=0.002). 
 Corresponding with gene-expression, IL-6 protein levels were higher in 
non-challenged GF than in PDLF (p=0.0147, Fig. 3b). TNFα could not be detected 
with ELISA in challenged and non-challenged fibroblasts. 
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Figure 3. Cytokine protein levels in culture supernatant of GF and PDLF 
a: IL-1β, IL-6 and IL-8 protein levels (pg/ml) in culture supernatant from GF and PDLF 
challenged with P. gingivalis (Pg) for 6h or non-challenged. Bars represent mean+SEM of 
duplicate measurements in undiluted and 10x diluted samples from GF and PDLF (n=6) in 
two experiments. Stars indicate significant differences. * p<0.05, ** p<0.01, *** p<0.001 
b: IL-6 secreted protein levels from GF and PDLF challenged for 6h with either viable P. 
gingivalis (Pg), dead  P. gingivalis (Pgx), or non-challenged. Bars represent mean+SEM of 
duplicate measurements from GF and PDLF from 2 donors in two experiments. * p<0.05 

 
 
 
Table 2. Correlation between IL-6, IL-8 and IL-1β gene-expression in GF and PDLF 

Correlations                                       IL6 + IL8             IL6 + IL1B               IL8 + IL1B 
GFa 
 
 
PDLFa 

Pearson’s r  
p-value 
 
Pearson’s r 
p-value 

0.956 
<0.001 
 
0.931 
0.001 

0.940 
<0.001 
 
0.813 
<0.001 

0.866 
<0.001 
 
0.926 
<0.001 

a correlations were calculated from the average gene-expression levels from non-challenged and 
challenged fibroblasts from 6 donors in at least duplicate measurements from two independent 
experiments. 
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Discussion 
The aim of this study was to investigate responses of GF and PDLF to P. gingivalis. 
To study these responses, we used an in vitro infection model in which primary 
human GF and PDLF were challenged with P. gingivalis W83, which represent the 
virulent K1 serotype35-37. 
 This study, and earlier work by Zhou and co-workers23, show that the scale 
of the responses of GF and PDLF to P. gingivalis varies strongly between 
individuals. Because it is possible that heterogeneity is caused by the host genetic 
background of the cells, we compared GF and PDLF that were collected from the 
same donor. 
 To stimulate GF and PDLF we used viable bacteria, hypothesizing that 
viable bacteria are stronger stimulators of host cells than dead bacteria. 
Moreover, viable bacteria contain a complete subset of virulence factors. 
Previously it has been shown that viable P. gingivalis induce other cytokine-
responses in monocytes and macrophages than purified LPS or the major fimbrial 
protein FimA38-40. In the present study, viable P. gingivalis indeed induced stronger 
IL6 and IL8 gene-expression responses in GF and PDLF than dead bacteria. But 
even with viable P. gingivalis, a relatively high concentration of bacteria was 
needed to elicit clear responses in GF and PDLF. This may be due to the fact that 
only about 10% of bacteria were able to come in contact with the fibroblasts in 
the experimental set-up used. Also P. gingivalis might not be a very potent 
immunogen; A. actinomycetemcomitans for example was recently shown to be a 
stronger stimulator of dendritic cells than P. gingivalis41. Moreover, GF and PDLF 
are not antigen-recognizing cells such as macrophages or dendritic cells.   
 A main clinical symptom of periodontitis is resorption of the alveolar 
bone. Therefore we analyzed a series of cytokines known to be involved in 
osteoclast formation and bone resorption. In both GF and PDLF, gene-expression 
of IL6, IL8, TNFA, and CCL2 (MCP-1) increased in response to  
P. gingivalis, whereas OPG gene-expression decreased in GF. CCL5 (RANTES) and 
IL1B also appeared induced in all 6 donors, but statistical significance was not 
reached. These findings are in line with previous data: not only have P. gingivalis 
virulence factors been shown to induce the expression of these cytokines25-30, 42, 43, 
also Yamamoto and co-workers24 showed that viable P. gingivalis can induce IL1B, 
IL6, IL8, and TNFA in PDLF.   
 The induction of chemokines (IL-8, RANTES, MCP-1) and osteoclast-
stimulating cytokines (IL-1β, IL-6, TNFα), and the decrease in OPG expression in 
GF, strongly suggest that this response to P. gingivalis can stimulate osteoclast 
formation and activity. Still, we did not detect RANKL gene-expression in 
challenged nor non-challenged GF and PDLF, although Belibasakis and co-
workers28 showed that culture supernatant of P. gingivalis induced RANKL in both 
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GF and PDLF after 6h challenge. Again, viable P. gingivalis may have a different 
effect on host cells than their excreted proteins alone. 
 The increase in gene-expression of IL-1β and IL-8 was also expressed in 
elevated secreted protein levels. However, IL-6 was degraded most probably by 
proteases produced by the viable bacteria. It is likely that also TNFα was 
degraded, and that the protein levels of IL-1β and IL-8 were underestimations, as 
these are also known to be susceptible to degradation by P. gingivalis44-48. 
Similarly Steffen and co-workers49 described lower protein levels of IL-1β IL-6, and 
IL-8 in supernatants from GF challenged with viable bacteria in comparison to 
dead P. gingivalis, and demonstrated that this was due to proteolytic breakdown. 
Although recent research shows that IL-8 can be degraded very rapidly by viable 
P. gingivalis50, we found increased IL-8 protein levels from challenged fibroblasts. 
However, in that study50, gingival epithelial cells were challenged with P. 
gingivalis, and hereafter the medium was removed and viable P. gingivalis were 
added to this medium, allowing for proteolytic breakdown. In our set-up we 
measured IL-8 production after a 6h infection during which both IL-8 production 
by fibroblasts and IL-8 degradation by proteases can take place at the same time. 
Since the gene-expression of IL8 was induced by P. gingivalis very strongly, the IL-
8 protein production probably was high enough to result in increased protein 
levels. Also, the extent of proteolytic breakdown can be influenced by the strain 
of P. gingivalis used, as noted by Bodet et al47.  
 We not only observed differences between individuals, but also 
differences between GF and PDLF. Non-challenged GF expressed more IL-6 than 
PDLF at both mRNA and protein level. This may indicate a more activated state of 
GF than PDLF, as GF are more likely to encounter oral pathogens. 
 Non-challenged GF also expressed slightly more OPG than PDLF, a finding 
in line with earlier studies19, 20. We previously showed that, possibly by producing 
more OPG, GF were better inhibitors of osteoclast formation than PDLF19. The 
OPG down-regulation we found in GF could mean that upon bacterial challenge, 
GF can lose the ability to inhibit osteoclast formation and bone-resorption.  
 When donors were analyzed separately, we found strong differences 
between responses in GF and PDLF in the gene-expression of IL6 and IL8. In four 
donors GF were more responsive to P. gingivalis than PDLF, in two donors PDLF 
were more responsive than GF. Whether this difference in response has any 
implications for a person’s susceptibility to periodontitis remains unclear. Since GF 
are more likely to encounter P. gingivalis or other periodontal bacteria than PDLF, 
it seems of biological significance that GF would be more responsive. By attracting 
monocytes and granulocytes through producing RANTES and IL-8, they can initiate 
a first line of defence. Because PDLF are located closer to the alveolar bone and 
have an osteoblast-like nature, their inflammatory response might affect the 
regulation of osteoclast formation and activation more explicitly.  
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 Our finding that viable P. gingivalis W83 induce inflammatory responses 
in both GF and PDLF, suggests that these cells can be involved in inflammation 
and stimulation of osteoclast formation in periodontitis. Nowadays, it is widely 
accepted that fibroblasts can play important roles in chronic infections leading to 
tissue damage51, 52. Our results show that considerable heterogeneity exists both 
between GF and PDLF and between individuals, which may be crucial 
determinants for their susceptibility to develop periodontitis. 
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Supplemental Figure 1. Fibroblast morphology and P. gingivalis viability during 6h assays.   
a: Fibroblast morphology of GF and PDLF  (2 representative donors), as seen with inverted phase-
contrast microscopy before (t=0h), and after (t=6h Pg) 6h challenge with P. gingivalis, or 6h 
nonchallenged (t=6h control).  
b: Survival of P. gingivalis after aerobic incubation in DMEM with 10% FCS. Dots represent the 
average CFUs/ml of two independent experiments performed in duplicate. 
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Supplemental Figure 2. Absolute gene-expression levels in GF and PDLF. mRNA expression of pro-
inflammatory cytokines and chemokines, normalized for housekeeping gene, in GF and PDLF, before 
(-) and after challenge with viable P. gingivalis (Pg). Bars represent mean+SEM of GF and PDLF from 
6 donors challenged in quadruple. Stars indicate significant differences; * p<0.05, # indicates trend 
(p<0.1). 
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Abstract 
 
Background and Objective: Inflammatory responses of host cells to oral 
pathogenic bacteria like Porphyromonas gingivalis are crucial in the development 
of periodontitis. Host cells like periodontal ligament (PDL) and gingival fibroblasts 
from periodontitis patients may respond to P. gingivalis differently compared to 
cells from healthy persons. The aim of this study was to investigate inflammatory 
responses to viable P. gingivalis by PDL and gingival fibroblasts from periodontitis 
patients and healthy controls.  
 
Methods: Primary PDL and gingival fibroblasts from periodontitis patients (n=14) 
and healthy controls (n=8) were challenged in vitro with viable P. gingivalis. Gene-
expression of TLRs 1, 2, 4, 6, 7 and 9, CD14,  NFκB1 and its putative inhibitor 
NFκBIL-1, and of IL-1β, IL-6, IL-8, TNFα, MCP-1, and RANTES, were assessed by 
real-time PCR. 
 
Results: PDL fibroblasts from periodontitis patients had a higher mRNA expression 
of TLR1, TLR4, TLR7 and CD14, and a lower expression of NFKBIL1, both before 
and after P. gingivalis challenge. In contrast, gingival fibroblasts from periodontitis 
patients had stronger induction of TLR1, TLR2, and TLR7 by P. gingivalis. Cytokine 
responses were not different between patients and controls. Interestingly, PDL, 
but not gingival, fibroblasts from P. gingivalis culture-positive persons responded 
more strongly to P. gingivalis than PDL fibroblasts from P. gingivalis-negative 
persons.  
 
Conclusions: PDL and gingival fibroblasts respond differently to P. gingivalis and 
may play different roles in periodontitis. Both subsets of fibroblasts from patients 
appear more active in interaction with P. gingivalis. Moreover, PDL fibroblasts 
from P. gingivalis-positive donors are more responsive to an in vitro P. gingivalis 
challenge.   
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Introduction 
Periodontitis is a chronic inflammatory disease of the tooth-supporting tissues 
that can lead to tissue destruction and finally tooth loss. The disease develops as a 
result of a continuous interaction between host cells and subgingival pathogenic 
bacteria, such as the Gram-negative anaerobe Porphyromonas gingivalis, a major 
etiologic agent of periodontitis1-3. The host response to oral pathogens is a crucial 
determinant in the development of periodontitis4, 5.  
 Fibroblasts play an important role in chronic infections, including 
periodontitis6-8. Periodontal ligament fibroblasts (PDLF) and gingival fibroblasts 
(GF) are functionally distinct fibroblast types in the periodontal tissues9-11. PDLF 
are essential in the formation and maintenance of the periodontal ligament 
connecting teeth to the alveolar bone; GF are located sub-epithelial and play a 
crucial role in the physiological turnover of the connective tissue adjacent to the 
epithelium attached to the tooth.   

PDLF and GF respond to P. gingivalis or its components by initiating an 
inflammatory response that includes the production of pro-inflammatory 
cytokines and chemokines12, 13. We previously showed that stimulation of PDLF 
and GF from healthy donors with viable P. gingivalis, led to a strong induction of 
gene-expression of  pro-inflammatory cytokines IL-1β, IL-6 and TNFα  (IL1B, IL6, 
and TNFA genes) and chemokines IL-8,  RANTES, and MCP-1 (IL8, CCL5 and CCL2 
genes). We also showed considerable heterogeneity in the scale of these 
responses, not only between PDLF and GF from different donors, but also 
between PDLF and GF obtained from a single individual13, 14. 
  

Host cells can detect bacteria via pattern recognition receptors (PRRs) 
such as the Toll-like receptors (TLRs) and CD14. Interaction between receptor and 
bacterium initiates downstream signalling which leads to activation of 
transcription factor NFκB, and this in turn leads to transcription and production of 
inflammatory factors like TNFα, IL-6 and IL-815, 16. Recognition of P. gingivalis or its 
components by host cells has been described to occur via TLR1, TLR2, TLR4, TLR6, 
TLR7, TLR9 and CD1417-28.  
 Although periodontitis can be initiated by bacteria like P. gingivalis, host 
susceptibility is crucial for the development of the disease. Properties of the cells 
interacting with P. gingivalis may, partially, determine susceptibility. For example, 
neutrophils, mononuclear cells, and platelets from periodontitis patients have 
been shown to differ from cells from healthy donors in their interaction with 
periodontal pathogens29-31.  

Surprisingly little is known about whether differences between 
periodontitis patients and healthy controls also exist for periodontal ligament and 
gingival fibroblasts. Since the host response is an important determinant in the 
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development of periodontitis, we hypothesized that PDLF and GF from 
periodontitis patients respond differently to P. gingivalis compared to cells from 
healthy controls. Since viable bacteria contain a complete subset of virulence 
factors, and may interact with GF and PDLF in a unique way, this study aimed to 
investigate and compare responses of PDLF and GF from periodontitis patients 
and healthy controls to a challenge with viable P. gingivalis.  
  Since from previous research it appeared that measuring protein 
expression may give biased results when working with viable P. gingivalis, due to 
its proteolytic activity13, 32-35, we measured gene-expression rather than protein 
expression. Gene-expression was assessed at receptor level (TLR1, 2, 4, 6, 7, 9, 
and CD14), transcription level (transcription factor NFKB and NF-κB inhibitor-like 
protein 1 (NFkBIL1)), and cytokine level (IL1B, IL6, IL8, TNF, CCL5 (RANTES), and 
CCL2 (MCP-1)). Our results suggest that PDLF and GF from periodontitis patients 
may be more active in interaction with P. gingivalis. Moreover, the results suggest 
that the presence of P. gingivalis in subgingival plaque can render PDLF more 
responsive to a new challenge with P. gingivalis. 
 
 
 
Materials and methods 
 
Fibroblast donors  
GF and PDLF were obtained from 14 periodontitis patients (3 male, 11 female; 3 
females were current smokers) and 8 healthy controls (2 male, 6 female, 1 male 
was current smoker). Donor characteristics and clinical parameters are depicted in 
Table 1.  Periodontitis patients underwent tooth-extraction as part of periodontal 
treatment, and displayed deepened pockets, bleeding on probing, and loss of 
bone height visible on radiographs at the site of the tooth (Table 1). Controls 
underwent tooth-extraction as part of treatment for other reasons than 
periodontitis and showed no signs of inflammation/ periodontitis/ loss of bone 
height (Table 1). None of the donors suffered from systemic diseases or were 
pregnant.  

Bacterial samples were taken from subgingival plaque from all donors by 
the paperpoint method, and were analyzed for the presence of P. gingivalis by 
anaerobic culture. Donors were recruited at the Centre for Implantology and 
Periodontology Amstelveen (Amstelveen, NL). Donors had given written informed 
consent, and the study was approved by the VUmc Medical Ethical committee (VU 
University, Amsterdam).  
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Table 1. Fibroblast donors’ characteristics and clinical parameters. 

Bone loss: percentage of loss of bone height around extracted tooth. Pocket depth: probing depth of 
pocket around extracted tooth. P. gingivalis-carriers: nr. of donors in whose subgingival plaque P. 
gingivalis was detected by anaerobic culture. Stars indicate significant differences between the 
patient group and control; *p<0.05, **P<0.01, ns no significant difference. 

 
Fibroblast isolation 
GF and PDLF were collected as described before13. Briefly, free gingiva-remains 
were dissected from extracted teeth, and the periodontal ligament was scraped 
from exclusively the middle 3rd of the root. GF and PDLF expressed FMOD 
(fibromodulin), a marker for both GF and PDLF, at similar levels. Gene-expression 
of S100A4, a marker for PDLF, was expressed at very low levels in GF but was 
highly expressed  in PDLF36. Experiments were performed with cells at passage 5 
or 6. In some cases it was not possible to obtain both GF and PDLF from the same 
donor. GF could not be isolated from 2 patients and 1 control; PDLF could not be 
isolated from 2 patients.  
 
Bacterial strain and culture 
Porphyromonas gingivalis W83 was cultured anaerobically (80% N2, 10% H2, and 
10% CO2) until log-growth-phase in Brain-Heart-Infusion (BHI)-broth 
supplemented with hemin (5mg/l) and menadione (1mg/l). Purity was checked 
with Gram-staining.   

Viable P. gingivalis were harvested by centrifugation. Bacterial pellets 
were washed twice in sterile phosphate buffered salt solution (PBS) and 
resuspended in antibiotic-free Dulbecco’s Minimal Essential Medium (DMEM, 
Gibco BRL, Paisley, Scotland) with 10% fetal calf serum (FCS) (HyClone, Logan, UT, 
USA). The optical density was measured at 690nm to establish the number of 

Parameter:                                    PDLF                                                     GF                    
                               Controls (n=8)    Patients (n=12)        Controls (n=7)       Patients (n=12) 

 
Age  
(yrs; mean ± SD) 
Bone loss  
(%; mean ± SD) 
Pocket depth 
(mm; mean ± SD)  
BOP  
(median; 0/1/2) 
P. gingivalis -
carriers (nr) 

 
48 ± 21 
 
0.4± 0.7 
                                
2.7 ± 0.7 
       
0 
        
2 

 
60 ± 9 ns 
        
48 ± 30 *** 
                        
6.8 ± 3.1 ** 
          
1 * 
         
5 

 
48 ± 21 
        
0.4± 0.8 
                           
2.7 ± 0.7 
            
0 
         
2 

 
58 ± 9 ns 
       
51 ± 31 *** 
                                       
7.0 ± 2.9 ** 
        
1 #  (p=0.057) 
             
4 
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colony forming units (CFUs). A suspension of 2.108 CFU/ml was used to challenge 
GF and PDLF.   
 
Bacterial challenge assays 
GF and PDLF were challenged with viable P. gingivalis as published previously13. In 
short, GF and PDLF were grown till sub-confluence in 24-well plates. Medium was 
removed and replaced with 0.5 ml of a P. gingivalis W83 suspension of 2.108 
CFU/ml in antibiotic-free DMEM with 10% FCS. Only DMEM with 10% FCS was 
added to control GF and PDLF (non-challenged).  
 GF and PDLF were incubated with P. gingivalis for 6h. After challenge, 
fibroblast morphology was checked for abnormalities or cell-detachment by 
phase-contrast microscopy (Olympus CK2, Olympus, Japan). Subsequently 
fibroblasts were washed with sterile PBS (Gibco BRL, Paisley, Scotland) and lysed 
in lysis-buffer as supplied with RNeasy Mini Kit for RNA extraction (Buffer RLT, 
Qiagen, Hilden, Germany), supplemented with β-mercapto-ethanol. Experiments 
were performed in quadruple.  
 
mRNA expression 
Fibroblast RNA was isolated using the Qiagen RNeasy Mini Kit for RNA extraction. 
The RNA concentration was measured using a Nanodrop spectrophotometer 
(NanoDrop Technologies; Thermo-Fischer Scientific, Wilmington, Delaware, USA). 
mRNA was reverse-transcribed to cDNA according to the MBI Fermentas cDNA 
synthesis kit (Fermentas, Vilnius, Lithuania), using both the Oligo(dT)18 and the 
D(N)6 primers. For use of cDNA in RT² Profiler PCR Toll-like receptor signalling 
pathway (SA Biosciences  Frederick, MD, USA) (see below), mRNA was reverse-
transcribed using the RT² First-Stand cDNA Synthesis Kit (SA Biosciences) 
according to manufacturers’ protocol. 
 Real time PCR primers for IL1B, IL6, IL8, TNF, CCL5, CCL2, NFKBIL1, CD14 
and housekeeping gene porphobilinogen deaminase (HMBS), were designed using 
Primer Express software, version 2.0 (Applied Biosystems, Foster City, CA, USA) 
(Table 2)13, 37. Primers for TLR1,TLR2, TLR4, TLR6, TLR7, and TLR9 were kind gifts 
from Dr. Garcia-Vallejo (Dept. of Molecular Cell Biology and Immunology, VU 
University Medical Center, Amsterdam) (Table 2)38. Primers for NFKB (p105) were 
obtained from SA Biosciences (assay ID NM_003998, SA Biosciences). The external 
standard curve used in the PCR reactions was a mixture of bone extract cDNA, 
PBMC cDNA, GF and PDLF cDNA, and the quantitative PCR human reference total 
RNA (Stratagene, La Jolla, CA, USA). Real time PCR was performed as described 
before13 on the ABI PRISM 7000 (Applied Biosystems).  

PCR products were subjected to melting curve analysis to test for 
specificity of PCR products. The RT² Profiler PCR Array for TLR-signalling was 
performed according to manufacturers’ protocol on Roche LightCycler 480 (F. 
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Hoffmann-La Roche AG, Basel, Switzerland). This array profiles the expression of 
84 genes related to TLR-mediated signal transduction using real-time PCR (SA 
Biosciences, assay nr. PAHS-018). Relative gene-expression of samples compared 
to the household gene, by calculating the ∆Ct (Ct housekeeping gene – Ct gene of interest) and 
expression of the different genes is expressed as 2-(∆Ct). Fold increase in gene-
expression (induction) was expressed by 2 –(Δ ΔCt) , wherein Δ ΔCt = ΔCt challenged- 
average Ct-value non-challenged . 

 
Statistical analysis 
Comparisons between total mRNA expression and induction of gene-expression 
between groups were tested with Student’s t-test. If variances in groups were not 
equal, Welch’s correction for unequal variances was applied. If data in groups was 
not normally distributed, the Mann-Whitney test was used. Tests were performed 
with GraphPad Prism software (version 4, by MacKiev Software ™).
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Table 2. Real-time PCR primer sequences 
Gene                                                                       Primer sequences 
                                                5’-3’ Fw                                                            5’-3’ Rv 
 
IL1B 
 
IL6 
 
IL8 
 
TNFA 
 
CCL5 
 
CCL2 
 
NFKBIL1 
 
CD14 
 
HMBS 
 
TLR1 
 
TLR2 
 
TLR4 
 
TLR6 
 
TLR7 
 
TLR9 

 
CTTTGAAGCTGATGGCCCTAAA 
 
GGCACTGGCAGAAAACAACC 
 
GGCAGCCTTCCTGATTTCTG 
 
CCCAGGGACCTCTCTCTAATCA 
 
CATCTGCCTCCCCATATTCCT 
 
CAGCCAGATGCAATCAATGC 
 
GGACGAGTGGCAGGAAGTCA 
 
GGTCTCAACCTAGAGCCGTTTCT 
 
TGCAGTTTGAAATCATTGCTATGTC 
 
TGCTGCCAATTGCTCATTTG* 
 
GGCTTCTCTGTCTTGTGACCG* 
 
CTGCAATGGATCAAGGAACCAG*  
 
CACAGACAGCTTTGTACACCGTG* 
 
GCTCCGGAAAAGGCTCTGT* 
 
CCCAGCTACATCCCGATACCT* 

 
AGTGGTGGTCGGAGATTCGT 
 
GGCAAGTCTCCTCATTGAATCC 
 
CTGACATCTAAGTTCTTTAGCACTCCTT 
 
GCTTGAGGGTTTGCTACAACATG 
 
TGCCACTGGTGTAGAAATACTCCTT 
 
TGCTGCTGGTGATTCTTCTATAGCT 
 
CTGGCACTTCTGGGCATGTT 
 
AGCCTTGACCGTGTCAGCAT 
 
AACAGGCTTTTCTCTCCAATCTTAGA 
 
GAAGGCCCTCAGGGTCTTCT* 
 
GAGCCCTGAGGGAATGGAG* 
 
CCATTCGTTCAACTTCCACCA* 
 
TGTGCTTGGTGCATGAGGA* 
 
GGTGAGCTTGCGGGTTTGT* 
 
CTGGCATTCAGCCAGGAGA* 

* primers were kind gifts from Dr. Garcia-Vallejo (Dept. of Molecular Cell Biology and 
Immunology, VU University Medical Center, Amsterdam), and have been published 
elsewhere38 
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Results 
 
mRNA expression of TLR1, TLR4, TLR7 and CD14 is higher in PDLF from patients 
We measured mRNA expression levels (relative to housekeeping gene) of TLR1, 
TLR2, TLR4, TLR6, TLR7 and TLR9, and CD14, by PDLF and GF, before and after a 
challenge with live P. gingivalis. TLR9 expression was below detection limits in 
both PDLF and GF. All other receptors were expressed by the two cell types.  
 PDLF from patients consistently expressed higher mRNA levels of TLR1, 
TLR4, TLR7, and CD14 than PDLF from controls, both before and after challenge 
with P. gingivalis (Fig. 1a,c,d,and e). TLR2 was expressed at similar levels in PDLF 
from patients and controls (Fig. 1b), as was TLR6 (data not shown).  
 Such differences did not occur in GF. Before and after P. gingivalis 
challenge, all receptors analysed were expressed at similar levels in GF from 
patients and controls (Fig. 2a-e).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. mRNA expression of receptors in PDLF 
(a), TLR2 (b), TLR4 (c), TLR7 (d), and CD14 (e) in PDLF from controls (n=8, white) and patients 
(n=12; grey ), before (squares; -) and after (circles; Pg) 6h challenge with viable P. gingivalis. Dots 
represent mean mRNA expression levels of each donor from experiments performed in 4-fold. 
Horizontal lines represent mean (TLR1, TLR7) or median (TLR2, TLR4, CD14) of groups. Stars indicate 
significant differences between control groups and patient group;  * p<0.05, ** p<0.01. 
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Figure 2. mRNA expression of receptors in GF 
TLR1 (a), TLR2 (b), TLR4 (c), TLR7 (d), and CD14 (e) in GF from controls (n=7, white) and patients 
(n=12; grey), before (squares; -) and after (circles; Pg) 6h challenge with viable P. gingivalis.  Dots 
represent the average mRNA expression levels of each donor from experiments performed in 4-fold. 
Horizontal lines represent mean (TLR1, TLR7) or median (TLR2, TLR4, CD14) of groups.  
 
Induction of TLR1, TLR2, and TLR7 by P. gingivalis is stronger in GF from patients 
In spite of the differences in receptor mRNA expression between PDLF from 
patients and controls, the actual responses of the receptors to P. gingivalis , 
expressed as induction (the fold increase in gene-expression in challenged cells 
compared to non-challenged cells) were the same in PDLF from patients and 
controls for TLR1 (2.7 vs. 2.8-fold; ns), TLR2 (1.9 vs. 1.8-fold; ns), TLR4 (1.9 vs. 2.1-
fold; ns), TLR7 (1.7 vs. 1.7-fold; ns) and CD14 (1.6 vs. 2.7-fold; ns) (Fig 3a). This was 
in line with total mRNA expression; as gene-expression of TLR1, TLR4, TLR7 and 
CD14 were already higher in PDLF from patients without a P. gingivalis challenge, 
this remained true also after challenge.  
 In GF, however, we found that the P. gingivalis challenge led to a stronger 
induction of TLR1 (3.6 vs. 1.8-fold; p<0.05), TLR2 (2.8 vs. 1.6-fold; p<0.05), and 
TLR7 (2.4 vs. 1.4-fold; p<0.05) in GF from patients than in GF from controls (Fig. 
3b). Induction of TLR4 and CD14 was similar in GF from patients and GF from 
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controls (2.4 vs. 1.4-fold and 1.8 vs. 1.4-fold respectively; ns, Fig. 3b). The 
differences in responses did however not lead to differences in total mRNA 
expression of TLR1, TLR2, and TLR7 after the P. gingivalis challenge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. PRR responses in PDLF and GF  
Induction of gene-expression in response to a 6h challenge with viable P. gingivalis (fold increase in 
gene-expression in challenged compared to non-challenged cells) of TLR1, TLR2, TLR4, TLR7, and 
CD14 in PDLF (a) and GF (b) from controls (white bars) and patients (grey bars). Bars represent the 
mean induction level + SD from all donors within a group from bacterial challenge assays performed 
in 4-fold; CD14 in PDLF (a) is represented as median + interquartile range (non-Gaussian distribution 
of data). Stars indicate significant differences between control group and patient group; * p<0.05. 

 
mRNA expression of NFKBIL1 is lower in PDLF from patients 
In PDLF and GF, NFKB mRNA expression was the same in fibroblasts from patients 
and controls before and after P. gingivalis challenge (data not shown). Also NFKB 
induction by P. gingivalis was the same in patients and controls (data not shown).  

When we analysed the induction of 84 genes involved in TLR-signalling in 
GF from one representative patient, using a PCR-array (SA Biosciences), the NFκB-
inhibitor-like protein NFκBIL-1 (NFKBIL1) appeared to be down-regulated by P. 
gingivalis (data not shown). Analysis of expression of this gene in GF and PDLF 
from all patients using specific primers in real-time PCR showed that it was not 
down-regulated in cells from all donors, but it did show that before a challenge 
with P. gingivalis, the mRNA expression NFKBIL1 was lower in PDLF from patients 
than in PDLF from controls (Fig. 4a). After P. gingivalis challenge, mRNA 
expression of NFKBIL1 still appeared lower in PDLF from patients, but this was no 
longer statistically significant (p=0.0664) (Fig. 4a).  
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In GF, there were no differences between patients and controls for 
NFKBIL1 mRNA expression, nor for induction (Fig. 4b and data not shown). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. mRNA expression of NFKBIL1 
mRNA expression levels of NFKBIL1 in PDLF (a) from controls (n=8, white symbols) and 
patients (n=12; grey symbols), and GF (b) from controls (n=7; white symbols) and patients 
(n=12; grey symbols), before (squares; -) and after (circles; Pg) a 6h challenge with viable 
P. gingivalis. Squares/circles represent the mean mRNA expression levels of each donor 
from bacterial challenge experiments performed in 4-fold. Star indicates significant 
difference between control group and patient group; * p<0.05. # p= 0.0664. 
 
 
Induction of pro-inflammatory cytokines by P. gingivalis is not different 
between patients and controls in both PDLF and GF 
A challenge with viable P. gingivalis led to induction of IL1B, IL6, IL8, TNF, CCL5 
and CCL2 in both PDLF and GF from all donors (Table 3). However, these 
responses were not different between patients and controls, neither in PDLF nor 
in GF.  

Considerable donor heterogeneity existed in the scale of the responses in 
both PDLF and GF, as can be seen in the wide range of responses (Table 3).  For 
IL1B and TNF a fold increase in gene-expression could not be calculated for all 
donors, as in some donors mRNA expression was only detectable after the P. 
gingivalis challenge and not before. 

Cytokine mRNA expression, before or after P. gingivalis challenge, was 
also not different between patients and controls in both PDLF and GF (data not 
shown). 
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Table 3. Induction of gene-expression (fold increase in challenged compared to non-challenged cells) 
of pro-inflammatory cytokines and chemokines, by P. gingivalis. 

Gene:                                                  PDLF                                                   GF                                                                                    
                                       Controls             Patients             Controls             Patients 
                                    (n=8)                   (n=12)                (n=7)                   (n=12) 
IL1B  (mean ± SD) 
           (range) 
 
IL6 
 
 
IL8 
 
 
TNFA 
 
 
CCL2 (MCP-1) 
 
 
CCL5 (RANTES) 

61 ± 91 
(8 – 244) 
 
9 ± 7 
(1 – 21) 
 
80 ± 79 
(2 – 212) 
 
23 ± 22 
(0 – 58) 
 
4 ± 4 
(1 – 11) 
 
12 ± 18 
(1 – 50) 

27 ± 44 ns 
(1-125) 
 
5 ± 4 ns 
(1 – 11) 
 
49 ± 68 ns 
(1-211) 
 
20 ± 22 ns 
(0 – 58) 
 
6 ± 7 ns 
(1 – 27) 
 
7 ± 16 ns 
(0 – 57) 

293 ± 433 
(2 – 953) 
 
25 ± 35 
(2 – 93) 
 
59 ± 69 
(5 – 200) 
 
25 ± 28 
(1 – 61) 
 
13 ± 19 
(2 – 53) 
 
7 ± 8 
(1 – 23) 

132 ± 228 ns 
(2 – 677) 
 
21 ± 21 ns 
(2 – 71) 
 
93 ± 80 ns 
(6 – 232) 
 
33 ± 45 ns 
(1 – 143) 
 
26 ± 39 ns 
(2 – 140) 
 
9 ± 9 ns 
(1 – 31) 

ns no significant difference between patient and control group. 

 
PDLF from P. gingivalis-carriers respond more strongly to P. gingivalis  
When grouping donors not into periodontitis patients and controls, but rather 
into P. gingivalis-carriers (donors in which P. gingivalis was detected by anaerobic 
culture in subgingival plaque) and non-carriers (donors who had no detectable P. 
gingivalis in subgingival plaque), interesting differences were noted between the 
PDLF from these two groups.  

At the receptor level, TLR1 was induced more strongly by P. gingivalis in 
PDLF from carriers than in PDLF from non-carriers (3.3 vs. 2.4-fold; p<0.05, Fig. 
5a). TLR7 appeared to be induced more strongly in carriers, but this was not 
statistically significant (2.0 vs. 1.6-fold, p=0.0861) (Fig. 5a).  

At the transcription factor level, NFκB1 was induced more strongly by P. 
gingivalis in PDLF from carriers, compared to non-carriers (2.7 vs. 1.4-fold, p<0.05, 
Fig. 5b). 

 The cytokine IL1B and chemokine CCL5 were also induced more strongly 
by P. gingivalis in PDLF from carriers compared to non-carriers (88.9 vs. 11.9-fold; 
p<0.05, and 19.3 vs. 3.3-fold; p<0.01 respectively) (Fig. 5c). CCL2 appeared to be 
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induced more strongly by P. gingivalis in PDLF from carriers, but this was not 
statistically significant (9.4 vs. 2.4-fold, p=0.0781) (Fig. 5c).  

Interestingly, this difference between P. gingivalis-positive and P. 
gingivalis-negative donors was not present in GF. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Receptor, NF-κB and cytokine responses in PDLF from carriers and non-carriers 
Induction of gene-expression in response to a 6h challenge with viable P. gingivalis (fold increase in 
gene-expression in challenged compared to non-challenged cells) of TLR1 and TLR7 (a), NFKB (b), 
and IL1B, CCL5 and CCL2 (c) in PDLF from persons who did not carry P. gingivalis (white bars; nonc.), 
and carriers of P. gingivalis (grey bars; car.). Bars represent the mean induction level + SD (Gaussian 
distribution of data; TLR1, TLR7, CCL2) or median + interquartile range (non-Gaussian distribution of 
data; NFKB1, IL-1B, CCL5) from all donors within a group from bacterial challenge assays performed 
in 4-fold. Stars indicate significant differences between non-carrier group and carrier group; * 
p<0.05, **p<0.01. # indicate p=0.0860 for TLR7 (a) and p=0.0781 for CCL2 (c).     
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Discussion 
In the present study we hypothesized that, since the host response is important in 
the development of periodontitis, periodontal fibroblasts respond differently to a 
bacterial challenge in periodontitis patients or healthy controls. Therefore, we 
challenged primary periodontal ligament fibroblasts (PDLF) and gingival 
fibroblasts (GF) from patients and healthy controls with viable P. gingivalis.  
 Mainly the PDLF from periodontitis patients appeared to be in a more 
inflammatory state, compared to PDLF from controls; whether challenged or non-
challenged, patients’ PDLF had higher mRNA expression of TLR1, TLR4, TLR7, and 
CD14. This could mean that they are more prone to recognise, and respond to, P. 
gingivalis. In GF, mRNA expression of TLR1, TLR2, TLR4, TLR7 and CD14 was similar 
in patients and controls. However, in patient’s GF, a P. gingivalis challenge led to a 
stronger induction of TLR1, TLR2 and TLR7, suggesting a higher responsiveness of 
patient’s GF towards P. gingivalis at the receptor level.  
 In particular TLR2, but also TLR4, are the TLRs frequently described to 
recognize and interact with P. gingivalis17, 18, 20, 22-24, 39. TLR2 can form heterodimers 
with TLR1 or with TLR619, 21.  

In our study, TLR4 mRNA expression was higher by patients’ PDLF. In 
contrast, TLR2 induction in response to P. gingivalis was higher in GF, indicating 
that GF and PDLF interact differently with P. gingivalis or its components at the 
receptor level. Furthermore, TLR1 was expressed higher in patient’s PDLF and was 
induced more strongly by P. gingivalis in patient’s GF. Since the TLR2/TLR1 
complex is important for recognition of P. gingivalis19, this suggests a stronger 
susceptibility to P. gingivalis of patients’ GF and PDLF.  

 
In PDLF, but not GF, from patients, mRNA expression of NFKBIL1 before 

bacterial challenge was lower compared to controls. Also after challenge, it 
appeared to be lower. NFκBIL-1 (or IκBL) is a protein homologous to the IκB 
protein family that regulates activation of NFκB. Polymorphisms in the NFKBIL1 
gene have been linked to inflammatory diseases like ulcerative colitis, rheumatoid 
arthritis, or Chagas’ cardiomyopathy40-42. Although the exact function of NFκBIL-1 
has not yet been determined, it is considered a putative inhibitor of NFκB43, 44. A 
lower expression of this inhibitor could therefore mean that NFκB is more easily 
activated in patients’ PDLF.   

In spite of the differences  between patients and controls at receptor and 
transcription factor level, cytokine responses in PDLF or GF from patients and 
controls were the same. This could be due to the relatively short duration of the 
bacterial challenge, being 6 hours, as it may take more time for differences in 
cytokine responses to become detectable. However, since P. gingivalis would die 
during longer challenges due to the aerobic environment, we chose for 6 hours. 
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The very large heterogeneity in the scale of cytokine responses between 
individuals within both the patient and the control group, may also make it more 
difficult to locate differences at the cytokine-level. We have previously shown that 
cytokine responses to viable P. gingivalis by PDLF and GF from young healthy 
donors (mean age 22.5 yrs) also vary greatly13.  
 Still, it appears that fibroblasts from patients are at a more activated state 
than fibroblasts from healthy controls. This might be caused by genetic, intrinsic 
properties of patients’ PDLF and GF, but also by the inflammatory state of the 
periodontal tissue from patients. It has been previously shown that GF and PDLF 
can stably retain their phenotypes in vitro45. Recently, it was described that PDLF 
isolated from periodontally affected sites retained their inflammatory phenotype 
in vitro, and behaved differently compared to PDLF isolated from healthy sites46.   
  

Interestingly, PDLF from individuals who harboured P. gingivalis in their 
subgingival plaque, responded more strongly to the in vitro challenge with P. 
gingivalis, than PDLF from individuals that did not carry P. gingivalis. Thus, these 
PDLF might have retained a more inflammatory phenotype in vitro, caused by a 
prior (recent) in vivo encounter with P. gingivalis. This may have rendered the 
PDLF more responsive to a new (in vitro) challenge.  

In contrast to the PDLF, we found no such increased responsiveness for P. 
gingivalis in GF; all gene-expression responses were similar in GF from P. gingivalis 
carriers and GF from non-carriers. In line with this finding is a study by Ara and co-
workers, who showed that pre-treating GF with P. gingivalis LPS did not effect 
their response to a second treatment6.  

The mechanism by which PDLF, but not GF, seem to “remember” P. 
gingivalis remains to be elucidated and is an interesting topic for further research. 
We speculate that for PDLF or GF to interact with P. gingivalis, possibly different 
TLRs and subsequent downstream signalling pathways, are of importance. For 
instance, TLR2 and TLR4 can both induce inflammatory cytokines through adaptor 
molecule MyD88. Still, TLR4, but not TLR2, can also signal via adaptor molecule 
TRAM and thereby induce different sets of genes16. Possibly, negative regulators 
of TLR signalling may play a role; lower expression or activation of such regulators 
in PDLF may allow for increasing responsiveness to P. gingivalis, whereas higher 
expression or activation in GF might prevent inflammatory responses to become 
stronger.  

GF and PDLF have been shown previously to differ in various aspects, and 
it is long known that heterogeneous subsets of fibroblasts can play distinct roles in 
inflammation45.  

Since, because of their location in the periodontium, GF are more likely to 
encounter P. gingivalis, they can contribute to a first line of defence by providing 
signals to attract an infiltrate of inflammatory cells. A higher responsiveness of 
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patient’s GF may then lead to a more vigorous innate immune response. 
Furthermore, as their responsiveness towards P. gingivalis is not influenced by a 
prior encounter, they may continuously provide inflammatory signals. 
  PDLF are located closer to the alveolar bone and appear to play a role in 
its remodelling9-11. When infection spreads to the PDL, a higher responsiveness of 
patient’s PDLF may have more explicit consequences for osteoclast formation. 
Moreover, since responsiveness of PDLF towards P. gingivalis seems to increase 
after a prior encounter, this could mean that their inflammatory responses 
increase in strength during bacterial presence. This may lead to better bacterial 
clearance, but also to more tissue damage.   
 In conclusion, we found that PDLF and GF, either from periodontitis 
patients or from healthy controls, respond differently to a challenge with P. 
gingivalis. Moreover, particularly the PDLF, and to a lesser extent GF, from 
patients seem to be in a more activated state at the receptor level, than 
fibroblasts from healthy controls. In addition, PDLF from P. gingivalis-carriers are 
more responsive towards an in vitro challenge with P. gingivalis, than PDLF from 
non-carriers. Thus, GF and PDLF may play different roles in periodontitis, and they 
may be hyper-reactive in periodontitis patients. 
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Abstract 
 
Background and objective: Periodontitis is a bacterial infection of the periodontal 
tissues. The Gram-negative anaerobic bacterium Porphyromonas gingivalis is 
considered a major causative agent. One of the virulence factors of P. gingivalis is 
capsular polysaccharide (CPS). Non-encapsulated strains have been shown to be 
less virulent in mouse models than encapsulated strains. 
 
Methods: To examine the role of the CPS in host-pathogen interactions we 
constructed an insertional isogenic P. gingivalis knockout in the epimerase-coding 
gene epsC that is located at the end of the CPS biosynthesis locus. This mutant 
was subsequently shown to be non-encapsulated. K1 capsule biosynthesis could 
be restored by in trans expression of an intact epsC gene.  
 
Results: We used the epsC mutant, the W83 wild type strain and the 
complemented mutant to challenge human gingival fibroblasts to examine the 
immune response by quantification of IL-1β, IL-6 and IL-8 transcription levels. For 
each of the cytokines significantly higher expression levels were found when 
fibroblasts were challenged with the epsC mutant compared to those challenged 
with the W83 wild type, ranging from two times higher for IL-1β to five times 
higher for IL-8. 
 
Conclusions: These experiments provide the first evidence that P. gingivalis CPS 
acts as an interface between the pathogen and the host that may reduce the 
host's pro-inflammatory immune response. The higher virulence of encapsulated 
strains may be caused by this phenomenon which enables the bacteria to evade 
the immune system. 
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Introduction 
Porphyromonas gingivalis is a major pathogen in destructive periodontal diseases 
including chronic and aggressive periodontitis that are characterized by 
breakdown of the tooth-supporting tissues1-3. P. gingivalis is a black pigmented, 
often encapsulated, strict anaerobic, Gram negative coccobacillus that occurs in 
the human oral cavity. 

Among the variety of virulence factors that have been described for P. 
gingivalis, capsular polysaccharide (CPS) has shown to be a major factor in 
experimental infections. Studies in a mouse infection model have revealed that 
encapsulated P. gingivalis strains are more virulent than non-encapsulated 
strains4-7. Non-encapsulated strains mostly cause non-invasive, localized abscesses 
whereas encapsulated strains cause invasive, spreading phlegmonous infections 
after subcutaneous inoculation of experimental animals. 

 
Six distinct capsular serotypes have currently been described (K1-K6)8, 9 

and a seventh serotype (K7) has been suggested by R. E. Schifferle (personal 
communication). Small differences in virulence have been found between 
capsular serotypes and strong variation in virulence has been described between 
strains of the same capsular serotype10.  

CPS of all serotypes has been tested for induction of immunological 
responses in macrophages and it has been revealed that the CPS of K1 serotype 
strains induces higher chemokine expression in murine peritoneal macrophages 
than the other serotypes11. These data suggest that the K1 CPS plays an important 
role in host-pathogen interaction. The chemical composition of the K1 CPS has 
been studied to a limited extent. It has been reported that the CPS of K1 (strain 
W50) comprises of mannuronic acid (ManA), glucuronic acid (GlcA), galacturonic 
acid (GalA), galactose and N-acetylglucosamine (GlcNAc), but the CPS structure 
has not been solved12. 

Although CPS is a major structure at the interface between the bacterial 
cell and the host, the exact role of P. gingivalis CPS is not yet clear. Adhesion to 
epithelial cells has been shown to be higher for non-encapsulated P. gingivalis and 
the level and mechanism of co-aggregation has been shown to be CPS 
dependent5, 13, 14. In many pathogens CPS has been found to be involved in evasion 
of the host immune system by circumvention of phagocytosis, opsonization and 
complement killing15-17. 

The aim of this study was to investigate in vitro differences in host 
response during infection with a wild type and an isogenic non-encapsulated 
mutant of a naturally encapsulated strain. The well-studied K1 serotype W83 
strain was used as the wild type strain since its CPS biosynthesis locus has been 
described18, 19. An insertional mutation in PG0120 (epsC) was constructed, which 
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yielded a non-encapsulated strain. The gene has been annotated as a UDP-GlcNAc 
2-epimerase. 

This epsC mutant is tested in a fibroblast infection model20 since 
fibroblasts are the most abundant stromal cells in soft connective tissue of the 
gingiva21 and among the first cells encountering periodontal infections by 
anaerobic bacteria like P. gingivalis. And above all, fibroblasts have been shown to 
be involved in the immune response in periodontitis22, 23. Human gingival 
fibroblasts were infected with W83 and the epsC mutant and transcription of IL-
1B, I-6 and I-8 was determined as host response parameters.  

This study provides the first direct evidence that P. gingivalis  CPS reduces 
the host immune response, thereby potentially enabling evasion of the immune 
system to sustain successful long-term infection. 
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Materials and methods  
 
Bacterial maintenance 
P. gingivalis strains were grown either on 5% horse blood agar plates (Oxoid no. 2, 
Basingstoke, UK) supplemented with hemin (5 μg/ml) and menadione (1 μg/ml) 
(BA+H/M plates) or BHI+H/M, both, at 37°C in an anaerobic atmosphere of 80% 
N2, 10% H2, and 10% CO2. Mutants were selected in the presence of 5 μg/ml 
erythromycin.  

Complemented mutants were selected in the presence of 50 μg/ml 
gentamycin and 1 μg/ml tetracycline. Purity of P. gingivalis liquid and plate-grown 
cultures was routinely checked by gram staining and microscopic examination. 

Escherichia coli DH5α was used for maintenance and construction of 
plasmids. DH5α was cultured in Luria-Bertani (LB) broth or on solid medium (LB 
broth with addition of 1.5% agar). Ampicillin (Na+ salt; 100 μg/ml) was added to 
the growth media to select for pUC-derived plasmids. E. coli S17-1 grown on LB 
supplemented with 5 μg/ml tetracycline carrying the complementation construct 
pT-PG0120 was used for conjugation with P. gingivalis. 
 
Human gingival fibroblasts 
The gingival fibroblasts (HGF1 and HGF2) used in this study were collected from 
extracted third molars of two periodontally healthy donors with a high pro-
inflammatory immunological response when challenged with P. gingivalis20. 
Donors had given written informed consent, and the study was approved by the 
VUmc Medical Ethical committee. 
 
Genomic DNA isolation from P. gingivalis 
Genomic DNA from P. gingivalis strains was isolated from plate-grown bacteria 
using the DNeasy tissue kit (Qiagen Benelux BV). The DNA concentration of all 
samples after purification was between 20 ng/μl and 60 ng/μl. 
 
Generation of an insertional knockout construct for epsC 
To make an insertional knockout of epsC in the W83 wild type strain we 
constructed plasmid pΔEpsC. Primers epsC BamHI-F and epsC EcoRI-R (see 
table 1 for details) were used to amplify the 1.2 Kb epsC gene from P. 
gingivalis W83 genomic DNA in a PCR reaction. Pfu polymerase (Fermentas, 
GmbH, St. Leon-Rot, Germany) was used according to the manufacturer's protocol 
with 100 ng of genomic DNA.  

The PCR program started with 95°C for 5 min and then 25 cycles of 95°C, 
55°C and 72°C for 30 s, 30 s and 2.5 min respectively and was ended by one step 
of 72°C for 5 min. The amplified fragment was cleaned using the Qiagen PCR 
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purification kit (Qiagen Benelux B.V.) and restricted with BamHI and EcoRI. This 
restricted epsC gene fragment was ligated into BamHI-EcoRI restricted pGEX-6p-3 
plasmid to yield pGEX-PG0120. 

The 1.2 Kb EryF erythromycin resistance cassettes for use in P. 
gingivalis was amplified from plasmid pEP4351 using primers EryF ClaI F and EryF 
ClaI R and after restriction with ClaI this fragment was ligated into the ClaI-
restricted pGEX-PG0120 plasmid yielding pΔEpsC. The ScaI-linearized pΔEpsC 
plasmid was used for insertional inactivation of epsC in P. gingivalis strain W83. 
 
Complementation of the epsC mutant 
The 120 bp artificial constitutive CP25 promoter24 was amplified from plasmid 
pDM1525 using primers CP25 ClaI F and CP25 AscI R. The intact epsC 1.2 Kb gene 
was amplified from genomic DNA of P. gingivalis strain W83 using primers epsC 
AscI F and epsC SpeI R. After ligation of these fragments into cloning vector 
pJET1.2 (Fermentas, GmbH, St. Leon-Rot, Germany) the constructed expression 
cassette was cut out with XhoI and HindIII and ligated into the SalI and HindIII 
digested pT-COW shuttle plasmid26 to yield the complementation construct pT-
PG0120. 
 
Transformation of P. gingivalis 
BHI+H/M was inoculated with P. gingivalis W83 from a 6-day-old blood agar plate. 
This pre-culture was incubated anaerobically at 37°C for 2 days. 2 ml of the pre-
culture was used to inoculate a 100 ml culture. The next day this culture was used 
to inoculate 2 × 100 ml of fresh BHI+H/M to an OD690 of 0.2. After six hours of 
anaerobic incubation at 37°C the cells were harvested by centrifugation in mid-
exponential phase. The pellet was washed two times in 20 ml EPB (10% glycerol, 1 
mM MgCl2) and after that resuspended in 2 ml of EPB. Aliquots of 200 μl were 
stored at -80°C and used for electroporation. 

200 ng of PstI digested pΔEpsC was added to 200 μl of W83 P. 
gingivalis cells. The mixture was transferred to a 2 mm electroporation cuvette 
and electroporated using an Electro Cell Manipulator 600 (BTX Instrument 
Division, Holliston, MA, USA; 25 μF, 2.5 kV, 186 Ω). 1 ml of BHI+H/M was added 
immediately after the pulse. The cells were left for recovery anaerobically at 37°C 
for 18 hours. The suspension was plated on BA+H/M plates with 5 μg/ml 
erythromycin for selection of the transformants. The authenticity of the 
insertional knockout epsC mutants was verified using primer combinations epsC 
BamHI F × PG0119 R and EryF ClaI F × epsC EcoRI R.  

Furthermore, using Real-Time PCR, the expression of the downstream 
gene hup-1in both W83 and the epsC mutant was monitored using primers hup-1 
F and hup-1 R to exclude polar effects. W83 and the epsC mutant were grown till 
early exponential phase. The cell pellets were collected by centrifugation and 
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resuspended in RLT buffer (Qiagen, Benelux B. V.). The cells were disrupted using 
a Fast Prep Cell Disrupter (Bio 101, Thermo electron corporation, Milford, USA) 
and centrifuged, the total RNA was extracted from the supernatant according to 
the manufacturer's protocol of Qiagen RNeasy® mini kit (Qiagen Benelux B.V.). The 
residual contaminating genomic DNA was removed by Turbo DNA-free™ kit 
(Ambion, Austin, USA). mRNA was then reverse transcribed using the Fermentas 
first-strand cDNA synthesis kit (Fermentas GmbH, St. Leon-Rot, Germany) 
according to the manufacturer's protocol. 

The synthesized cDNA was further analyzed using Real-Time PCR with 
gene-specific primers on an ABI Prism 7000 Sequence Detecting System (Applied 
Biosystems, Nieuwerkerk a/d lJssel, The Netherlands). Gene-expression was 
normalized to the expression of glucokinase (glk), amplified with primers glk F and 
glk R27. The relative hup-1 expression levels of W83 from three independent 
experiments were compared in duplicate to those of the epsC mutant. 
 
Conjugation of P. gingivalis 
To complement the epsC mutant, plasmid pT-PG0120 was transferred into the 
mutant by conjugation following a protocol described earlier28, with slight 
modifications. For selection of P. gingivalis after the over-night conjugation we 
used 50 μg/ml of gentamycin in our blood agar plates instead of 150 μg/ml. 
Integrity of the trans-conjugants was confirmed by colony PCR and plasmid 
isolation combined with restriction analysis using a plasmid isolation kit (Qiagen 
Benelux B.V.). 
 
Percoll density gradient centrifugation 
Percoll density gradients were in principle prepared as described by Patrick and 
Reid29. In short, a 9:1 stock solution of Percoll (Pharmacia, Biotech AB, Uppsala, 
Sweden) was prepared with 1.5 M NaCl. Solutions containing 80, 70, 60, 50, 40, 
30, 20 and 10% Percoll in 0.15 NaCl were prepared from the stock. In an open top 
14 ml polycarbonate tube (Kontron instruments, Milan, Italy) 1.5 ml of each of the 
solutions was carefully layered on top of the previous starting with 80%. 1 ml of 
an anaerobically grown over night culture of wild type and the epsC mutant 
concentrated to an OD690 of 4 in PBS was added to the top of the 10% layer and 
centrifuged for one hour at 8000 × g at 20°C in a Centrikon TST 41.14 rotor 
(Kontron instruments, Milan, Italy) using a Centrikon T-1170 (Kontron 
instruments, Milan, Italy) centrifuge. 
 
Hydrophobicty of P. gingivalis 
W83, the epsC mutant and the complemented mutant were grown 18 hours in 
BHI+H/M. The bacteria were washed twice in PBS after which the OD600 was set to 
0.5. After addition of 150 μl n-hexadecane to 3 ml of this suspension the mix was 



66 Chapter 4 – The capsule of P. gingivalis reduces the immune response of human gingival  
                                                                                                                                                              fibroblasts 

vortexed 30 seconds, rested for 5 seconds and vortexed for 25 seconds. After 
exactly 10 minutes incubation at room temperature a sample was taken to 
measure the OD600 of the aqueous phase. The percentage of bacteria adhered to 
hexadecane was calculated by the formula: (OD600 before-
OD600 after)/OD600 before × 100%. The presented data in Additional figure 1 were 
collected from two experiments using triplicate measurements. 
 
P. gingivalis serotyping 
Serotyping of P. gingivalis was based on the detection of the six described K-
antigens8, 9. In short, serotype-specific, polyclonal antisera were obtained after 
immunization of rabbits with whole bacterial cells of the six P. gingivalis type 
strains30. Bacterial antigens for double immunodiffusion tests were prepared as 
described previously8. Immunodiffusion was carried out in 1% agarose (Sigma 
Chemical Co., St. Louis, MO, type 1, low EEO) in 50 mM Tris-HCl buffer (pH 8.6). 10 
μl antiserum and 10 μl of antigen were loaded and allowed to diffuse and 
precipitate for 48 hours at room temperature. 
 
India ink negative staining 
P. gingivalis cells were taken from 4 day-old plates and resuspended in 1 ml of 
PBS. On a glass slide 10 μl of this suspension was mixed with 10 μl of India ink 
(Talens, Apeldoorn, The Netherlands) and using another glass slide a thin film was 
made. The film was air-dried. A drop of 0.2% fuchsine was carefully added onto 
the film and removed after 2 minutes by decanting. Then the film was air-dried. 
Pictures were taken with a Leica DC500 camera on a Zeiss Axioskop using phase-
contrast. 
 
Growth curve 
Pre-cultures of W83 and the epsC mutant were grown anaerobically for 18 hours 
in BHI+H/M at 37°C. The pre-cultures were diluted to an OD690 of 0.05 in 
duplicate in fresh BHI+H/M and incubated anaerobically at 37°C. Every few hours 
the OD690 was measured and a sample was taken for cfu-counts. 
 
Sedimentation of P. gingivalis 
W83 and the epsC mutant were grown anaerobically for 18 hours in BHI+H/M at 
37°C. After 3 wash steps in phosphate buffered saline (PBS) the OD690 was 
standardized to 5 in DMEM with 10% FCS. 10 ml of this culture was added to 40 
ml DMEM with 10% FCS in a 100 ml flask to set the OD690 to 1. The cultures were 
incubated standing still at 37°C for six hours. At regular time intervals, a 200 μl 
sample was taken 0.5 cm from the liquid surface and the decrease of the 
OD690values was determined as a measure for sedimentation. 
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Survival of P. gingivalis 
W83, the epsC mutant and the complemented mutant were grown anaerobically 
for 18 hours in BHI+H/M at 37°C. After 2 wash steps in phosphate buffered saline 
(PBS) the pellets were resuspended in DMEM with 10% FCS to an OD690 of 0.05 as 
used in fibroblast infections at MOI 10.000:1. 500 μl of these suspensions was 
incubated at 37°C in a humidified atmosphere of 5% CO2 in air. Samples for cfu-
counts were taken at t = 0 hours, t = 3 hours and t = 6 hours and dilutions were 
plated on BA+H/M plates. 
 
Infection of gingival fibroblasts with P. gingivalis 
Bacteria were grown overnight for 18 hours in BHI+H/M. The bacterial cells were 
washed three times in PBS and then used to infect gingival fibroblasts at MOIs of 
1000:1 and 10.000:1 (bacteria cells: fibroblasts) in a total volume of 500 μl DMEM 
with 10% FCS in 24-well plates. The plates were incubated for 6 hours at 37°C in a 
humidified atmosphere of 5% CO2 in air. The cells were washed twice with cold 
PBS. Then 350 μl lysis buffer (1% β-mercapthanol in RLT buffer) was added to the 
cells according to the protocol of Qiagen RNeasy® mini kit (Qiagen Benelux B.V.) 
after which the plate was stored at -80°C for later use. 
 
RNA isolation and reverse transcription 
mRNA was isolated from the gingival fibroblast lysates according to the 
manufacturer's protocol of Qiagen RNeasy® mini kit (Qiagen Benelux B.V.). The 
mRNA concentrations of the samples were determined using the Nanodrop 
ND_1000 (Isogen Life Science). mRNA was reverse transcribed using the 
Fermentas first-strand cDNA synthesis kit (Fermentas GmbH, St. Leon-Rot, 
Germany) according to the manufacturer's protocol. 
 
Real-Time PCR 
cDNA synthesized from mRNA isolated from gingival fibroblasts after infection 
with . gingivalis was analyzed in quadruple using Real-Time PCR with gene-specific 
primers on a ABI Prism 7000 Sequence Detecting System (Applied Biosystems, 
Nieuwerkerk a/d lJssel, The Netherlands). Reactions were performed with 2 ng 
cDNA in a total volume of 8 μl containing SYBR Green PCR Master Mix (Applied 
Biosystems) and 0.99 pM of each primer. After activation of the AmpliTaq Gold 
DNA polymerase for 10 minutes at 94°C, 40 cycles were run of a two step PCR 
consisting of a denaturation step at 95°C for 30 seconds and annealing and 
extension step at 60°C for 1 minute. Predicted product sizes were in the 100-200 
bp range. Subsequently the PCR products were subjected to melting curve 
analysis to test if any unspecific PCR products were generated. The PCR reactions 
of the different amplicons had equal efficiencies. Samples were normalized for the 
expression of housekeeping gene GAPDH, which is not affected by the 
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experimental conditions, by calculating the Δ Ct (Ct housekeeping gene - Ct gene of interest) 
and expression of the different genes is expressed as 2-(ΔCt). Fold increase in gene-
expression (induction) was expressed by 2 -(ΔΔCt), wherein ΔΔCt = ΔCtchallenged- 
average Ct-value non-challenged. 
 
Statistical analysis 
Differences in gene induction between multiple groups were tested by one-way 
analysis of variance (ANOVA) and Bonferroni's Multiple Comparison Test. Tests 
were performed with GraphPad Prism version 4.00 for Windows, GraphPad 
Software, San Diego California USA.  
Differences were considered significant at p < 0.01. 
 
 
Table 1. Primers used in this study 

 Gene/ name                                                           primer sequences 
                                                          5’-3’ Fw                                                5’-3’ Rv 
 
epsC BamHI F 
 
epsC EcoRI R 
 
epsC AscI F 
 
 
epsC SpeI 
 
 
eryF ClaI F/R 
 
CP25 ClaI F 
 
CP25 AscI R 
 
 
IL-1β F/R 
 
IL-6 F/R 
 
IL-8 F/R 
 
hup-1 F/R 
 
glk F/R 

 
ATATAGGATCCATGAAAAAAGTGATGTTG
GTC 
 
 
GAATATAGGCGCGCCATGAAAAAAGTGAT
GTTGGTC 
 
 
 
 
CCACCATCGATCGATAGCTTCCGCTATTGC 
 
GCCATATCGATGCATGCGGATCCCATTATG 
 
 
 
 
CTTTGAAGCTGATGGCCCTAAA 
 
GGCACTGGCAGAAAACAACC 
 
GGCAGCCTTCCTGATTTCTG 
 
GAAAAGGCCAACCTCACAAA 
 
ATGAATCCGATCCGCCACCAC 

 
 
 
CTATGAATTCATCTTCGGCTAAATGCATCG 
 
 
 
 
CTATACTAGTATCTTCGGCTAAATGCATCG 
 
 
CCACCATCGATGTTTCCGCTCCATCGCCAA
TTTGC 
 
 
 
CCTTTAGGCGCGCCCTTAATTTCTCCTC 
 
 
AGTGGTGGTCGGAGATTCGT 
 
GGCAAGTCTCCTCATTGAATCC 
 
CTGACATCTAAGTTCTTTAGCACTCCTT 
 
TCCGATGAGAGCGATTTTCT 
 
GCCTCCCATCCCAAAGCACT 
 

In bold: restriction sites used in this study. 
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Results 
 
EpsC mutant construction 
After transformation of the linearized plasmid pΔEpsC to P. gingivalis W83 
the epsCinsertional mutation was confirmed by specific PCR amplifications and 
agarose gel electrophoresis of the products (data not shown). Primer 
combinations epsC BamHI F × PG0119 R and EryF F × epsC EcoRI R (Table 1) 
ensured that a 1.2 Kb fragment of pΔEpsC had been integrated by double 
crossover at PG0120 (epsC) as expected, replacing the intact copy with the 
insertionally inactivated copy (Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of the knockout strategy to construct the epsC insertional 
mutation in W83  
a: The genetic arrangement of the 3'-end of the CPS locus in the W83 wild type strain with the grey 
rectangles representing the genes present.  
b. Construct pΔepsC for insertional inactivation of epsC. The 1.2 Kb epsC was inserted into BamHI-
EcoRI digested pGEX-6-p3(oval) and interrupted by insertion of a 1.2 Kb EryF (shaded rectangle) in 
the single ClaI restriction site present. The dashed lines between A and B show the homologous 
crossover regions between the plasmid and W83 CPS locus.  
c: The final arrangement of the 3'-end of the P. gingivalis CPS locus after double crossover showing 
the insertional inactivation of epsC. Arrows represent the primers used to confirm the integrity of 
the epsC mutant. 
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To examine if the mutation had an influence on the growth characteristics of the 
epsC mutant both W83 and the epsC mutant were grown in brain heart infusion 
broth supplemented with hemin (5 μg/ml) and menadione (1 μg/ml) (BHI+H/M). 
Phase-contrast microscopy revealed that the mutant grows in aggregates, but no 
difference in growth rate was observed. 
 
EpsC mutant characterization 
The potential polar effect of the insertional inactivation on the downstream gene 
of epsC, named hup-1, was examined. Total RNA was extracted from W83 and the 
epsC mutant in the early exponential phase and the hup-1 expression levels were 
evaluated by Real-Time PCR. No significant difference in expression of hup-1 was 
found between W83 and the epsC mutant (data not shown). 
To show the effect of capsule-loss on the surface structure of P. gingivalis, the 
hydrophobicity of the epsC mutant was tested by the capacity to adhere to 
hexadecane. While 3% of W83 cells adhered to hexadecane, more than 60% of 
the epsC mutant cells adhered to hexadecane. 19% of the complemented mutant 
cells adhered to hexadecane (data not shown). 
Reactivity with the CPS-specific polyclonal rabbit antisera against P. gingivalis 
serotypes K1-K68, 9 was examined for W83 and the epsC mutant. The epsC mutant 
was not recognized by any of the antisera, including the K1 antiserum, whereas 
the wild type strain was recognized only by the K1 antiserum (Fig. 2). Differences 
in CPS characteristics were also studied by Percoll density gradient centrifugation, 
which can reveal density differences between encapsulated and non-
encapsulated  bacteroides strains29. Percoll density gradient centrifugation 
analyses of W83 and the epsC mutant showed that the density of the mutant had 
been changed (Fig. 3). Where W83 mostly settled at the 20-30% interface, 
the epsC mutant settled at the 50-60% interface. Note that the appearance of 
W83 is diffuse and not restricted to the 20-30% interface. The mutant settles as a 
compact and granulous layer. 
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Figure 2. Double immuno-
diffusion of autoclaved 
supernatants 
of P.gingivalis strains. Samples of 
W83, the epsC mutant and the 
complemented mutant were 
tested against the K1-specific 
antiserum (central well). Note 
that the white precipitate 
indicating recognition of CPS with 
the antiserum is absent in case of 
the epsC mutant, whereas the 
intact epsC copy restores the 
wild-type K1 antiserum 
recognition in the complemented 
mutant. 

 
 

 
 

Figure 2. Percoll density gradient centrifugation 
of W83 and epsC mutant 
1 ml of a OD690 = 4 suspension of overnight-
grown P. gingivalis was layered on top of a 
stepwise Percoll gradient (10-80%) and 
centrifuged at 8000 × g for one hour. The 
gradient is visualized using fuchsine-stained 
layers in the marker (M).W83 reproducibly 
settles in the interfaces of 10-20%, 20-30% and 
30-40% where most of the bacterial material is 
found in the 20-30% interface. The epsC mutant 
settles as a distinct, granulous band at the 50-
60% interface. 

 
 
To conclusively examine the absence of CPS in the epsC mutant, light microscopy 
was performed using India ink in combination with fuchsine staining (Fig. 4). The 
negative India ink staining allows for direct visualization of the capsule, appearing 
as a light halo surrounding the P. gingivalis cell. Fuchsine is used to stain the cell 
body. The white halos around the W83 wild type strain are clearly visible in the 
phase contrast microscopic picture, whereas halos are absent around 
the epsC mutant. The intact epsC gene in trans under control of the CP25 
promoter rescues the wild-type phenotype enabling the complemented mutant to 
produce a K1 capsule again (Fig. 2, 4). 
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Figure 4. Negative capsule staining of fuchsine-
stained P. gingivalis cells with India Ink.  
Phase contrast microscopic picture at a 1000× 
magnification of an India ink preparation which 
reveals the capsule as a white halo (arrow). The 
inset shows an extra six times magnification. 
a:  W83 wild type strain,  
b: epsC mutant  
c: the complemented epsC mutant in  

 
 
 
 
 
Fibroblast response to P. gingivalis challenge 
To study the effect of the epsC deletion on the host immune response, six hour 
infection assays of human gingival fibroblasts with W83 and the epsC mutant 
were performed. Figure 5 shows IL1(IL-1β), IL6 and IL8 expression of infected 
gingival fibroblasts relative to the non-infected negative control, which is set to 1, 
and normalized against expression of housekeeping gene GAPDH (Fig. 5). At 
multiplicity of infection (MOI) 1000:1, of both strains a small induction of the 
tested genes could be detected compared to the non-infected control, but 
significant induction for all three genes was found when MOI 10.000:1 was used 
for infection. At MOI 1000:1, IL6 and IL8 expression showed a significantly higher 
induction (150-fold and 37-fold induction respectively) in the cells challenged with 
the epsC mutant when compared to the wild-type (6-fold and 2-fold induction 
respectively), IL1 did not show a difference compared to the wild-type. However, 
when gingival fibroblasts were challenged with MOI 10.000 bacteria all three 
tested genes showed a significantly higher induction in the cells challenged with 
the epsC mutant than with W83 (Fig. 5).  
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Figure 5. Relative expression 
of IL1B, IL6 and IL8 genes in human gingival 
fibroblasts (HGF1) challenged with P. 
gingivalis W83 and the epsC mutant. 
After a 6-hour challenge with P. gingivalis at 
MOI 1000:1 or 10.000:1 as indicated on the 
Y-axis, the expression levels of IL-1β, IL-
6 and IL-8 in human gingival fibroblasts 
were measured using RT-PCR and 
represented as a relative value compared to 
a non-infected control sample which is set 
to a value of 1. **  p < 0.01  

 
 
When fibroblasts were challenged with the complemented mutant the response 
was almost completely restored to wild-type levels (Supplemental Figure 1). 
Sedimentation of the epsC mutant in comparison to W83 was analyzed in the 
same buffer as used in the infection experiments. No significant sedimentation 
differences were found between W83 and the epsC mutant within the 6 hours 
needed for infection of the fibroblasts (data not shown). 

Since infection assays were performed with viable P. gingivalis, survival of 
the bacteria during the 6h aerobic period of infection in DMEM medium had to be 
ensured. Therefore, a 6h survival experiment was performed in 24-well plates as 
used for the fibroblast challenge assays. On average, 60-75% of W83, epsC mutant 
and complemented mutant cells survived for 6 hours in Dulbecco's modified 
Eagle's Medium (DMEM; Sigma Chemical Co.) supplemented with 10% fetal calf 
serum (FCS) (Supplemental Figure 2). 
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Discussion 
The aim of this paper was to understand the role of P. gingivalis CPS in the 
response of human gingival fibroblasts. P. gingivalis CPS has been regarded as an 
important virulence factor. It has been shown to induce inflammatory mediators 
in in vitro studies11. The capsule also plays an important role in shielding of 
immune response inducers in several bacterial species31-33.  

Since a distinct CPS biosynthesis locus in P. gingivalis has been described 
and shown to be functional18, 19, studying the role of P. gingivalis CPS in the 
immune response by use of a mutant became feasible. For this purpose an 
insertional isogenic knockout in epsC, a potential capsular biosynthesis gene 
within the CPS biosynthesis locus present in strains of different serotypes, was 
constructed to prevent capsule synthesis. The homologue of this gene in Listeria 
monocytogenes lmo2537 has been shown to be essential for survival, and has 
been suggested to be involved in the maintenance of cell shape by providing a 
precursor of the teichoic acid linkage unit that serves as an acceptor for the main 
teichoic acid chain assembly34. Construction of the P. gingivalis epsC mutant 
shows that the epsC gene is not essential for P. gingivalis viability. 

 
In the present study the mutant is shown to be non-encapsulated by 

double immunodiffusion, density gradient centrifugation and India ink staining. 
Complementation resulted in rescue of wild-type K1 capsule biosynthesis. 
Although the exact role of epsC remains to be elucidated, this finding provides 
evidence that EpsC is essential in P. gingivalis CPS biosynthesis. 

The epsC mutant was expected to have altered immunological properties. 
To examine the role of CPS, both the wild-type and the epsC mutant were used in 
an in vitro challenge of primary human gingival fibroblasts. Since the epsC mutant 
has altered physical properties, it was important to compare the sedimentation 
rate and viability of both the wild type and the mutant strain since these could 
have influenced the amount of living bacterial cells that are in contact with the 
fibroblasts. No differences were observed between the strains during the 6 hours 
of infection. 

From the challenge experiments of the gingival fibroblasts it became 
apparent that pro-inflammatory mediators IL1 (IL-1β), IL6 and IL8 expression 
levels were up-regulated after a 6 hour challenge with both wild-type W83 and 
the epsC mutant in comparison to the non-infected control, especially when MOIs 
of 10.000:1 were used. A challenge with the epsC mutant induced a significantly 
higher pro-inflammatory immune response than a challenge with the wild type 
W83, as shown by IL1B, IL6 and IL8 gene-expression. So even though purified P. 
gingivalis CPS has been shown to stimulate pro-inflammatory cytokine expression 
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in murine peritoneal macrophages11 the absence of capsule induces extra cytokine 
induction when viable P. gingivalis cells were used to challenge fibroblasts. 

Capsular polysaccharides of several bacteria have been implicated in 
down-regulation of pro-inflammatory cytokine production, including Klebsiella 
pneumonia35. The Bacteroides fragilis capsular polysaccharide complex has been 
shown to induce IL-10 expression, a regulating cytokine which may cause 
suppression of the immune system36. 

An explanation of our results may be that the CPS prevents more potent 
immune inducers to be recognized by Toll-like receptors on the fibroblasts. It has 
been shown that the capsular antigen in Salmonella typhi, referred to as Vi-
antigen, is able to prevent Toll-like receptor 4 recognition of LPS, thereby reducing 
expression of pro-inflammatory TNF-α and IL-637-39. In E. coli the capsule may 
cover short (10 nm) bacterial adhesins, which do not penetrate the 0.2-1.0 μm 
capsular layer, preventing them from being recognized by the immune system32. 
Likewise, P. gingivalis strain W83 was described as to have a small amount of 
short fimbriae that might be mostly covered by the CPS40. 

Another or additional explanation of our findings could be immune 
suppression by P. gingivalis CPS, meaning that CPS would actively modulate the 
immune response of the fibroblasts, leading to lower inflammatory cytokine 
expression levels, potentially enabling P. gingivalis to evade the immune system. 

For several bacteria it has been described that capsular biosynthesis can 
be modulated depending on environmental conditions41, 42. Although presently no 
regulation of P. gingivalis capsule expression has been described, we can not 
exclude the possibility that in the in vivo situation capsule expression is regulated. 
However, the reduced pro-inflammatory host's immune response by the 
encapsulated strain may explain the documented differences between natural P. 
gingivalis strains in spreading. Whereas non-encapsulated strains are tackled 
directly by the immune system in localized abscesses, the more virulent 
encapsulated strains can evade this defence and cause phlegmonous infections4-7. 
 In conclusion, the epimerase-coding gene epsC of P. gingivalis is essential 
for CPS synthesis. The absence of CPS results in increased induction of IL-1β, IL-
6 and IL-8 in human gingival fibroblasts upon in vitro infection with viable P. 
gingivalis cells. P. gingivalis CPS acts as a functional interface between the 
pathogen and the host. The CPS-related reduced pro-inflammatory response can 
explain why natural non-encapsulated strains cause localized abscesses and 
encapsulated strains spreading phlegmonous infections. 
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Supplemental Figure 1. Effect of 
complementation of the epsC mutant on the 
immune response of gingival fibroblasts  
by P. gingivalis in gingival fibroblasts, expressed 
Induction of IL1B, IL6 and IL8 gene-expression as 
the fold increase compared to nonchallenged 
fibroblasts. IL1B induction could not be 
calculated as IL1B was not detected in  
nonchallenged controls. Complementation 
almost restored the wild-type situation 
for IL1 (83%), IL6 (83%) and IL8 (77%). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 2. Six hour survival of W83, the epsC mutant and the complemented mutant 
under aerobic experimental conditions. Survival of W83, the epsC mutant and the complemented 
mutant in 0.5 ml DMEM + 10% FCS under humidified 5% CO2 conditions was determined by cfu-
counts on BA + H/M plates. Survival of 67%, 60 and 73% was found for each strain respectively. Error 
bars represent the standard deviations of triplicate measurements. 

    t=0h                                          t=3h               t=6h 
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Abstract 
 
Background and objective: Porphyromonas gingivalis is associated with 
periodontitis, a chronic inflammatory disease of the tooth-supporting tissues. A 
major clinical symptom is alveolar bone loss due to excessive resorption by 
osteoclasts. P. gingivalis may influence osteoclast formation in diverse ways; by 
interacting directly with osteoclast precursors that likely originate from peripheral 
blood, or indirectly by activating gingival fibroblasts, cells that can support 
osteoclast formation. In the present study we investigated these possibilities.  
  
Methods: Conditioned medium from viable or dead P. gingivalis, or from gingival 
fibroblasts challenged with viable or dead P. gingivalis were added to human 
mononuclear osteoclast precursors. After 21 days of culture the number of 
multinucleated (≥3 nuclei) tartrate resistant acid phosphatase (TRACP)-positive 
cells was determined as a measure for osteoclast formation.  
  
Results: Conditioned medium from viable P. gingivalis, and from fibroblasts with 
viable P. gingivalis stimulated osteoclast formation (1.6-fold increase p< 0.05). 
Conditioned medium from dead bacteria had no effect on osteoclast formation, 
whereas conditioned medium from fibroblasts with dead bacteria stimulated 
formation (1.4-fold increase, p<0.05). Inhibition of P. gingivalis LPS activity by 
Polymyxin B reduced the stimulatory effect of conditioned medium. Interestingly, 
when RANKL and M-CSF were added to cultures, conditioned media inhibited 
osteoclast formation (0.6 to 0.7-fold decrease, p<0.05).   
  
Conclusion: Our results indicate that P. gingivalis influences osteoclast formation 
in vitro in different ways. Directly, by bacterial factors, likely LPS, or indirectly, by 
cytokines produced by gingival fibroblasts in response to P. gingivalis. Depending 
on the presence of RANKL and M-CSF, the effect of P. gingivalis is either 
stimulatory or inhibitory. 
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Introduction 
Periodontitis is a complex chronic inflammatory disease of the tooth-supporting 
tissues, which can eventually lead to tooth-loss. Periodontitis develops as the 
result of a host-mediated inflammatory response against a pathogenic microflora 
in periodontal pockets.  

The Gram-negative anaerobe Porphyromonas gingivalis is recognized as a 
major etiologic agent of periodontitis1, 2. It possesses a number of virulence 
factors that contribute to the pathogenesis of periodontitis, including 
lipopolysaccharide (LPS) and capsular polysaccharide which are important in 
interaction with host cells, and cysteine proteases that can degrade various host 
proteins3-6. A main clinical symptom of periodontitis is degradation of the alveolar 
bone due to increased osteoclast number and activity.  

Osteoclasts are large, multinucleated cells that resorb bone. They 
originate from fusion of osteoclast precursors of the monocyte/macrophage 
lineage. Important factors in fusion and differentiation of these precursors into 
mature osteoclasts are receptor activator of nuclear factor-κB ligand (RANKL), and 
macrophage colony stimulating factor (M-CSF). RANKL binds to its receptor RANK 
and induces osteoclast differentiation and activation via intracellular NF-κB 
signalling. M-CSF stimulates survival and proliferation of osteoclast precursors. 
RANKL-induced osteoclast formation can be inhibited by osteoprotegerin (OPG), 
which acts as a decoy-receptor for RANKL7-10.  

 
In periodontitis, it is mainly the host inflammatory response against 

periodontal pathogens that mediates tissue destruction and bone loss1, 11-15. 
Interaction of host cells of the periodontium with P. gingivalis can lead to 
increased production of RANKL and pro-inflammatory cytokines16-20.  

Several pro-inflammatory cytokines, especially tumour necrosis factor α 
(TNFα) and interleukin-1β (IL-1β), are known to play important roles in the 
differentiation and activation of osteoclasts in periodontitis11, 12, 14. TNFα is able to 
directly stimulate the differentiation and activation of osteoclasts in vitro 
independently from RANKL21, 22, but also synergistically with RANKL9, 23, 24. IL-1β 
can directly stimulate osteoclast activation and survival11, 14, 24.   

Chemokines such as IL-8, RANTES and MCP-1, stimulate osteoclast 
formation in vivo by attracting precursor cells to sites of inflammation, but they 
have also been shown to have direct effects on osteoclast precursors to induce 
their differentiation in vitro25-28. 

Monocytes are a source of osteoclast precursors, but they can also 
contribute to inflammatory responses in periodontitis and produce pro-
inflammatory cytokines that can stimulate osteoclast formation. P. gingivalis or its 
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components are known to induce production of RANKL, as well as TNFα, IL-1β, IL-
6, IL-8, and MCP-1 by monocytes17, 29-33.   
 Gingival fibroblasts play an important role in sustaining inflammation in 
periodontitis34-36. They may also be involved in the regulation of osteoclast 
formation in the periodontium; de Vries and co-workers have shown that gingival 
fibroblasts can inhibit the formation of osteoclasts in an in vitro co-culture system, 
possibly by the production of OPG37. On the other hand gingival fibroblasts have 
been shown to respond to P. gingivalis culture supernatant with increased RANKL 
production and decreased OPG production, favouring osteoclast formation19, and 
also to up-regulate gene-expression of TNFα, IL-1β, IL-6, IL-8, RANTES and MCP-
118. Thus, gingival fibroblasts challenged with P. gingivalis may secrete factors that 
can stimulate osteoclast formation.  

The present study aimed to investigate direct and indirect effects of P. 
gingivalis on osteoclast formation in vitro. We hypothesized that conditioned 
medium from viable P. gingivalis contains bacterial factors that stimulate 
osteoclast formation in vitro when added to osteoclast precursors. We also 
hypothesized that conditioned medium from human gingival fibroblasts 
challenged with viable P. gingivalis contains pro-inflammatory factors, produced 
by the fibroblasts in response to P. gingivalis, that stimulate osteoclast formation 
in vitro.  
 
 
 
Materials and methods 
 
Bacterial strains and culture 
P. gingivalis wild-type W83 (serotype K1) and non-encapsulated W83 isogenic 
epsC mutant (knockout in the epimerase-coding gene epsC located in the CPS 
biosynthesis locus; produces no capsule)3, wild-type ATCC49417 (K4), and wild-
type FDC381 (K-) were cultured anaerobically (80% N2, 10%H2, 10% CO2) until log-
growth-phase in Brain-Heart-Infusion (BHI)-broth enriched with hemin (5mg/l) 
and menadione (1mg/l). 
 
Gingival fibroblasts 
Gingival fibroblasts were obtained from extracted erupted 3rd molars from 6 
healthy donors (2 male, 4 female, aged 16-34 years, mean age 24) as described 
previously18. Briefly, free gingiva-remains were dissected from teeth, washed, and 
cultured in Dulbecco’s Minimal Essential Medium (DMEM, Gibco BRL, Paisley, 
Scotland) with 2% antibiotics (Antibiotic antimycotic solution: 100 U/ml penicillin, 
100 µg/ml streptomycin and 250 ng/ml amphotericin B, Sigma-Aldrich, St. Louis, 
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MO, USA) and 10% fetal calf serum (FCS) (HyClone, Logan, UT, USA) in a 
humidified atmosphere with 5% CO2 at 37°C. 
Donors had given written informed consent, and the study was approved by the 
VUmc Medical Ethical committee (VU University Medical Center, Amsterdam). 
None of the donors suffered from systemic diseases or were pregnant. 
 
PBMC isolation 
Buffy coats (Sanquin, Amsterdam, The Netherlands) were diluted 1:1 in 1% citrate 
in phosphate buffered salt solution (PBS) (D-PBS, Gibco BRL, Paisley, Scotland). 25 
ml of diluted blood was carefully layered on 15 ml lymphoprep (Axisshield Po CAS, 
Oslo, Norway) and centrifuged for 30 minutes at 1200g without brake. The 
interphase containing PBMCs was washed in 1% citrate in PBS and recovered in 
DMEM+10 % FCS+1 % antibiotics, with or without 40 ng/ml recombinant human 
RANKL (PreProtech, Rocky Hill, NJ, USA) and 25 ng/ml recombinant human M-CSF 
(R&D Systems, Minneapolis, MN, USA).  
 
Conditioned media 
Viable or heat-inactivated (1h 60°C) P. gingivalis were harvested from liquid 
culture by centrifugation. Bacterial pellets were washed in sterile PBS and 
resuspended in antibiotic-free DMEM+10%FCS. Colony forming units (CFUs) were 
established using the 690nm optical density. 

To obtain conditioned medium, P. gingivalis were incubated aerobically in 
antibiotic-free DMEM with or without 10% FCS for 6h. P. gingivalis were 
incubated alone (Pg-CM) or together with a monolayer of gingival fibroblasts 
(1.104 cells) (GF-Pg-CM) in 24 well-plates at 2.108 CFU/ml, in a humidified 
atmosphere with 5% CO2 at 37°C. After incubation, conditioned media were filter- 
sterilized by centrifugation-filtration (CoStar SpinX 0.22 um cellulose filters, 
CoStar®, Corning Life Sciences, Corning, NY, USA) to remove bacteria. A Pierce 
microdialyser system (Thermo Scientific, Rockford, IL, USA) was used to dialyse 
conditioned medium, using an 8 kDa cut-off membrane. Boiling of conditioned 
medium was performed by placing conditioned medium in 50ml tubes in boiling 
water for 10 minutes. Conditioned media were aliquotted to prevent repetitive 
freeze-thaw cycles and stored at -80°C until further use.  
 
Osteoclast formation assays 
PBMCs were seeded in 96-well plates at 5.105 cells/well, in DMEM with 10% FCS 
and in the absence or presence of RANKL (40 μg/ml) and M-CSF (25 μg/ml). 
Conditioned media were added to PBMC cultures in a 1:2 concentration. 
DMEM+10% FCS was used as a control for Pg-CM; DMEM+10% FCS incubated for 
6h with gingival fibroblasts but without bacteria (GF-DMEM) was used as a control 
for GF-Pg-CM.  
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Total culture time was 21 days and media were completely refreshed six 
times. After 21 days,  cells were fixed with 4% formaldehyde in PBS. Cells were 
stained for TRACP with a leukocyte acid phosphatase kit (Sigma-Aldrich) and their 
nuclei were stained with diamidino-2phenylindole dihydrochloride (DAPI). To 
inhibit LPS activity, Polymyxin B (Sigma-Aldrich) was added at 50 mg/l (as 
recommended by the supplier), and at 10 mg/l. When conditioned medium 
without FCS was used, the concentration of FCS in DMEM of cultures was adjusted 
to an end-concentration of 10%. 

To assess osteoclast formation, 10 micrographs per well were taken with 
phase-contrast inverted microscopy (Olympus CK2, Olympus, Japan) and digital 
photography (Leica, Wetzlar, Germany). The number of multinucleated (≥3 nuclei) 
TRACP-positive cells (TRACP+MNCs) per mm2 was counted. TRACP+MNCs were 
grouped into 3-5 nuclei, and ≥ 6 nuclei.  

When results from several independently performed experiments were to 
be compared, the number of TRACP+MNCs formed in control media per 
experiment were set at 100%.  
 
mRNA expression of gingival fibroblasts 
Gingival fibroblasts were incubated with P. gingivalis, or with medium alone for 
6h in the set-up used to obtain conditioned media, and washed with sterile PBS 
(Gibco BRL, Paisley, Scotland). Fibroblast RNA was isolated using the Qiagen 
RNeasy Mini Kit for RNA extraction. The RNA concentration was measured using a 
Nanodrop spectrophotometer (NanoDrop Technologies; Thermo-Fischer 
Scientific, Wilmington, Delaware, USA). mRNA was reverse-transcribed to cDNA 
according to the MBI Fermentas cDNA synthesis kit (Fermentas, Vilnius, 
Lithuania), using both the Oligo(dT)18 and the D(N)6 primers. Real-time PCR for 
IL1, IL6, and IL8 gene-expression was performed as described before 18. 
 
Statistical analysis 
Comparisons of the number of TRACP+MNCs between control and conditioned 
media were tested with Student’s t-test in case of 2 groups, and one-way ANOVA 
with 3 or more groups, using Tukey’s post test to compare all groups. Dunnett’s 
post test was used to compare test groups with a single control group. Tests were 
performed with GraphPad Prism software (version 4, by MacKiev Software ™). 
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Results 
 
Conditioned medium stimulates the formation of TRACP+MNCs 
When PBMCs were cultured with conditioned medium from viable P. gingivalis 
W83 or from the non-encapsulated mutant epsC, significantly more TRACP+MNCs 
formed than with control medium alone (1.6- and 1.5-fold increase respectively, 
p<0.05; Fig. 1a, b).  

When PBMCs were cultured with conditioned medium from gingival 
fibroblasts challenged with viable P. gingivalis W83, significantly more 
TRACP+MNCs formed than with medium incubated with only fibroblasts (1.3-fold 
increase, p<0.05; Fig. 1a). Conditioned medium from fibroblasts challenged with 
viable mutant epsC did not lead to a significantly increased number of 
TRACP+MNCs (Fig. 1a). Interestingly, conditioned medium from gingival fibroblasts 
challenged with P. gingivalis appeared to have no additional effect compared to 
conditioned medium from P. gingivalis alone (1.3 vs. 1.6-fold increase, ns).  

To investigate whether the lack of an additional effect of gingival 
fibroblasts was caused by proteolytic degradation by P. gingivalis proteases, we 
cultured PBMCs with conditioned media obtained from heat-inactivated P. 
gingivalis. Conditioned medium from heat-inactivated P. gingivalis W83 or mutant 
epsC alone had no effect on the formation of TRACP+MNCs (Fig. 1c), whereas 
conditioned medium from gingival fibroblasts challenged with heat-inactivated P. 
gingivalis W83 or mutant epsC both stimulated the formation of TRACP+MNCs 
(1.6-fold increase both, p<0.05; Fig. 1c).  
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Figure 1. Formation of TRACP+MNCs with conditioned medium  
Percentage of TRACP+MNCs (≥ 3 nuclei) per mm2 formed from PBMCs after 21 days stimulation with 
conditioned medium from P. gingivalis W83 or mutant epsC (Pg-CM) compared to control medium 
(DMEM+10%FCS alone; DMEM), or with conditioned medium from gingival fibroblasts challenged 
with P. gingivalis W83 or mutant epsC (GF-Pg-CM) compared to control medium (DMEM+10% FCS 
incubated for 6h with gingival fibroblasts; GF-DMEM).  
a: Conditioned medium obtained with viable P. gingivalis. Bars depict the mean percentage ± SD  of 
TRACP+MNCs formed, with the number of TRACP+MNCs formed with control media set at 100%.  Pg-
CM W83: n=5, Pg-CM epsC: n=3. * p < 0.05. 
b: Micrograph of  PBMCs after 21 days stimulation with conditioned medium from viable P. 
gingivalis W83, stained for TRACP. Asterisks indicate examples of TRACP+MNCs from various sizes 
(3-5 nuclei, ≥ 6 nuclei). This micrograph is representative for micrographs used to count 
TRACP+MNCs. The section outlined with in dotted lines is 4x enlarged on the right. Purple: TRACP, 
blue: nuclei (DAPI) (bars = 100 and 25 μm, respectively).  
c: Conditioned medium obtained with heat-inactivated P. gingivalis. Bars depict the mean 
percentage ± SD of TRACP+MNCs formed, with the number of TRACP+MNCs formed with control 
media set at 100%. GF-Pg-CM W83: n=6, GF-Pg-CM epsC n=6. * p < 0.05. 
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Conditioned medium inhibits osteoclast formation when RANKL and M-CSF are 
present   
Most experiments in this study were performed without the addition of RANKL 
and M-CSF to PBMCs, so that RANKL and M-CSF would not mask possible effects 
of conditioned media on TRACP+MNC-formation. When RANKL and M-CSF were 
added to cultures, a high number of TRACP+MNCs was formed in medium alone.  

Surprisingly though, in the presence of RANKL and M-CSF, conditioned 
medium from viable P. gingivalis W83 inhibited the formation of TRACP+MNCs 
(0.6-fold decrease, p<0.05; Fig. 2a). Also conditioned medium from gingival 
fibroblasts challenged with P. gingivalis W83 inhibited the formation of 
TRACP+MNCs in the presence of RANKL and M-CSF (0.7-fold decrease, p<0.05; Fig. 
2b). The inhibitory effects of conditioned medium from P. gingivalis alone and 
from fibroblasts challenged with P. gingivalis were similar.  

Based on visual inspection of cell morphology and cell number by 
microscopy, the lower number of TRACP+MNCs could not be attributed to cell 
death or loss of cell number.  
 
Inhibition of TRACP+MNC-formation in the presence of RANKL and M-CSF is not 
strain-dependent 
The inhibitory effect of conditioned medium from viable P. gingivalis W83 on 
TRACP+MNC formation in the presence of RANKL and M-CSF was also present in 
conditioned medium from viable P. gingivalis strains FDC381 (0.6-fold decrease, 
p<0.05; Fig. 2a) and ATCC49417 (0.6-fold decrease, ns; Fig. 2a).  

Also conditioned medium from fibroblasts challenged with FDC381 (0.6-
fold decrease, ns; Fig 2b) or viable ATCC49417 (0.7-fold decrease, p<0.05; Fig 2b) 
had an inhibitory effect similar to W83. Thus, the inhibitory effect of conditioned 
media from P. gingivalis alone and from fibroblasts challenged with P. gingivalis, 
in the presence of RANKL and M-CSF, was not strain-dependent.  

As was the case with P. gingivalis strain W83, also with strains FDC381 
and ATCC49417 the inhibitory effects of conditioned medium from gingival 
fibroblasts challenged with P. gingivalis alone was similar to that of P. gingivalis 
alone (Fig 2a,b). Still, gingival fibroblasts challenged with viable P. gingivalis 
ATCC49417 and FDC381 responded more strongly to these strains than to a 
challenge with W83, as was seen by the induction of IL6 gene-expression (Fig. 2c). 
Also IL1 and IL8 responses of the fibroblasts were stronger to strains ATCC49417 
or FDC381 than to W83 (data not shown). The inhibitory effect on TRACP+MNC 
formation of conditioned medium from fibroblasts and P. gingivalis, however, was 
similar for each of the three strains (Fig. 2b).  
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Figure 2. Formation of TRACP+MNCs with conditioned medium, and M-CSF and RANKL.   
The number of TRACP+MNCs (≥ 3 nuclei) per mm2 formed from PBMCs after 21 days stimulation 
with conditioned media and 40 ng/ml RANKL and 25 ng/ml M-CSF.  
a: Conditioned medium from viable P. gingivalis strains W83, FDC381, or ATCC49417 (Pg-CM), or 
control medium (DMEM+10% FCS; DMEM)   
b: Conditioned medium from gingival fibroblasts from 2 healthy donors incubated with viable P. 
gingivalis strains W83, FDC381, or ATCC49417 (GF-Pg-CM) or control medium (DMEM +10% FCS 
incubated for 6h with gingival fibroblasts; GF-DMEM).   
c: IL6 mRNA expression by gingival fibroblasts challenged with viable P. gingivalis strains W83, 
FDC381, or ATCC49417, compared to non-challenged fibroblasts. IL6 gene-induction: fold increase in 
IL6 gene-expression. Bars depict mean ± SD of 2 independent experiments performed in quadruple; 
* p < 0.05, ** p < 0.01. 
 
 
The stimulatory effect of conditioned medium in the absence of RANKL and M-
CSF is reduced by dilution, but not by dialysis 
To closer investigate the stimulatory effect of conditioned medium from viable P. 
gingivalis W83 on the formation of TRACP+MNCs without RANKL and M-CSF, we 
cultured PBMCs with different dilutions of conditioned medium. Furthermore, we 
used conditioned medium from which proteins smaller than 8 kDa had been 
removed by dialysis. For these experiments conditioned medium from viable P. 
gingivalis incubated in DMEM without FCS was used, to prevent interference of 
serum with the dialysis process. 
 Conditioned medium from viable P. gingivalis W83 without FCS in a 1:2 
concentration stimulated the formation of TRACP+MNCs (1.5-fold increase, 
p<0.05; Fig. 3a). Conditioned medium diluted to concentration 1:20 had the same 
stimulatory effect on the total number of TRACP+MNCs formed (Fig. 3a), however, 
there was a clear reduction in number of large TRACP+MNCs with ≥ 6 nuclei 
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(p<0.05; Fig. 3b). When conditioned medium was diluted to concentration 1:200, 
its stimulatory effect on the formation of TRACP+MNCs was abolished (p<0.05; Fig. 
3a, b). 

Dialysed conditioned medium in a 1:2 concentration still stimulated the 
formation of TRACP+MNCs (1.7-fold increase, p<0.01; Fig. 3a, and 1.8-fold 
increase, p<0.05; Fig. 3b).  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Formation of TRACP+MNCs with diluted and dialysed conditioned medium 
The number of  TRACP+MNCs  per mm2 formed from PBMCs after 21 days stimulation with control 
medium (DMEM+10% FCS alone; DMEM), conditioned medium from viable P. gingivalis W83 (Pg-
CM)in concentrations 1:2 , 1:20 and 1:200, or conditioned medium dialysed over an 8kDa membrane 
in concentration 1:2.  
a: Total number of TRACP+MNCs (≥ 3 nuclei) lines).  
b: Number of large TRACP+MNCs (≥ 6 nuclei).  
Bars depict the average number ± SD of TRACP+MNCs per mm2 in quadruple wells; 
 * p<0.05, ** p<0.01  
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The stimulatory effect of conditioned medium is reduced by Polymixin B, but 
not by boiling 
To investigate if the stimulatory effect of conditioned medium from viable P. 
gingivalis W83 on TRACP+MNCs formation was (partially) caused by P. gingivalis 
LPS, we used Polymyxin B to inhibit LPS activity.  

Inhibition of LPS by Polymyxin B dose-dependently reduced the 
stimulatory effect of conditioned medium on osteoclast formation (p<0.05; Fig. 
4a). Addition of Polymyxin B in either concentration did not lead to cell death or 
diminished cell numbers, as was determined by microscopy.  
 To investigate if besides LPS any proteinacious stimulatory components 
were present in conditioned medium from viable P. gingivalis W83 alone, 
conditioned medium was boiled before addition to PBMCs. As LPS is very heat-
stable, boiling would not affect LPS activity. Boiled conditioned medium still 
possessed a stimulatory effect on TRACP+MNCs formation; with boiled 
conditioned medium a higher number of TRACP+MNCs was formed than with 
boiled DMEM alone (1.7-fold increase, p<0.05; Fig. 4b). 

 
Figure 4. Formation of TRACP+MNCs with Polymyxin B or boiled conditioned medium 
The number of TRACP+MNCs (≥ 3 nuclei) per mm2 formed from PBMCs after 21 days stimulation 
with conditioned medium from viable P. gingivalis W83 (Pg-CM) and various treatments.  
a: Conditioned medium in conc.1:2 and 0 mg/l, 10 mg/l or 50 mg/l Polymyxin B (PolyB). Bars depict 
the average number ± SD of TRACP+MNCs per mm2 in quadruple wells; * p<0.05.   
b: Boiled DMEM+10% FCS (DMEM) or boiled conditioned medium in concentration 1:2 (Pg-CM). Bars 
depict the average number ± SD of TRACP+MNCs per mm2 in quadruple wells; * p<0.05  
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Discussion 
This study demonstrated that conditioned medium from viable P. gingivalis alone 
and conditioned medium from fibroblasts challenged with viable P. gingivalis both 
induced the formation of TRACP+MNCs. There was however no difference 
between the effects of these two conditioned media, suggesting that bacterial 
factors, rather than factors produced by the fibroblasts, were responsible for this 
stimulatory effect.  

P. gingivalis LPS may be one of these factors; it has been shown to 
stimulate osteoclast formation by inducing RANKL and TNFα by mouse 
precursors38. Our results suggest that LPS indeed plays a role, since its inactivation 
by Polymyxin B abolished the stimulatory effect of conditioned medium.  

Viable P. gingivalis segregate outer membrane vesicles that contain LPS39-

41. Such vesicles are probably abundant in conditioned medium from viable P. 
gingivalis, but virtually absent in conditioned medium from dead P. gingivalis. This 
is in line with the observed stimulation of TRACP+MNC-formation with 
conditioned medium from viable, but not from dead P. gingivalis.     

We assume that conditioned medium stimulates osteoclast formation 
mainly by inducing expression of cytokines by the PBMCs. Besides monocytes, 
containing the osteoclast precursors, also T-cells are present in PBMCs. T-cells are 
known to play an important role in osteoclast formation42, 43. They can produce 
RANKL when stimulated with P. gingivalis culture supernatant in vitro20, and may 
therefore also play a role in the formation of TRACP+MNCs in our study. Still, P. 
gingivalis may also possess other methods to stimulate osteoclast formation; its 
proteases, for example, can degrade OPG44.   

Conditioned medium from gingival fibroblasts challenged with dead P. 
gingivalis had an additional stimulatory effect on TRACP+MNC-formation 
compared to bacteria alone. This additional effect was likely caused by cytokines 
secreted by the fibroblasts. Gingival fibroblasts challenged with viable or dead P. 
gingivalis may have secreted the same factors. However, these were probably 
degraded by proteases produced by viable P. gingivalis18, 45. Thus, besides a direct 
action on PBMCs, P. gingivalis also stimulated TRACP+MNC-formation indirectly, 
through initiating a response by the gingival fibroblasts.  

 
In line with our findings, it was shown by Ukai and co-workers46 that 

conditioned medium from mouse macrophages challenged with viable P. 
gingivalis stimulated the formation and activity of osteoclasts. In contrast to our 
findings though, the authors found no effect of conditioned medium from viable 
P. gingivalis alone. This could be due to the difference between mouse and 
human cells. Alternatively, with fewer bacteria incubated in the medium than in 
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our study, less bacterial factors were likely present. In line with this we show that 
dilution of conditioned medium diminishes its stimulatory effect.  
 Interestingly, studies investigating the effect of bacterial infection on 
osteoclast formation often also describe inhibition of osteoclast formation. It has 
been shown that stimulation of Toll-like receptors (TLRs) on mouse osteoclast 
precursors inhibited their differentiation into osteoclasts, and rather induced a 
more phagocytic phenotype47. Furthermore, TLR-stimulation can inhibit osteoclast 
formation by suppressing RANK in both human and mouse precursors48.   

We found that conditioned media inhibited osteoclast formation only 
when RANKL and M-CSF were added to cultures. As TLRs, mainly TLR2, play an 
important role in recognizing P. gingivalis49-52, conditioned medium may stimulate 
TLRs on PBMCs, and thereby inhibit osteoclast formation.  

Since, in the presence of RANKL, LPS can inhibit osteoclast formation from 
mouse precursors53, we assume that LPS might also (partially) cause the inhibitory 
effect of our conditioned medium. Another inhibitory factor might be the 
hemoglobin receptor protein Hbr, which has been shown to dose-dependently 
inhibit osteoclast formation in the presence of RANKL54.   

Conditioned medium from P. gingivalis W83 and from non-encapsulated 
mutant epsC had a similar stimulatory effect without M-CSF and RANKL. 
Conditioned medium from strains W83 (serotype K1), ATCC49417 (K4) and 
FDC381 (K-; non-encapsulated) had a similar inhibitory effect when M-CSF and 
RANKL were present. The polysaccharide capsule of P. gingivalis therefore 
appears to play no role in either stimulating or inhibiting TRACP+MNC-formation.  

 
Typically, in several studies describing stimulatory effects of bacteria, no 

RANKL was added to cultures46, 53, 55-57, whereas in various studies describing 
inhibitory roles of bacteria or TLR-stimulation, RANKL was added47, 48, 53, 54, 57-59. 
This coincides with our findings that conditioned media were stimulatory without, 
but inhibitory with RANKL and M-CSF addition. The addition of RANKL to 
osteoclast precursor cultures may thus have important consequences for the 
effect of a bacterial stimulus on osteoclast formation. Therefore, to perform 
experiments only with, or only without RANKL may lead to results that tell only 
part of the story.  

Without RANKL addition, low concentrations of RANKL may still be 
present in cultures due to basal expression by PBMCs, which might even be 
necessary for precursors to become primed and differentiate after a bacterial 
challenge60. However, such concentrations are likely not as high as exogenously 
added RANKL61. Possibly, at lower RANKL concentrations, a bacterial challenge 
stimulates osteoclast formation through pro-inflammatory cytokines, 
independently of RANKL, or even synergistically with RANKL23. At higher RANKL 
concentrations, osteoclast formation is likely regulated largely through RANKL. A 
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bacterial challenge may then activate other pathways that possibly overrule 
RANKL signaling, induce a more phagocytic phenotype, or induce production of 
OPG62, 63. Furthermore, RANKL may influence the differentiation stage of the 
osteoclast precursor cells, which also seems to play a role in the effect of a P. 
gingivalis challenge on osteoclast formation14, 53, 57.  

At sites where active progression of periodontitis occurs, a highly 
inflammatory situation can exist in which host cells locally produce high levels of 
pro-inflammatory cytokines64-66. PBMCs attracted to such an environment might 
be easily stimulated to become osteoclasts by a bacterial challenge as presented 
by P. gingivalis. In inactive sites or after recovery, a more balanced ratio between 
RANKL and pro-inflammatory factors may exist, in which host cells produce less 
pro- inflammatory factors. In such an environment, osteoclast formation may be 
less easily stimulated by a bacterial challenge, and perhaps even be inhibited by 
host factors like OPG37, 67.  

In conclusion, we found that P. gingivalis influences human osteoclast 
formation in vitro in different ways. In a direct way, where P. gingivalis factors, 
among which LPS, stimulate osteoclast formation, and in an indirect way, where 
gingival fibroblasts produce stimulatory cytokines in response to P. gingivalis. 
Depending on the presence of exogenous RANKL, the effect of P. gingivalis can be 
either stimulatory or inhibitory. We speculate that the effect of P. gingivalis on 
osteoclast formation in vivo will depend on various determinants, among which 
fluctuating concentrations of pro- and anti-inflammatory factors, RANKL, OPG, 
and bacterial components. 
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Periodontitis, P. gingivalis, and fibroblasts 
 
The association between Porphyromonas gingivalis and periodontitis has long 
been acknowledged, as has the importance of the host-response in periodontitis1-

3.   
Responses of host cells to P. gingivalis have therefore been the subject of many 
studies, revealing that interactions between P. gingivalis and cells of the 
periodontium lead to increased production of pro-inflammatory cytokines such as 
IL-1β, IL-6, IL-8, but also RANKL, creating an environment in favor of tissue 
catabolism and osteoclast formation1-10.  However, relatively little is known about 
interactions of oral fibroblasts, i.e. gingival (GF) and periodontal ligament 
fibroblasts (PDLF), and viable P. gingivalis.  

Viable P. gingivalis is not often used in in vitro studies. Rather, purified 
virulence factors such as LPS, fimbriae, and capsular polysaccharide, sonic extracts 
or killed P. gingivalis have been used to challenge host cells. Viable P. gingivalis, 
however, are active and exhibit an array of virulence factors, which may act in 
concert with each other and may be differentially expressed under different 
circumstances11. The host cell’s defense mechanisms will thus sense a living 
bacterium differently than single virulence factors, as for instance has been 
demonstrated by Zhou and Amar, who found that viable P. gingivalis induced 
different responses in human monocytes and in mouse macrophages, than 
purified P. gingivalis LPS or fimbriae12-14.  

 
Periodontitis is a chronic inflammatory disease, and it can be envisaged 

that during disease progression, fibroblasts of the periodontium will encounter 
bacteria. GF and PDLF may be able to influence tissue homeostasis and osteoclast 
formation in the periodontium, by producing RANKL, OPG, and a range of pro-
inflammatory cytokines 1, 15-18. As resident cells of the periodontium, their 
response to periodontal pathogens like P. gingivalis may thus be essential in 
determining whether the periodontal tissues will remain intact or not, the latter 
situation causing tooth loss.  

In this thesis, we therefore used a rather unique approach of challenging 
gingival and periodontal ligament fibroblasts from periodontitis patients and 
healthy controls, both fibroblast subsets isolated from the same individual, with 
viable P. gingivalis.  

We hypothesized that viable P. gingivalis would induce inflammatory 
responses, i.e. expression of pro-inflammatory cytokines and pattern recognition 
receptors known to be involved in interaction with P. gingivalis in GF and PDLF; 
responses that would be different not only between GF and PDLF, but also 
between periodontitis patients and healthy controls. Moreover, we hypothesized 
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that the inflammatory responses of fibroblasts to P. gingivalis would stimulate the 
formation of osteoclasts from precursor cells in vitro.  
 
GF and PDLF respond differently to viable P. gingivalis in periodontitis 
and health  
Using an in vitro infection model for fibroblasts and viable P. gingivalis (Chapter 
2), we found that both GF and PDLF respond to a challenge with viable P. 
gingivalis with a strong inflammatory response. This response includes up-
regulation of gene-expression of several pro-inflammatory cytokines and 
chemokines known to play a role in periodontitis and osteoclast formation; the 
pro-inflammatory cytokines IL-6, IL-1β, and TNFα, the chemokines IL-8, MCP-1 and 
RANTES, and furthermore M-CSF,  which stimulates proliferation of osteoclast 
precursors (Fig.1). This strongly suggests that GF and PDLF are involved in the host 
response, and possibly in stimulation of osteoclast formation in periodontitis.  

Interestingly, considerable inter-individual heterogeneity existed in the 
responsiveness of GF and PDLF to P. gingivalis, even though the fibroblast donors 
were from a narrow age-range, and the fibroblasts were all isolated from 3rd 
molars. We assume that this heterogeneity relates to the genetic background of 
the host. The responsiveness of GF and PDLF to oral pathogens like P. gingivalis 
may have implications for a person’s susceptibility towards periodontitis. A very 
high responsiveness, but also a very low responsiveness will influence the 
outcome of the inflammatory response in periodontitis. However, it remains 
difficult to relate the heterogeneity in responsiveness to a host’s susceptibility 
towards periodontitis, since considerable heterogeneity existed also in the 
cytokine responses of GF and PDLF from periodontitis patients (Chapter 3).  

 
The age of the fibroblast donors in Chapter 3 was clearly higher than in 

Chapter 2. When comparing the cytokine responses of healthy fibroblasts from 
younger (mean age 24 years) and older donors (mean age 48 years), large inter-
individual heterogeneity existed in both groups, but it appeared that the 
expression of pro-inflammatory cytokines was induced much more strongly in 
fibroblasts from he younger, than the older donors. Possibly, fibroblasts become 
less susceptible to pathogens at later donor age. However, it should be noted that 
the fibroblasts in Chapter 2 and the fibroblasts in Chapter 3 were isolated from 
different teeth and different locations in the oral cavity.  

Since we used in Chapter 2 GF and PDLF pair wise, isolated from the same 
tooth and thus with the same genetic background, it was possible to compare GF 
to PDLF without this comparison being biased by inter-individual genetic 
heterogeneity. This way it was shown that within a single individual, although in 
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both fibroblast subsets the same cytokines were induced, either GF or PDLF were 
more responsive to P. gingivalis. 

As was demonstrated in Chapter 3, PDLF, and to a lesser extent GF, from 
periodontitis patients were more responsive to P. gingivalis. In cells from patients 
several receptors involved in recognition of P. gingivalis were either expressed at 
higher levels in PDLF, or induced more strongly by P. gingivalis in GF. Receptor-
pathogen interaction is the first step in initiation of an inflammatory response. If 
cells are more prone to recognize pathogens, for instance due to a higher 
receptor expression, the inflammatory response in general may be more 
pronounced.  

 
Interestingly, the receptors of which mRNA expression responses were 

different between patients and controls were not the same in both fibroblast 
subsets; in GF, TLR1, 2, and 7 were different between patients and controls, 
whereas in PDLF, TLR1, 4, 7, and CD14 were different. GF and PDLF may thus 
differentially interact with P. gingivalis at the receptor level. Possibly, TLR2 might 
play a larger role in GF, and TLR4 and CD14 might be more important in PDLF.  

Based on spatial location, progression of infection to the periodontal 
ligament may have more severe consequences for tissue destruction, and it may 
be necessary for PDLF to initiate a more vigorous inflammatory response to 
ensure bacterial clearance. It is therefore intriguing that in Chapter 3, PDLF 
appeared to “remember” P. gingivalis from it’s presence in the oral cavity. PDLF 
from individuals who harboured P. gingivalis in subgingival plaque were more 
responsive to P. gingivalis; induction of gene-expression of receptors, 
transcription factors, and pro-inflammatory cytokines was stronger in these PDLF 
after an in vitro P. gingivalis challenge. Although it can not be determined 
whether the PDLF of these individuals had actually encountered viable P. 
gingivalis, they may have been in contact with bacterial components, or have 
retained a more inflammatory phenotype caused by the presence of P. gingivalis 
in the oral cavity.  

In GF, such increased responsiveness in cells from persons who carried P. 
gingivalis in their subgingival plaque was not observed. Still, it should be noted 
that also in GF, there were no signs of P. gingivalis tolerance, i.e. lower 
inflammatory responses of cells that had already encountered P. gingivalis or its 
components before. In concordance with our findings, it has been shown before 
that GF do not develop tolerance towards P. gingivalis LPS19, and also periodontal 
ligament fibroblasts have been implicated in locally maintaining destructive 
signals in periodontitis by retaining an inflammatory phenotype20.  

Both PDLF and GF may thus be involved in sustaining an inflammatory 
response in periodontitis, and the interaction between both fibroblast subsets 
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and viable P. gingivalis can be of great importance for the inflammatory situation 
present in periodontitis. 
 
The P. gingivalis polysaccharide capsule and interaction with host cells 
The capsule of P. gingivalis may play an important role in the interaction with 
fibroblasts, and therefore, in Chapter 4 we investigated the involvement of the K1 
serotype capsular polysaccharide from P. gingivalis W83 herein. Interestingly, a 
non-encapsulated W83 mutant epsC induced a stronger cytokine response in GF 
than wild-type W83, whereas a complemented mutant, in which the capsule was 
restored, induced responses almost similar to the wild-type. These results suggest 
that the capsule of P. gingivalis is involved in its interaction with GF; it may reduce 
the inflammatory response elicited in these cells.  

The exact mechanism how this is accomplished remains unclear. Likely, 
the presence of the polysaccharide capsule prevents recognition of P. gingivalis by 
host defence mechanisms. Bacterial clearance may thereby also be prevented, 
leading to prolonged, tissue-damaging, existence of P. gingivalis in the host. In 
several other bacterial species, among which Streptococcus pneumoniae, 
Klebsiella pneumoniae, Bacteroides fragilis, and Haemophilus influenzae the 
polysaccharide capsule functions to prevent recognition by the complement 
system and phagocytosis by host cells like macrophages or neutrophils, leading to 
severe infections21-24. 

If the P. gingivalis capsule prevents recognition by the host, non-
encapsulated strains would be recognised more easily, which is in line with 
literature describing that non-encapsulated strains adhere more to host cells25-27. 
Hereby they could elicit a stronger host response, leading temporarily to more 
tissue damage28, but in the end possibly to better clearance. The virulence of P. 
gingivalis in mice correlates with this; encapsulated strains caused severe 
systemic infections in an in vivo mouse model, whereas non-encapsulated strains 
caused only localised abscesses29, possibly because they could be cleared by host 
cells before they were able to spread systemically.   

It is also possible that the capsular polysaccharide actively influences the 
host cell to produce less pro-inflammatory factors. However, this seems rather 
unlikely, since the purified K1 capsular polysaccharide is known to actually induce 
production of pro-inflammatory cytokines in host cells30.  
 
P. gingivalis and osteoclast formation 
In the oral cavity, direct contact between viable P. gingivalis and osteoclast 
precursors, or between GF and osteoclast precursors, might not happen readily. 
Bacterial components, and cytokines produced by GF, however, may reach 
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osteoclast precursors. This situation was mimicked in Chapter 5 by testing the 
effects of conditioned medium on osteoclast formation.   

Surprisingly, we found that P. gingivalis factors alone, but also GF-factors 
produced in response to P. gingivalis, could either stimulate, or inhibit osteoclast 
formation, depending on the presence of RANKL and M-CSF (Fig.1). Without the 
addition of RANKL and M-CSF, conditioned media stimulated osteoclast 
formation, whereas in the presence of RANKL and M-CSF, conditioned media 
inhibited osteoclast formation.  

The P. gingivalis factor responsible for both the stimulation and the 
inhibition was probably LPS, as inhibition of LPS activity inhibited the effect of 
conditioned medium. Indeed, (P. gingivalis) LPS has been indicated to stimulate 
osteoclast formation without RANKL, and inhibit osteoclast formation in the 
presence of RANKL in mouse studies31-33.   

The GF-produced factors that stimulated osteoclast formation in the 
absence of RANKL and M-CSF are probably pro-inflammatory cytokines like IL-1β 
and TNFα. Expression of RANKL was not up-regulated in GF challenged with P. 
gingivalis (Chapter 2).  

The inhibitory effect in the presence of RANKL and M-CSF of conditioned 
medium from fibroblasts challenged with P. gingivalis should be attributed to 
bacterial factors, rather than GF-produced factors. These conditioned media were 
obtained with viable bacteria. An effect of GF-produced factors on osteoclast 
formation, next to bacteria alone, was however detected only with dead P. 
gingivalis, as proteases produced by viable P. gingivalis probably degraded most 
GF-produced factors (Fig.1).  

In the in vivo situation, viable P. gingivalis will be present that can 
stimulate host cells, but also produce proteases and thereby degrade host-
produced factors. Still, due to the anaerobic nature of P. gingivalis, also dead 
bacteria that do not produce proteases will be present. These can induce cytokine 
expression in host cells, but do not degrade those cytokines. Possibly a gradient 
may exist where in sites of direct interaction between P. gingivalis and host cells, 
cytokines are degraded, whereas deeper into tissues less or no proteases are 
present, but host cells may still be activated by P. gingivalis components or by 
cytokines produced by other host cells. 

In concordance with our findings, stimulation of osteoclast formation by 
P. gingivalis or another bacterial challenge in the absence of RANKL, and inhibition 
in the presence of RANKL, have been described in literature6, 31, 32, 34-40. Dual effects 
of bacterial challenge on osteoclast formation within one study, depending on the 
presence of RANKL, have also been described before33, 41. However, hardly any 
explanation for this phenomenon is given.  

Since degradation of the alveolar bone by osteoclasts is the major clinical 
symptom in periodontitis, it seems strange that P. gingivalis would actually inhibit 
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osteoclast formation. Still, in case of infection it may be beneficial for the host if 
precursor cells differentiate into phagocytic cells, rather than osteoclasts.  

Osteoclast formation can be regulated through RANKL-dependent, as well 
as RANKL-independent pathways5, 6, 42-45. We therefore propose in Chapter 5 that 
the presence of RANKL may lead to activation of different pathways by a bacterial 
challenge, speculating that in a highly inflammatory situation like active 
periodontitis, high levels of pro-inflammatory cytokines and bacterial components 
may lead to stimulation of osteoclast formation. In contrast, in a recovered or 
healthy situation, RANKL may be the main regulator of osteoclast formation. A 
bacterial stimulus may then no longer have a stimulatory effect on osteoclast 
formation, but possibly activate osteoclast precursors differently, and for example 
induce a more phagocytic phenotype, leading to less osteoclast formation. Still, it 
should be taken into consideration that the in vivo situation will comprise a 
complex interplay of viable, but also dead bacteria or bacterial components like 
LPS, bacterial proteases, fibroblasts and host cells, RANKL, OPG, and pro-
inflammatory cytokines.  

 
Concluding remarks and future perspectives  
 
In this thesis we have investigated inflammatory responses of gingival and 
periodontal ligament fibroblasts to viable and dead P. gingivalis and their possible 
role in the pathogenesis of periodontitis. Our results imply that gingival and 
periodontal ligament fibroblasts may contribute to the host response in P. 
gingivalis-induced periodontitis, through the production of pro-inflammatory 
cytokines and chemokines (Fig.1). This response may attract an inflammatory 
infiltrate and thereby serve as a line of defense, but it can also contribute to 
osteoclast formation (Fig.1) and tissue damage.  

An interesting point for future research would be to study in more detail 
the differences between the inflammatory responses of GF and PDLF to P. 
gingivalis. Our unique cell collection of periodontally diseased and healthy GF and 
PDLF from the same donors allows for a more in-depth analysis of their 
inflammatory responses towards P. gingivalis. The results from Chapter 3 indicate 
that P. gingivalis may stimulate different receptors in GF and PDLF. Not only 
different receptors, but also different downstream signaling pathways may be 
activated, which might account for the differences observed between these cells. 
To study which signaling mediators downstream of TLRs are activated in GF and 
PDLF after a P. gingivalis challenge, for example by phosphorylation and gene-
expression assays, would give new insights in this.  
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Figure 1. Schematic overview of interactions between P. gingivalis, fibroblasts and osteoclast 
precursors 
Viable and dead P. gingivalis induce an inflammatory response in fibroblasts that includes up-
regulation of pro-inflammatory cytokines and chemokines among which IL-1β, IL-6, TNFα and IL-8. 
Proteases produced by viable P. gingivalis can degrade those cytokines and chemokines. Bacterial 
components among which LPS, segregated by viable bacteria, as well as cytokines produced by 
fibroblasts, can influence osteoclast formation from osteoclast precursors in vitro. In the absence of 
RANKL and M-CSF, osteoclast formation is stimulated, in the presence of RANKL and M-CSF, 
osteoclast formation is inhibited. 
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Activation of different pathways in GF and PDLF by P. gingivalis might also 
account for the striking difference that PDLF seem to “remember” P. gingivalis, 
whereas GF do not, as we propose in Chapter 3. To investigate this phenomenon 
more closely, it will be interesting to perform subsequent P. gingivalis challenges 
on GF and PDLF, and assess if their inflammatory responses are altered after 
another or multiple challenges. Moreover, the involvement of TLRs, for instance 
TLR2, TLR1 or TLR4 could be elucidated using siRNA, thereby investigating what 
implications the knock-down of expression of those receptors has for the 
responses of GF and PDLF to a single, or repetitive P. gingivalis challenges. 
 Another intriguing and surprising finding that invites further investigation 
is the influence of RANKL and M-CSF on the outcome of a P. gingivalis challenge 
on osteoclast formation. Based on our results and data presented in the 
literature32-34, 36-39, 41, it appears that addition of RANKL crucially determines 
whether P. gingivalis (or another bacterial challenge) either stimulates or inhibits 
osteoclast formation. So far, no mechanism for this has been given. 

Elucidation of this mechanism will not only be interesting to understand 
this in vitro phenomenon, but may also give significant insights in the interplay 
between host factors and bacterial presence in osteoclast formation in 
periodontitis. Since we hypothesize that the presence of RANKL leads to activation 
of different pathways by a bacterial challenge, it would be interesting to 
investigate in detail which receptors and downstream pathways are activated by 
P. gingivalis in the presence, and absence, of RANKL and M-CSF. Furthermore, the 
presence of RANKL might influence the capacity of the osteoclast precursors to 
respond to P. gingivalis. Therefore, the inflammatory responses of precursors to 
P. gingivalis, measured for example as the induction of pro-inflammatory 
cytokines, in the presence and absence of RANKL and M-CSF could be studied.   

It is possible that although less osteoclasts are formed in the presence of 
RANKL, their activity is higher than that of osteoclasts formed in the absence of 
RANKL, leading in the end to similar or even more resorption. Also the way in 
which P. gingivalis stimulated osteoclast formation, via direct interaction of its LPS 
with osteoclast precursors, or via indirect action through inducing cytokine 
production by fibroblasts, may influence the activity of the osteoclasts formed. 
Our initial steps to investigate the activity of the osteoclast formed with P. 
gingivalis have indicated that the cells can indeed become activated, but more 
research towards the actual resorptive activity of the osteoclasts after stimulation 
with P. gingivalis would greatly improve our understanding of this interplay.  

In conclusion, based on the research in this thesis we can state that 
interactions between P. gingivalis and gingival or periodontal ligament fibroblasts 
will lead to inflammatory responses that may play important roles not only in 
periodontitis-related osteoclast formation and bone destruction, but also in a 
hosts’ susceptibility towards periodontitis.  
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General abstract 
 

Porphyromonas gingivalis is an oral pathogen strongly associated with 
periodontitis, a chronic inflammatory disease of the tooth-supporting tissues. In 
periodontitis, a constant interaction between host cells and bacteria leads to 
tissue destruction. A major clinical symptom of periodontitis is degradation of the 
alveolar bone due to excessive resorptive activity by osteoclasts.  

Among host cells that are involved in the inflammatory response to 
bacteria in periodontitis are gingival and periodontal ligament fibroblasts. In this 
thesis we investigated the responses that viable P. gingivalis elicits in gingival and 
periodontal ligament fibroblasts from periodontitis patients and healthy controls, 
and the role that these responses may play in the pathogenesis of periodontitis.  

We found that viable P. gingivalis induced the gene-expression of 
interleukins (IL)-1β, IL-6, IL-8, tumor necrosis factor-α (TNFα), monocyte 
chemotactic protein-1 (MCP-1), and RANTES (regulated upon activation, normal T-
cell expressed and secreted) in both fibroblast subsets from  periodontitis patients 
and from healthy donors. The polysaccharide capsule of P. gingivalis reduced 
these inflammatory responses in gingival fibroblasts, possibly by preventing its 
recognition by the host cell.   

 
The cytokine responses of both fibroblast subsets to P. gingivalis were 

quite similar in cells from periodontitis patients and healthy persons. Still, 
considerable heterogeneity in the scale of these cytokine responses existed, 
which was apparent not only between individuals, but also between gingival and 
periodontal ligament fibroblasts within a single individual. This heterogeneity 
possibly indicates a variable susceptibility towards P. gingivalis or periodontitis 
among different cell types, and among different individuals. 

Interestingly, both fibroblast types from periodontitis patients appeared 
to be more prone to recognise and respond to P. gingivalis. Periodontal ligament 
fibroblasts from periodontitis patients had higher gene-expression levels of the 
receptors TLR1, TLR4, TLR7 and CD14. Furthermore, periodontal ligament 
fibroblasts from patients had a lower expression of NFκBIL-1, an inhibitor of 
activation of transcription factor NF-κB. Gingival fibroblasts from periodontitis 
patients had stronger responses to P. gingivalis with respect to the expression of 
the receptors TLR1, TLR2, and TLR7.   

 
Periodontal ligament fibroblasts from persons that carried P. gingivalis in 

their subgingival plaque were more responsive to an in vitro P. gingivalis 
challenge, than fibroblasts from non-carriers. After a challenge with P. gingivalis, 
in periodontal ligament fibroblasts from carriers, gene-expression of the receptors 
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TLR1 and TLR7, the transcription factor NF-κB1, the pro-inflammatory cytokine IL-
1β, and the chemokines RANTES and MCP-1 were induced more strongly. A prior 
encounter with P. gingivalis may thus have rendered these periodontal ligament 
fibroblasts more responsive to a new challenge.  

Interestingly, this difference between carriers and non-carriers did not 
exist in gingival fibroblasts. Thus, gingival and periodontal ligament may 
differentially interact with and respond to P. gingivalis, in periodontitis and 
health.  

 
Since the cytokines produced by gingival and periodontal ligament 

fibroblasts in response to P. gingivalis are known to play a role in osteoclast 
formation, we hypothesized that conditioned medium of gingival fibroblasts 
challenged with P. gingivalis influences the formation of osteoclasts in vitro. Also, 
P. gingivalis-produced factors may influence osteoclast formation directly. We 
found that both conditioned medium from viable P. gingivalis alone, and 
conditioned medium from gingival fibroblasts challenged with viable P. gingivalis, 
stimulated the formation of osteoclasts in a similar way.  

Conditioned medium from dead P. gingivalis alone, in contrast, had no 
stimulatory effect, whereas medium from gingival fibroblasts challenged with 
dead P. gingivalis did. This suggests that P. gingivalis can stimulate osteoclast 
formation in different ways; directly, via factors actively produced by viable P. 
gingivalis, and which we found to probably  be LPS, and indirectly, by stimulating 
GF to secrete cytokines that induce osteoclast formation.  

Surprisingly, the effect of conditioned medium on osteoclast formation 
depended on the culture conditions of the precursor cells, being the presence of 
RANKL and M-CSF. When RANKL and M-CSF were added, conditioned media 
inhibited osteoclast formation, in contrast to the stimulatory effect we had found 
without RANKL and M-CSF. The presence of bacterial components, pro-
inflammatory cytokines, and RANKL and M-CSF during inflammation may thus all 
contribute to osteoclast formation in periodontitis.   

 
In conclusion, the research presented in this thesis implies that gingival 

and periodontal ligament fibroblasts contribute significantly to the host response 
in P. gingivalis-induced periodontitis, through the production of pro-inflammatory 
cytokines and chemokines. The interactions between P. gingivalis and gingival or 
periodontal ligament fibroblasts lead to inflammatory responses that may play 
important roles not only in periodontitis-related osteoclast formation and bone 
destruction, but also in a hosts’ susceptibility towards periodontitis.  
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Algemene samenvatting 
 
Porphyromonas gingivalis is een pathogene mondbacterie die sterk is 
geassocieerd met parodontitis, een chronische ontstekingsziekte van de weefsels 
rondom de tanden (het parodontium). Bij parodontitis veroorzaakt de 
voortdurende interactie tussen gastheercellen en pathogene bacteriën zoals P. 
gingivalis een constante  ontstekingreactie die leidt tot weefselschade in het 
parodontium. Afbraak van het kaakbot, veroorzaakt door overmatige activiteit 
van osteoclasten, bot-afbrekende gastheercellen, is een belangrijk klinisch 
symptoom van parodontitis, en kan leiden tot verlies van tanden en kiezen.   

Twee verschillende celtypen in het parodontium die betrokken kunnen 
zijn bij de ontstekingsrespons in parodontitis zijn gingiva (tandvlees) fibroblasten, 
en parodontaal ligament fibroblasten. Daarom is in dit proefschrift onderzocht 
hoe deze twee celtypen reageren (de ontstekingsrespons) op P. gingivalis  in 
gezonde personen en in parodontitis patiënten, en wat dit zou kunnen betekenen 
voor de pathogenese van parodontitis.   
 Een in vitro stimulus met levende P. gingivalis leidde in de gingiva en 
parodontaal ligament fibroblasten tot een verhoging van gen-expressie van de 
pro-inflammatoire cytokines en chemokines IL-1β, IL-6 en IL-8, TNFα, MCP-1, en 
RANTES,  in cellen van zowel parodontitis patiënten en gezonde personen. Deze 
ontstekingsresponsen van fibroblasten bleken te worden verminderd door de 
aanwezigheid van een polysacchraride kapsel op P. gingivalis, mogelijk doordat 
het kapsel verhindert dat P. gingivalis door de gastheercel kan worden herkend. 
 
 De sterkte van de ontstekingsresponsen van gingiva en parodontaal 
ligament fibroblasten op P. gingivalis varieerde substantieel tussen personen, en  
tussen de verschillende fibroblast typen van eenzelfde persoon.  
 Ondanks deze variatie leken zowel gingiva als parodontaal ligament 
fibroblasten van parodontitis patiënten beter in staat om P. gingivalis te 
herkennen dan fibroblasten van gezonde personen. In parodontaal ligament 
fibroblasten van patiënten was de expressie van de receptoren TLR1, TLR4, TLR7 
en CD14 hoger bij patiënten dan bij gezonde personen. Bovendien was in 
parodontaal ligament fibroblasten van parodontitis patiënten de expressie van 
NF-κBIL-1, een remmer van NF-κB activering, lager dan bij gezonde personen, wat 
erop duidt dat een ontstekingsrespons wellicht makkelijker tot stand zou kunnen 
komen.  
 In gingiva fibroblasten van parodontitis patiënten werd de gen-expressie 
van receptoren TLR1, TLR2, en TLR7 na een stimulus met P. gingivalis sterker 
verhoogd dan in gingiva fibroblasten van gezonde personen. 
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 Een opvallende bevinding was dat parodontaal ligament fibroblasten van 
zowel patiënten als gezonde personen bij wie P. gingivalis kon worden 
aangetoond in subgingivale plaque, sterker reageerden op een stimulus met P. 
gingivalis, dan fibroblasten van personen bij wie P. gingivalis niet aanwezig was: 
de gen-expressie van de receptoren TLR1 en TLR7, van transcriptiefactor NF-κB1, 
van het cytokine IL-1β, en van de chemokines RANTES en MCP-1, werd meer 
verhoogd in de parodontaal ligament fibroblasten van dragers van P. gingivalis. 
Mogelijk heeft een eerder contact met P. gingivalis ertoe geleid dat deze 
fibroblasten sterker konden reageren op een nieuwe stimulus.  

Dit verschil tussen dragers en niet-dragers van P. gingivalis bestond 
interessant genoeg niet bij gingiva fibroblasten. Mogelijk verloopt de interactie 
tussen P. gingivalis en fibroblast dus verschillend bij gingiva en parodontaal 
ligament fibroblasten.  
 
 Van de cytokines die gingiva en parodontaal ligament fibroblasten kunnen 
produceren bij de ontstekingsrespons op P. gingivalis is bekend dat ze een rol 
kunnen spelen bij het vormen van osteoclasten. Geconditioneerd medium 
(kweeksupernatant) van gingiva fibroblasten, gestimuleerd met P. gingivalis, zou 
daarom invloed kunnen hebben op het vormen van osteoclasen in vitro. 
Bovendien zouden ook bacteriële factoren, geproduceerd door P. gingivalis, een 
direct effect kunnen hebben op de osteoclastvorming.  

Zowel geconditioneerd medium van levende P. gingivalis, als 
geconditioneerd medium van gingivale fibroblasten gestimuleerd met levende P. 
gingivalis,had een stimulerend effect op de osteoclastvorming. Geconditioneerd 
medium van dode P. gingivalis had daarentegen geen enkel effect, terwijl 
geconditioneerd medium van gingiva fibroblasten die waren gestimuleerd met 
dode P. gingivalis het vormen van osteoclasten stimuleerde. Dit wijst erop dat  P. 
gingivalis de osteoclastvorming in vitro op verschillende manieren kan stimuleren. 
Enerszijds op een directe manier, via bacteriële factoren geproduceerd door 
levende P. gingivalis, waarschijnlijk LPS. Anderzijds op een indirecte manier, door 
in gingiva fibroblasten de productie van cytokines die de osteoclastvorming 
bevorden te stimuleren. 

 
Merkwaardig genoeg bleek het effect dat geconditioneerd medium had 

op het vormen van osteoclasten af te hangen van de kweekomstandigheden van 
de osteoclast voorlopercellen, namelijk de aanwezigheid van de cytokines RANKL 
en M-CSF. Wanneer RANKL en M-CSF werden toegevoegd tijdens de kweek van de 
voorlopercellen, had geconditioneerd medium van P. gingivalis, en van 
fibroblasten gestimuleerd met P. gingivalis, een remmend effect op de 
osteoclastvorming. Dit in tegenstelling tot het eerder gevonden stimulerende 
effect.  
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Waarschijnlijk dragen de aanwezigheid van bacteriële componenten, pro-
inflammatoire cytokines, en RANKL en M-CSF tijdens ontsteking allemaal bij aan 
het vormen van osteoclasten bij parodontitis.  
 
 Het onderzoek gepresenteerd in dit proefschrift wijst erop dat gingiva en 
parodontaal ligament fibroblasten door de productie van pro-inflammatoire 
cytokines en chemokines een significante rol kunnen spelen bij P. gingivalis- 
geassocieerde parodontitis. De interactie tussen P. gingivalis en gingiva of 
parodontaal ligament fibroblasten leidt daarbij tot ontstekingsresponsen die niet 
alleen een belangrijke bijdrage kunnen leveren aan de osteoclastvorming tijdens 
parodontitis, maar ook invloed kunnen hebben op de persoonlijke gevoeligheid 
voor parodontitis .  
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Over promoveren en glamour 
 
Vraag een willekeurig iemand waar hij of zij aan denkt bij promoveren, en er 
zullen voornamelijk dingen worden genoemd als hard werken, laboratoria, stress, 
reageerbuisjes en publicatiedruk. Wat ik gok dat weinig tot geen mensen zullen 
zeggen, is ‘glamour’. Want promoveren en glamour, dat zijn nou eenmaal twee 
dingen die over het algemeen niet vaak samengaan.  
Ik ben echter van mening dat om een proefschrift succesvol tot stand te brengen - 
en eigenlijk voor welk project dan ook - een portie glamour op zijn tijd 
onontbeerlijk is. Het hoeft niet direct filmsterrenglamour te zijn, gewoon een 
beetje AiO’s-die-nu-eenmaal-niet-Madonna-of-Tom-Cruise-heten-glamour is ook 
al goed. En terugkijkend is het  eigenlijk best goed gelukt om niet alleen een 
proefschrift af te leveren waar ik trots op ben, maar ook om dit met een vleug 
glamour te doen; de cover van dit proefschrift moge daar een bewijs van zijn, hij is 
tenslotte geïnspireerd op een van mijn favoriete tijdschriften getiteld, jawel, 
‘Glamour’.  
 
Uiteraard had dit (glossy) proefschrift nooit tot stand kunnen komen zonder de 
hulp en bijdragen van de mensen die ik tijdens mijn AiO-schap om mij heen had, 
op zowel de glamourous als de minder glamourous momenten. Die mensen wil ik 
daarvoor heel hartelijk bedanken. Iemand onbedoeld vergeten zou daarbij vrij 
onglamourous en vreselijk onaardig zijn en dus wil ik beginnen met een (licht 
aangepaste) quote uit een bekend nummer, bedoeld voor iedereen die mij op 
welke wijze dan ook heeft bijgestaan tijdens het vormen van mijn proefschrift:  
“So I say thank you for the thesis……!” 
Voor mensen die niet houden van lange dan wel langdradige dankwoorden, u mag 
hier ophouden met lezen. Andere mensen mogen doorlezen, want ik wil een 
aantal mensen specifiek benoemen en bedanken voor hun bijdrage, hulp en 
bijstand tijdens de weg naar mijn ultieme glamourmoment. 
 
Two PhD, or not two PhD.... 
Als AiO van twee afdelingen had ik niet één, maar 2 promotoren, en niet één, 
maar 2 copromotoren. Een team van 4 mensen om mij op te leiden tot zelfstandig 
wetenschapper, dat was luxe en dus best wel glamourous, al was het bij mijn 
eerste sollicitatiegesprek ook wel een beetje intimiderend… 
Mijn promotoren waren Vincent Everts bij orale celbiologie, en Wim Crielaard bij 
orale microbiologie. Verschillende afdelingen, verschillende werkwijzen en 
meningen, maar van onze gezamenlijke besprekingen werd ik altijd erg 
enthousiast.  
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Vincent had altijd een kritische blik, en bleef doorvragen, wat mij stimuleerde om 
te blijven nadenken over mijn resultaten, conclusies en hypothesen. Op 
momenten dat ik zelf nog niet diep genoeg had nagedacht, kon ik dat als minder 
glamourous ervaren. Desalniettemin trof het juist dan altijd doel. Andere 
momenten waren bijzonder glamoureus, wanneer Vincent met diezelfde kritische 
blik had opgemerkt hoe mijn outfits tot in de puntjes en oorbellen bij elkaar 
pasten. Ook dat is iets waar mijns inziens diep over nagedacht dient te worden, en 
blijkbaar deed ik dat dus diep genoeg. Vincent, bedankt voor je vertrouwen in mij 
en voor al je input, wetenschaps- en modegewijs. 
Wim kon zonder overbodige tekst laten merken dat hij plannen en experimenten 
zag zitten, en twijfel over wel of niet etcetera opheffen door eenvoudige 
woorden. Dit kan een erg verhelderende uitwerking kan hebben op een enigszins 
piekerende AiO genaamd Nina. Ik ben erg blij dat Wim als mijn promotor bij 
microbiologie Arie Jan van Winkelhof opvolgde, die na een jaar lang enthousiaste 
begeleiding helaas afscheid nam. Wim, ook jij bedankt voor je vertrouwen in mij, 
en voor de nieuwe kansen (en het ongelofelijk glamourous uitzicht) die ik bij PT 
heb gekregen.  
 
The place to be 
Ook de gemiddelde werkplek wordt niet vaak geassocieerd met glamour. Tsja, het 
is tenslotte een werkplek en geen luxe lounge of iets dergelijks. Mijn werkplek op 
onze oude locatie had weinig glamour van zichzelf (en het uitzicht was een grijzige 
binnenplaats met een plat dak waar zelfs als de zon scheen nog grote 
regenplassen op lagen), maar wel een heel glamourous roommate. Ik deelde mijn 
kamer namelijk met copromotor Marja Laine.  
Een kamer delen met Marja was erg prettig. Ik kon haar altijd lastigvallen met 
vragen, met ideeën over onderzoekskwesties of nieuwe experimenten, 
manuscripten en versgeschreven abstracts. Marja was dan altijd bereid mij te 
voorzien van hulp en advies. Ik kon haar behalve met wetenschap echter ook 
lastigvallen met verhalen over uitverkoop, muziek, eten en mannen. Als 
residenten van de ‘meisjeskamer’ hebben wij onze eer hooggehouden door onze 
uitgebreide collectie thee, door jurk na jurk te passen in een fantastische fashion-
outlet in Boston, door ons te goed te doen aan verse kreeft en chocolade toetjes, 
en door te genieten van muzikale voorstellingen… Klinkt als ik het zo teruglees 
behoorlijk glamourous en dat was het dus ook. Marja, ik was ontzettend blij met 
jou als copromotor en ook als kamergenoot, en dat ben ik overigens nog steeds. 
 
Met mijn andere copromotor, Teun de Vries, deelde ik geen kamer, maar wel vaak 
een  flowkast. Boven het lawaai van die kast uit konden we babbelen over van 
alles, of het nu de beste kweekwijze voor de osteoclast was, of een belevenis uit 
het weekend. Met Teun was namelijk zelfs een gesprek over het optimaliseren 
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van een protocol of het uitwerken van een experiment behalve nuttig ook 
gezellig. Teun verwelkomde mij in de wondere wereld van fibroblast en 
osteoclast; hoe ze te manipuleren, hoe ze vanuit verschillende invalshoeken te 
bekijken en hoe er mooie experimenten mee te doen. Ook hoe ze te tellen, 
overigens een van de minst glamourous aspecten van mijn onderzoek. Maar dat is 
uiteraard vergeven, want met Teuns begeleiding in het lab en verhelderend 
commentaar bij mijn manuscripten had ik het zeer getroffen. Bovendien hadden 
de modieuze overhemden van Teun altijd heel veel glamour. Teun, bedankt, 
dankzij jou zat er in het onderzoek doen altijd een vrolijke noot, die ik je vast ook 
nog vaker ga horen zingen… 
 
Geen glamour zonder entourage 
De promotoren en copromotoren, die hebben mij dus naar mijn promotie toe 
begeleid, maar de letterlijke taak van de begeleiding naar het podium alwaar ik 
mijn proefschrift ga verdedigen/verdedigd heb (doorhalen wat niet van 
toepassing is), die is voor Greetje Renders en Marjoleine Willems. Als lid van het 
illustere genootschap ‘de bananen’ wist ik al gauw dat ik deze twee ladies als 
paranimf zou vragen. Behalve dat zij ongetwijfeld een glamourous verschijning 
zullen zijn op het podium, zijn wij al bananen sinds onze studententijd en werden  
we alle drie ongeveer tegelijk AiO bij ACTA. Ik hoop dat we ook in de toekomst 
zowel als vriendinnen als collega’s bij elkaar in de buurt blijven want ik kan me 
niet voorstellen hoe een carrière in de wetenschap er zou moeten uitzien als zij er 
niet bij zijn. In elk geval een stuk minder glamourous, denk ik zo. Girls, bedankt 
voor alles, binnen en buiten het promoveren ☺. 
 
Zoals al eerder genoemd was ik een AiO bij verschillende groepen. Het werken bij 
twee afdelingen hield niet alleen in dat ik twee (co)promotoren had, maar ook dat 
ik twee keer zoveel collega’s had. Ik heb daar altijd van genoten want ik houd van 
gezelligheid en veel verschillende mensen op het werk. Twee keer zoveel collega’s 
dus, waaronder (twee keer zoveel) AiOs. Hoera, want niets fijner dan een schare 
goede lotgenoten om je heen, om zowel de momenten van glamour als de 
momenten met iets minder glamour tijdens het promotietraject mee te delen. Zo 
kun je bijvoorbeeld met een AiO samen je onderzoeksvraag combineren en samen 
een project bedenken/begeleiden, wat leidt tot mooie resultaten voor beide. Je 
kunt echter met een AiO samen ook zomaar besluiten dat je, als je werkplek is 
afgesloten wegens een stroomstoring, beter in de auto kan stappen en naar de 
Efteling rijden, alwaar het mooie resultaat te behalen van een briljante foto in de 
Vogel Rok. Beide situaties met dank aan Jorg Brunner; Jorg, je was een geweldige 
buur-AiO, bedankt! (En ik ben altijd een beetje jaloers geweest op die gingivalis-
knuffel). 
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Verder kun je met andere AiOs uitermate goed pauze houden tijdens de lunch, 
wat inhoudt dat je dan even niet over werk, maar over de meest uiteenlopende 
andere onderwerpen discussieert, met een grote voorkeur voor platte 
onderwerpen, zwarte humor, en winkelen. Kantines zijn overwegend niet bepaald 
glamourous places to be, maar de gesprekken waren soms toch best wel Sex and 
the City (of wacht, eigenlijk is SATC alweer uit, hmm, Gooische Vrouwen, dan?). 
Ook kan je bij elkaar je tips en frustraties kwijt over zowel goedgelukte 
experimenten en mooie data, als over mislukte experimenten of het schrijven van 
manuscripten. Lieve AiOs die tegelijk met mij AiO waren op ACTA, of bij MMI op 
de VU, en natuurlijk pionier-banaan-AiO Marleen op het AMC, jullie waren 
geweldig als lotgenoot, als luisterend oor, als gesprekspartners, als 
borrelgezelschap, als lunchgenoot, etc. Bedankt! 
 
Volgens een - wetenschappelijk niet ondersteunde - test op facebook ben ik het 
soort wetenschapper dat graag veel persoonlijk contact heeft tijdens het 
experimenteren, en met die twee afdelingen zat ik op de juiste plek. Voor mij 
waren allebei de afdelingen ook echt ‘mijn’ afdelingen (waarbij ik dus bedoel dat 
ik er voor mijn gevoel helemaal bij hoorde , en niet dat ik de baas was). Nou had ik 
dan ook het geluk om op mijn eerste werkdag een labuitje celbiologie mee te 
maken. Ik moest mijzelf al direct voor gek zetten door een stukje opera te zingen 
bij het improvisatietoneel, en dat heeft niemand ooit nog tegen mij gebruikt in 4 
jaar (hoewel ik op het moment van dit schrijven niet weet of dit tijdens mijn 
promotiefeest eventueel nog boven komt drijven). Ook had ik het geluk dat mijn 
tweede werkdag werd besloten door een toch best wel glamourous boottochtje 
met microbiologie over de Amsterdamse grachten, begeleid door live 
accordeonmuziek. Na een dergelijke goede binnenkomer kon het eigenlijk niet 
meer mis gaan, en dat ging het dan ook niet, want iedereen was altijd even 
behulpzaam en ik kon altijd overal terecht voor advies, een handje op het lab, of 
gewoon een praatje. Zo heeft Carolien mij ontzettend geholpen met een 
hoeveelheid patientenmonsters, DNA en RNA waar je U tegen zegt, en zo was  
Ton degene die mij inwijdde in de geheimen van de Taqman. 
Lieve collega’s verspreid over al ‘mijn’ afdelingen en  verdiepingen, in het oude en 
het nieuwe gebouw, thanks, ik was erg blij met jullie! En dat geldt zeker ook voor 
mijn  stagiares - en dus eigenlijk gewoon ‘tijdelijke collega’s’  - Anita, Nawal, en 
Kiri, wiens werk allemaal heeft bijgedragen aan de hoofdstukken van dit 
proefschrift.   
  
 ‘Nevenactiviteiten’ is eigenlijk een beetje een onbestemde term die van alles kan 
betekenen. Daarnaast is het een term die, net als promoveren, niet vaak direct 
wordt geassocieerd met glamour. Laat ik voor dit dankwoord dan even een 
nevenactiviteit definiëren als een activiteit die ik heb uitgevoerd neven de 
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activiteiten die betrekking hadden op mijn promotieonderzoek, maar die wel een 
vleugje glamour verleenden aan mijn promotieonderzoek.  
Zoals het Promovendi-overleg, waar ik als verse AiO in stapte. Het bleek een van 
de leukste onderdelen van mijn promotietraject te zijn. Samen met de andere 
promovendi-overleggers lichting 2007-2010 hebben we een boel bereikt vind ik 
zo, zowel op het serieuze vlak, als met onze ‘onions’ (uitjes). Het was tof om 
samen te werken met mensen die allemaal enthousiast zijn, en al helemaal als de 
vergaderingen vergezeld gaan van een boel gezelligheid. Jaco, Ana, Wilco, Joris, 
Janice, en natuurlijk ook Martine, ik vond het top met jullie in het overleg.  
  
Familie en vrienden wil ik eigenlijk  niet zomaar bestempelen als een 
nevenactiviteit , want, uiteraard zijn deze lieve mensen een hoofdactiviteit. Maar 
misschien zou het volgens mijn eerdergenoemde definitie  wel kunnen. Ze waren 
er immers om alle verhalen, de succesverhalen maar ook de klachten, over het 
promoveren bij kwijt te kunnen en een ‘objectieve’ mening te geven, maar ook  
om het werk juist even helemaal te vergeten (ja, dat is daadwerkelijk 
mogelijk),zoals bijvoorbeeld tijdens het winkelen in Belgie, op zomerse festivals, 
of gewoon lekker ouderwets thuis.  Mijn pap en mam die altijd hebben gesteund, 
Felix die er altijd van dichtbij bij was, Rosan, de schoonfamilie, Gee en de rest van 
de bananen…ze hebben er - hoop ik ;-) - altijd in geloofd dat ik dit project tot een 
mooi einde ging brengen. Ik hoop dat ze trots zijn op mij en dit proefschrift. 
  
Een onvergetelijke nevenactiviteit die genoemd móet worden en die weinig met 
wetenschap te maken had, maar, dat hangt er vanaf hoe je ernaar kijkt, wel met 
glamour was het schrijden over de rode loper naar de première van de film ‘I love 
Dries’.  Rode loper:  glamour! , Van derValk: iets minder glamour… maar, dames 
van het ‘Dries-genootschap’, het was memorabel. 
 
En zo heb ik dan onder het motto ‘promoveren kan best met glamour!’ een lang 
verhaal gehouden. Hulde voor de lezer die het tot hier heeft volgehouden. Maar 
goed, ik ga dan ook mijn ultieme glamourmoment beleven zonder daarbij de kans 
te krijgen om na het ontvangen van de ‘prijs’ net als bij de Oscars een emotionele 
speech te geven in een geleende designerjurk. Dus moet alles hier op papier. Mijn 
dankwoord is lang, mijn dank is groot.  



Chapter 9 - Dankwoord 125 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

126                                                                Appendix A – List of abbreviations 

Appendix A:  List of Abbreviations 
 
Bacteria 
LPS     lipopolysaccharide 
CPS     capsular polysaccharide 
MOI     multiplicity of infection 
Pg     Porphyromonas gingivalis 
epsC     Exo Poly Saccharide (locus) C 
ATCC      American Type Culture Collection 
CFU     colony forming unit 
      
Host cells and cell structures 
GF     gingival fibroblasts 
PDLF     periodontal ligament fibroblasts 
PRR     pattern recognition receptor 
TLR     Toll-like receptor 
PAMP     pathogen-associated molecular pattern 
PBMCs     peripheral blood mononuclear cells 
 
Cytokines and molecules 
IL (IL-1β, IL-6, IL-8)   interleukin 
TNFα     tumor necrosis factor alpha 
RANK     receptor activator of nuclear factor-κB 
RANKL     receptor activator for nuclear factor-κB ligand 
M-CSF     macrophage-colony stimulating factor 
MCP-1     monocyte chemotactic protein-1 
RANTES     regulated upon activation, normal T-cell  
     expressed and secreted 
OPG     osteoprotegerin 
NF-κB     nuclear factor kappa B 
NF-κBIL1     NFκB-inhibitor-like protein 1 
PBGD     porphobilinogen deaminase 
TRACP     tartrate resistant acid phosphatase 
MNC     mononuclear cell 
TRACP+MNCs    TRACP-positive mononuclear cells 
 
Techniques 
PCR     polymerase chain reaction 
ELISA     enzyme-linked immunosorbent assay 
FCS     fetal calf serum 
DMEM     Dulbecco’s minimal essential medium 
BHI     Brain-heart infusion 
BOP     bleeding on probing 




