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Abstract 
 
Eleonor Palm (2015): Inflammatory responses of gingival fibroblasts in the 
interaction with the periodontal pathogen Porphyromonas gingivalis. Örebro 
Studies in Medicine 113.  
 
Peridontitis is a common, chronic inflammation with associated destruc-
tion of tooth-supporting tissues. It is initiated and driven by a complex 
polymicrobial infection where disruption of the homeostasis between 
subgingival biofilm and host defence leads to pathological alterations. 
Porphyromonas gingivalis, which is considered as a major etiological 
agent in periodontitis, has evolved elaborated mechanisms to evade and 
manipulate host responses. An important virulence factor of P. gingivalis 
is the gingipains which are proteolytic cysteine proteases with broad cata-
lytic activity. How P. gingivalis interacts with the gingival fibroblast, 
which recently has been identified as a major contributor to the excessive 
immune response in periodontitis, is the aim of the thesis. We found that 
fibroblasts respond to P. gingivalis by releasing inflammatory mediators, 
indicating that fibroblasts could make a substantial contribution to the 
inflammatory process seen in periodontitis. P. gingivalis is able to modify 
this response by cleaving fibroblast-derived cytokines through proteolytic 
activity of the gingipains and by hampering antimicrobial capacity of 
fibroblasts. The inflammatory responses of gingival fibroblasts towards P. 
gingivalis are evoked via PAR1 and TLR2 activation and mediated via a 
PKC-MAPK pathway, leading to secretion of CXCL8 and interleukin-6. 
This thesis advances the understanding of the mechanisms involved in the 
interaction between P. gingivalis and gingival fibroblasts. Increased 
knowledge about processes that participate in the initiation and progres-
sion of periodontitis is important for developing new strategies for diag-
nosis and treatment for one of the most prevalent inflammatory diseases.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Parodontit är en inflammatorisk sjukdom som drabbar närmre 50 % av 
den vuxna befolkningen och som leder till kroniska förändringar av tan-
dens stödjevävnader. Det är en långsamt framåtskridande sjukdom som, 
om den inte behandlas, leder till att tanden lossnar. Ett stort antal studier 
visar ett samband mellan parodontit och andra inflammatoriska sjukdo-
mar, till exempel hjärt-, kärlsjukdomar och reumatiska sjukdomar. Paro-
dontit initieras av att bakterier ansamlas vid tandköttskanten mot tanden. 
Detta leder till en inflammation som successivt förvärras när det bildas en 
tandficka som blir allt djupare samtidigt som bakteriefloran skiftar från 
huvudsakligen grampositiva till gramnegativa bakterier. När inflammation 
uppstår så förändras balansen mellan värdens immunförsvar och bakterie-
floran, och immunförsvaret, som syftar till att kontrollera och eliminera 
tandpatogenerna, kan inte bekämpa infektionen och ger istället upphov till 
de patologiska skador som kännetecknar parodontit.  

En viktig bakterie som är kopplad till parodontit är Porphyromonas 
gingivalis. Det är en gramnegativ bakterie som utvecklat en rad olika 
mekanismer för att undkomma och även modifiera värdens immunförsvar. 
P. gingivalis har specifika proteolytiska enzymer, s.k. gingipainer, som 
bakterien använder sig av för att bryta ned olika proteiner och peptider 
hos värden. Gingipainer kan till exempel bryta ned olika immunologiska 
signalsubstanser, s.k. cytokiner, från celler. Cytokiner är nödvändiga för 
cellers kommunikation och för en fungerande inflammatorisk process.  

En av de mest förekommande celltyperna i tandköttet är gingivala 
fibroblaster. Tidigare ansågs dessa celler huvudsakligen vara strukturella 
celler, det vill säga celler som producerar och reglerar den bindväv som 
finns i tandköttet. Senare studier har dock visat att fibroblaster uttrycker 
receptorer, s.k. PRRs (pathogen recognition receptors), som känner igen 
specifika strukturer hos sjukdomsframkallande bakterier, s.k. patogener. 
När cellen upptäcker patogener så leder detta till en signaleringskaskad, 
från receptorn som bundit bakterien, via olika intracellulära molekyler, till 
reglering av aktuella gener och slutligen produktion av cytokiner.  

Syftet med den här avhandlingen var att undersöka hur P. gingivalis och 
humana fibroblaster interagerar med varandra. I första studien ställde vi 
oss frågorna om fibroblaster kan svara på en P. gingivalis-infektion och 
hur påverkas i så fall detta svar av bakterien? Vi fann att fibroblaster kan 
producera ett flertal cytokiner samtidigt som gingipainer från P. gingivalis 
bryter ned dessa. Vidare observerade vi i studie två att P. gingivalis både 



inducerar och hämmar det inflammatoriska svaret från fibroblaster genom 
att förändra uttrycket av CXCL8 och TGF-β1. CXCL8 är en cytokin som 
lockar immunceller till platsen för infektionen medan TGF-β1 är en anti-
inflammatorisk cytokin. Dessutom visade det sig att fibroblaster uttrycker 
SLPI (secretory leukocyte protease inhibitor), vilket är en viktig hämmare 
av olika proteolytiska enzymer som produceras bland annat under en in-
flammatorisk reaktion. SLPI bidrar till att skydda vävnaden från dessa 
reaktiva enzymer. P. gingivalis hämmade uttrycket av SLPI, vilket kan 
innebära att P. gingivalis bidrar till den vävnadsnedbrytande process som 
äger rum vid parodontit. Tredje studien syftade till att undersöka vilka 
PRRs som orsakar frisättning av TGF-β1, CXCL8 och interleukin (IL)-6, 
en inflammatorisk cytokin, samt SLPI. Det visade sig att TLR2 (toll like 
receptor 2) och PAR1 (protease-activated receptor 1) var de receptorer hos 
fibroblaster som kände igen och svarade på P. gingivalis genom att frisätt-
ning av CXCL8 och IL-6 orsakades delvis av en aktivering av dessa recep-
torer. Det visade sig även att uttrycket av SLPI var TLR2- och PAR1-
beroende. I fjärde arbetet ville vi undersöka vilka signaleringsvägar som 
var viktiga för fibroblaster vid en P. gingivalis-infektion. Vidare undersök-
tes också hur olika receptorer påverkar varandra, t.ex. om en receptor slås 
ut, kan då fibroblasterna kompensera denna förlust genom att öka ut-
trycket av en annan receptor? Vi upptäckte att frisättningen av CXCL8 
och IL-6 sker via PKC, en viktig intracellulär molekyl som är involverad i 
många olika inflammatoriska processer. När PAR1 slogs ut ökade ut-
trycket av PAR2. PAR2 i sin tur uppregleras av P. gingivalis, och samman-
taget, med stöd av andra forskningsrapporter, tyder våra resultat på att 
både PAR1 och PAR2 är viktiga komponenter vid parodontit. Likaså vi-
sade sig TLR2 vara av betydelse för frisättningen av IL-6 och CXCL8. 
Sedan tidigare är det känt att både IL-6 och CXCL8 bidrar till nedbryt-
ningen av tandens stödjevävnad.  

Denna avhandling har undersökt hur P. gingivalis interagerar med 
fibroblaster, vilka receptorer som orsakar frisättning av viktiga cytokiner, 
vilka intracellulära signaleringsvägar som initieras av P. gingivalis och vad 
som händer med de cytokiner som frisätts. Sammanfattningsvis så tyder 
resultaten i avhandlingen på att gingivala fibroblaster är en viktig del i det 
medfödda immunförsvaret och att de bidrar till den inflammatoriska pro-
cessen vid parodontit. P. gingivalis modifierar detta immunsvar, främst 
genom gingipainers proteolytiska aktivitet. Denna avhandling bidrar till 
ökad kunskap om interaktionen mellan fibroblaster och P. gingivalis. En 
ökad förståelse för de processer som är centrala vid initiering och pro-



gression av parodontit kan få stor betydelse för utveckling av nya strate-
gier för diagnos och behandling av denna vanligt förekommande kroniska 
inflammationssjukdom.   
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Introduction 

Periodontitis  
The oral cavity harbours a large number of bacterial species, at least 600 
(1), and the host is constantly challenged by the oral microflora. Oral 
health depends on a homeostatic balance between the host immune re-
sponse and the bacterial challenges and when this balanced relationship is 
perturbed, periodontal diseases is initiated (2). Gingivitis and periodontitis 
is the major periodontal diseases. Gingivitis is a mild, reversible inflamma-
tion that affects the gingival tissue while periodontitis is a chronic inflam-
matory response with irreversible changes (3). Gingivitis always precedes 
periodontitis (4). Periodontitis is the most prevalent inflammatory disease 
worldwide and one of the most common forms of bone pathology. Perio-
dontitis is a chronic inflammatory disease that involves bacterial infection 
and inflammation of the tooth-supporting tissues, which ultimately results 
in destruction of the periodontium (5). The periodontium consists of tis-
sues and structures that surround and support the tooth, and includes 
gingiva, periodontal ligament, cementum and alveolar bone (6). Periodon-
titis results from a bacterial plaque, a polymicrobial biofilm, at the gingi-
val marginal, which led to redness, swelling and bleeding, the classical 
signs of inflammation. When the bacterial plaque extends into the gingival 
sulcus, the connection between the junctional epithelium and the root 
surface disrupts and the gingival inflammation has reached the periodon-
tium. The degenerative process of the periodontium includes loss of con-
nective tissue attachment, bone resorption and formation of periodontal 
pockets due to apical migration of the junctional epithelium (7). These 
destructive processes that affect periodontium proceeds over time and 
eventually, if left untreated, leads to exfoliation of the tooth (Figure 1).  
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Figure 1. The healthy tooth is supported by the periodontium with bone and con-
nective tissue (left). The oral epithelium covers the connective tissue and the junc-
tional epithelium attaches it to the tooth. The sulcus, which is the space between 
the tooth and the epithelial lining, is filled with gingival crevicular fluid. In perio-
dontitis is a biofilm attached to the tooth, causing an inflammatory host response 
with associated destruction of the periodontium (right). If left untreated, the dis-
ease will ultimately lead to exfoliation of the tooth. The figure is modified with 
permission from (7). 

 
Periodontitis results from a complex polymicrobial infection (5), and is 

a so-called microbial shift disease. Dysbiosis means that there is a shift in 
the microbial ecosystem, with decreased number of commensal bacteria 
and/or increased number of bacterial pathogens. In periodontitis it in-
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volves a shift from a pre-dominantly gram positive flora, consisting of 
various lactobacilli and cocci, to a flora dominated by gram negative spe-
cies. A deepened tooth pocket reflects a changed environment, from aer-
obe to anaerobe and the consequence is this shift in microorganisms, and 
the shift occurs during the transition from periodontal health to periodon-
tal disease (7). Interruption of the homeostasis between the host and the 
oral microflora can also be due to onset of other diseases, behavioural 
changes or changes in the host immune response (2).  

Destruction of the tooth supporting structures is mainly mediated by 
the host and it’s a paradox that the hosts defence mechanisms that aims to 
protect the host and clear the bacterial load, causes the destruction of 
periodontium (2). However, periodontitis is initiated and driven by the 
bacterial challenges. A number of bacterial species has been more associat-
ed to periodontitis than others, based on their detection in periodontal 
pockets, the evoked immunological responses by their presence and their 
pathogenicity (8). Nevertheless, there still exists a large number of bacteri-
al species, estimated to be at least 600, found in the subgingival plaque 
that are uncultivable and therefore are uncharacterized, and it is likely that 
several important periodontal pathogens remain to be discovered (9). 
Some bacterial species are however strongly associated to periodontitis, 
such as the red complex. The red complex includes three periodontal 
pathogens, Treponema denticola, Tannarella forsythia and Porphyromo-
nas gingivalis (P. gingivalis), that often are associated to each other and to 
diseased sites (7). Nowadays, the development and progression of perio-
dontitis is believed to be due to a complex, polymicrobial society, the oral 
biofilm. A biofilm is a highly structured, three-dimensional matrix with a 
simple circulatory system (2). The biofilm provides physical protection 
and a gradient of oxygen, allowing anaerobic species to grow in the deeper 
pocket, and aerobic species near the surface. Furthermore, by-products 
from one species can be used as nutrients by other species in the biofilm. It 
is important to notice that in a biofilm, the bacteria can have a phenotype 
that differs from the phenotype that is utilized in the planktonic state. 
Oral bacteria have been shown to alter their gene expression upon at-
tachment to a surface and also during maturation of the biofilm (2). Nev-
ertheless, the keystone species hypothesis suggests that some species, like 
P. gingivalis, exerts a disproportionally large effect in the biofilm commu-
nity.  

Periodontitis is believed to be associated to a number of other diseases 
such as cardiovascular diseases and diabetes mellitus. Periodontitis and 
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cardiovascular diseases are both multifactorial diseases of high prevalence 
that shares several risk factors. Meta-analyses has found a weak, but sig-
nificant link between periodontitis and cardiovascular diseases, including 
that periodontitis patients have a higher risk for having or developing 
cardiovascular diseases, regardless of known confounders. Furthermore, 
diabetes mellitus is a risk factor for developing periodontitis, and perio-
dontitis is believed to contribute to complications in these patients (10). 
However, although much remains to be elucidated regarding the associa-
tion of periodontitis to other diseases, effective treatment of periodontitis 
is important to achieve, and oral health is the ultimate goal, which could 
have positive side effects with reduced risks for other diseases as well. 

 

The host innate immune response in periodontitis 
Inflammation is a fundamental process that is essential for our survival in 
the combat against threatening pathogens and in the wound healing pro-
cess. The majority of inflammatory processes that occurs are self-
restricted, meaning that they are acute processes in response to tissue inju-
ries and infections that will resolve after a short period of time. Inflamma-
tion is a highly complex and fine-tuned process that occurs in a delicate, 
reciprocal balance and communication between various cells and a pletho-
ra of pro- and anti-inflammatory mediators (11). When the host immune 
response is unable to clear the bacterial infection, the delicate process is 
turned into a chronic, non-resolving inflammation (12). 

Interactions between the host immune system and the oral microbial 
flora involve complex cellular and molecular mechanisms. Several cell 
types’ i.e. epithelial cells, dendritic cells, osteoblasts and periodontal and 
gingival fibroblasts, reside in the periodontium and are part of the innate 
host response, as well as neutrophils and monocytes/macrophages (7, 13, 
14). Pathogen-derived initiation of the innate immune system will in turn 
also activate the adaptive immune system with involvement of lympho-
cytes (11). In addition, immune cells are dependent on tissue resident cells 
to be able to infiltrate and survive within the tissue (15).  

Cells of the innate immune system recognize and respond to pathogens 
through pathogen recognition receptors (PRRs). Important PRRs are toll-
like receptors (TLRs) that are expressed by cells in the periodontal tissue 
(6). Protease-activated receptors (PARs) are non-classical PRRs that also 
are able to respond to pathogens (16). PRRs are key elements in the innate 
immune system by binding to specific, evolutionary conserved pathogen 
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structures, collectively known as pathogen associated molecular patterns 
(PAMPs). PAMPs include lipopolysacharides (LPS) from gram negative 
bacteria, bacterial DNA, peptidoglycans, lipoteichoic acids from gram 
positive bacteria, fimbriae, etc. A variety of PRRs exists, each of them 
with specificity for specific PAMPs (17). The binding of the ligand to the 
receptor results in receptor activation, which in turn induces downstream 
signalling pathways. These signalling cascades modifies the activity of 
associated transcription factors that regulates the expression of genes 
linked to inflammation, and this is followed by the release of correspond-
ing inflammatory mediators such as CXCL8 and interleukin (IL)-6 (11, 
17, 18). The chemokine CXCL8 (also referred to as IL-8), attracts and 
recruits neutrophils to the site of infection and promote monocyte adhe-
sion to the vessel walls (13). The infiltrating neutrophils, as well as resi-
dent cells and macrophages, release cytokines like tumor necrosis factor-α 
(TNF-α), IL-1 and IL-6. These inflammatory mediators will eventually 
contribute to tissue destruction with alveolar bone loss and a sustained, 
chronic inflammation. At every step of the inflammatory process, cyto-
kines, chemokines and other mediators are released and affect the neigh-
boring cells, as well as attracting inflammatory cells to the site of infec-
tion. These cells respond to the inflammatory mediators and the inflam-
matory process is further enhanced (14). 
 

CXCL8 
CXCL8 is a chemokine that has an important function in inflammation 
due to its role as a strong chemoattractant for neutrophils, lymphocytes 
and monocytes (13). CXCL8 upregulates adhesion molecules on neutro-
phils, induces neutrophil chemotaxis and adherence of neutrophils to epi-
thelial and endothelial cells (14). CXCL8 is also involved in osteoclast 
differentiation and activation (19). CXCL8 is produced by several cell 
types, such as fibroblasts, lymphocytes, epithelial cells, monocytes and 
endothelial cells and is for instance induced by LPS, TNF-α and IL-1(14). 
CXL8 has been found to be increased in the gingival crevicular fluid in 
periodontitis patients, and after the patients received periodontal treat-
ment, decreased CXCL8 levels were observed (20-22). 
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IL-6 
IL-6 is a pro-inflammatory cytokine and an important mediator in acute 
inflammation. IL-6 amplifies inflammation, induces angiogenesis and fe-
ver, stimulates T-cell differentiation and is an important regulator of acute 
phase proteins (23). Furthermore, IL-6 induces osteoclastogenesis and 
alveolar bone resorption which emphasizes the importance of IL-6 in peri-
odontitis (14, 23-25). IL-6 has also been shown to contribute to differenti-
ation of B cells and production of antibodies (26). Production of IL-6 from 
various cell types, e.g. lymphocytes, monocytes, gingival fibroblasts and 
epithelial cells may be induced by LPS, TNF-α and IL-1(14, 23). The IL-6 
levels have been investigated and shown to be increased in gingival 
crevicular fluid from periodontitis patients compared to healthy subjects. 
IL-6 levels were after periodontal treatment restored to normal in the gin-
gival crevicular fluid (22, 27, 28). One study, however, showed that IL-6 
decreased in gingival crevicular fluid in periodontitis patients (20). System-
ic levels of IL-6 were also enhanced in patients with periodontitis but re-
duced to normal levels after periodontal treatment (29). 
 

TGF-β1 
TGF-β1 is a pleiotropic cytokine involved in various cellular processes like 
enhanced ECM production and wound healing (13, 23, 30). Furthermore, 
TGF-β1 has also anti-inflammatory properties by acting suppressive on 
subsets of T cells, macrophages, B cells and polymorphonuclear cells (23), 
as well as downregulating CXCL8, IL-1β and TNF-α and inhibiting ma-
trix metalloproteinases (MMPs) (31, 32). TGF-β1 has also an important 
role in bone metabolism, but the effects are depending on the local envi-
ronment (13). TGF-β1 is secreted by fibroblasts, monocytes and other cell 
types (33, 34). TGF-β1 shows higher levels in gingival crevicular fluid in 
patients with periodontitis compared to healthy controls (20). 
 

Secretory leukocyte protease inhibitor 
Secretory leukocyte protease inhibitor (SLPI) is a low-molecular-weight 
protein secreted extracellularly at mucosal surfaces. This pleiotropic pro-
tein is heavily disulfide-bounded with a high positive, cationic charge and 
is a member of the innate immunity-associated proteins. SLPI possesses 
antimicrobial and anti-inflammatory activities, as well as immunoregula-
tory functions and protects the tissues against the detrimental consequenc-



ELEONOR PALM Gingival fibroblasts in interaction with P. gingivalis  21 
  

es of inflammation (35, 36). SLPI inhibits serine-proteases such as neutro-
phil elastase, trypsin, tryptase, chymase, chymotrypsin and cathepsin G. 
The major target of SLPI is however considered to be neutrophil elastase, 
which can cause extensive tissue degradation (37). In fact, increased tissue 
damage has been reported after SLPI inhibition (36). Furthermore, SLPI 
has also been reported to promote tissue repair. LPS, IL-1β, neutrophil 
elastase, corticosteroids and TNF-α has been demonstrated to upregulate 
SLPI in epithelial cells and in addition, defensins which also belong to 
innate immunity-associated proteins and has anti-microbial functions, has 
also been found to promote SLPI expression (35, 38). Moreover, SLPI is 
regulated by hormones (35).  

SLPI has anti-microbial activity and has been shown to kill Escherichia 
coli, Staphylococcus aureus and Neisseria gonorrhoeae (39, 40). It is pos-
sible that the bactericidal properties of SLPI are due to its cationic charge 
(35). However, studies indicate that bacterial proteases, which are im-
portant virulence factors, are targeted by SLPI (41, 42). The anti-
inflammatory properties of SLPI are not exclusively linked to its inhibitory 
effects on proteases. In fact, a high expression of SLPI has been shown to 
suppress the activity of NF-қB and AP-1, and SLPI can also upregulate 
monocyte-derived TGF-β and IL-10. Both TGF-β and IL-10 promote anti-
inflammatory actions. On the other hand, TGF-β has a suppressive effect 
on SLPI in epithelial cells (43). SLPI has been demonstrated to decrease in 
periodontal pockets in patients with chronic periodontitis compared with 
healthy subjects (44). SLPI has also been found to be proteolytically inac-
tivated by P. gingivalis (45). 

 

Protease-activated receptors 
Important PRRs are PARs, although they are structurally unrelated to 
other PRRs. They initiate cellular responses to extracellular proteases, 
including danger-associated signals but are also involved in other cellular 
processes (16). To date, four PARs, PAR1-4, have been identified. PARs 
are seven transmembrane-domain G-protein-coupled receptors and the 
activation of PARs is unusual as it occurs by proteolytic cleavage. The 
extracellular protease cleaves the N-terminal domain of the receptor and a 
new, previously cryptic sequence is exposed and auto-activates its own 
receptor. Receptor-activation triggers a variety of downstream signalling 
pathways that leads to regulation of cellular functions such as transcrip-
tion of genes involved in inflammation (46). PAR1, PAR3 and PAR4 are 
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activated by e.g. thrombin and PAR2 by trypsine and various trypsine-like 
serine proteases as well as gingipains (47-50). All of the four PARs have 
been found to be expressed in the gingiva (51).  

Few studies exist regarding PAR1 in periodontitis. PAR1 mRNA ex-
pression in periodontitis patients is expressed at the same level as for 
healthy subjects, but after periodontal treatment PAR1 expression was 
significantly enhanced (52).  

Accumulating data demonstrate a key role for PAR2 in periodontitis. A 
PAR2 agonist has been reported to induce periodontitis in rats with infil-
tration of granulocytes and loss of alveolar bone (53). In patients with 
periodontitis PAR2 mRNA and protein are significantly elevated in com-
parison to healthy subjects. This enhanced PAR2 expression was reversed 
after periodontal treatment (44). In contrast, one study reported that 
PAR2 was downregulated in periodontitis patients (51). PAR2 expression 
is linked to higher levels of inflammatory cytokines (54).  

 

Toll-like receptors 
TLRs are a family of receptors which are of high importance in the innate 
immune response in sensing pathogens and other danger-associated signals 
(17). TLR2 and TLR4, which for instance are expressed by human gingi-
val fibroblasts (18, 33), are transmembrane receptors with an extracellular 
part that consist of leucine-rich repeats, and a cytoplasmic region, called 
Toll/Interleukin-1 receptor domain. TLR2 is mostly activated by PAMPs 
from gram-positive bacteria, while TLR4 is more associated to enterobac-
terial LPS-activation (17). However, LPS and fimbriae from P. gingivalis 
signals mainly through TLR2 (55, 56), which mediates the release of in-
flammatory mediators like CXCL8 (57). TLR4 is also known to be acti-
vated, as well as inhibited, by P. gingivalis LPS (58).  

Activation of TLR2 by P. gingivalis has been demonstrated to lead bac-
terial persistence. A study showed that TLR2-/- mice more rapidly cleared 
an infection with P. gingivalis, had a more efficient phagocytosis of P. 
gingivalis and also resisted alveolar bone loss despite being repeatedly 
infected with P. gingivalis (59). 

 

Gingival fibroblasts 
Gingival and periodontal ligament fibroblasts are the main cell types 
found in the connective tissue of the periodontium, and they are exposed 
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to bacterial pathogens once the epithelial barrier is breached (6). Initially, 
fibroblasts were considered to be immunologically inert, but nowadays a 
number of studies have shown that fibroblasts senses pathogens and other 
PAMPs, and that they upon these danger signals secrete inflammatory 
mediators that regulate the inflammatory response. In fact, fibroblasts are 
now considered to have a key role in choreographing the inflammatory 
response (60). Naylor and colleagues even suggest that inflammation is 
not a generic process but contextual, thus neglecting fibroblasts in the 
pathogenesis of chronic inflammatory diseases could imply failure of exist-
ing therapies (15). Nevertheless, fibroblasts provide a structural tissue 
framework and define the microanatomy of the tissue. The main function 
is to regulate and maintain integrity of the connective tissue. Homeostasis 
of connective tissues is controlled by fibroblasts by producing extracellular 
matrix (ECM), such as collagen, and by modifying existing ECM by se-
creting MMPs that cleave ECM components (61). The ability of fibro-
blasts to secrete as well as respond to growth factors and cyto-
kines/chemokines allows reciprocal communication with adjacent cells 
that facilitates homeostasis of the tissue. Considering the functions of fi-
broblasts makes it easy to realize that fibroblasts play a vital role in tissue 
development, differentiation and repair (15, 33). Fibroblasts are also of 
importance in tissue destruction; not only do they release MMPs and pro-
inflammatory cytokines and chemokines (33, 62), they can also indirectly 
promote monocyte differentiation to osteoclasts (63). For example, in the 
rheumatic joint fibroblasts are responsible for bone resorption and de-
struction of cartilage (64). In order to understand how immune cells be-
come persistent within the chronic, inflammatory site in the periodontium, 
it is important to reveal the role and the biology of gingival fibroblasts in 
interactions with periodontal pathogens (15). 

The intriguing fact that fibroblasts responded to danger signals by re-
leasing inflammatory mediators (65, 66), initiated several studies investi-
gating which PRRs that are expressed by fibroblasts. Studies have demon-
strated that human gingival fibroblasts (HGFs) express functional TLRs, 
enabling fibroblasts to take an active part in the innate host response (18, 
67). Fibroblasts also express PARs which are implicated in periodontitis 
(68, 69). This capacity to respond to PAMPs, and the fact that gingival 
fibroblasts will encounter periodontal pathogens at a rather early stage of 
an infection, makes fibroblasts an important player in the periodontal 
tissue in both health and disease (33, 70, 71). As Naylor and colleagues 
state, understanding fibroblasts, their biology and their contribution from 
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the acute, self-resolving inflammation to the destructive consequences of 
the tissues during chronic, persistent inflammation is a most important 
area of research (15).  
 

Porphyromonas gingivalis 
P. gingivalis is considered to be one of the major etiological agents of 
chronic periodontal disease (72) and is strongly associated with the etiolo-
gy of periodontitis in both longitudinal (73) and cross-sectional (74) stud-
ies. Together with Treponema denticola and Tannerella forsythia, P. gin-
givalis constitutes the red complex. These oral bacteria are strongly asso-
ciated with diseased sites and to each other. However, P. gingivalis is the 
most studied species of the red complex because it is the easiest one to 
culture and to modify genetically (8, 72). P. gingivalis, considered to be a 
keystone species in periodontitis, is a proteolytic, anaerobic gram-negative 
bacterium that expresses several virulence factors that are related to colo-
nization of oral areas, periodontal tissue destruction, and evasion of the 
host responses (75). P. gingivalis exhibits genotypic and phenotypic diver-
sity, which may results in differences in virulence and in the capacity of 
individual strains to colonize and induce destruction of periodontal tis-
sues. Certain strains may exhibit a higher pathogenic potential than others 
and may be linked to more severe form of periodontitis than others (76). 
P. gingivalis is asaccharolytic and uses extracellular proteases, gingipains, 
for nutrition acquisition by degrading carbon and nitrogen sources. They 
also use micronutrients, such as metal ions for anabolic and catabolic 
purposes (72). Other virulence factors that P. gingivalis possesses is LPS, 
fimbriae and hemagglutinins which all add to enhanced growth and sur-
vival in a hostile environment (77). The lipid A part of P. gingivalis LPS 
has a structure that is heterogeneous, enabling interactions with TLR2 as 
well as TLR4. The number of associated fatty acids coupled to the disac-
charide core varies, resulting in penta- or tetra-acylated lipid A moieties 
(78). The form of the lipid A structure has been shown to be dependent on 
the availability of hemin in the microenvironment, hence, P. gingivalis 
alters its lipid A moiety in response to the microenvironment (79). 
 

Gingipains 
Cysteine proteases, the gingipains, are perhaps the most essential virulence 
factor that P. gingivalis express. P. gingivalis expresses arginine-specific 
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gingipains, Rgp (RgpA and RgpB), encoded by rgpA and rgpB, respective-
ly, and the lysine-specific gingipain, Kgp, encoded by kgp. P. gingivalis 
possesses numerous proteolytic enzymes, but the gingipains are by far the 
most important ones as they account for at least 85 % of the proteolytic 
activity. Furthermore, they are implicated and play key roles in adherence 
and colonization to the host, in nutrition acquisition, in neutralization of 
host defense mechanisms and in manipulation of the host inflammatory 
response. In summary, gingipains are vital for bacterial survival and pro-
liferation in vivo (77). 

RgpA and RgpB possess a caspase-like domain with specificity for Arg-
Xaa peptide bonds. In addition, RgpA also contain a C-terminal hemag-
glutinin-adhesin domain. Kgp has also a similar C-terminal domain, as 
well as a catalytic domain specific for Lys-Xaa peptide bonds. The rgpA, 
rgpB and kgp are conserved among the different P. gingivalis strains (77).  

In the process of adherence and colonization, P. gingivalis utilizes fim-
brial adhesions, but nevertheless, gingipains are also necessary in these 
steps. For example, the hemagglutinin-adhesin domains of RgpA and Kgp 
are directly involved in coaggregation with other bacterial species and are 
thereby promoting the construction of the bacterial biofilm. P. gingivalis 
expresses major fimbriae and minor fimbriae, and interestingly, Rgp has 
been found to be necessary for maturation of the major fimbriae (80, 81). 
Indeed, Rgp plays an important role in processing various P. gingivalis-
derived proteins (82). Gingipains per se can also act as adhesins via the 
hemagglutinin-adhesin domains by binding to components of the ECM, as 
well as to gingival fibroblasts and other cells (83-85).  

It is essential for the growth and survival of P. gingivalis in a hostile en-
vironment that the bacterium is able to counteract, modify and manipulate 
the host immune response in order to survive and evade the various host 
defence mechanisms. P. gingivalis has indeed evolved elaborated strategies 
(86). First, the innate immune response comprises the complement system, 
anti-microbial proteins and activation of neutrophils and macrophages 
(13, 14). P. gingivalis has been shown to evade killing by anti-microbial 
proteins and this is thought to be due to activities of gingipains (45). The 
complement system, which targets microbes, is itself a target for proteoly-
sis by gingipains, ensuring that P. gingivalis escapes killing also by these 
mechanisms (87). Realizing all the clever ways of escaping, it may not 
come as a surprise that P. gingivalis, as an additional function on the rep-
ertoire, also is resistant to oxidative killing by phagocytes and can survive 
phagocytosis by macrophages (88, 89). P. gingivalis is also able to activate 
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the coagulation cascade and the kallikrein/kinin cascade. These cascades 
enhance inflammation at the site of infection, and provide a nutritious 
environment (77, 90). Furthermore, and in focus of this thesis, is the ma-
nipulation of host responses by interrupting signalling networks of in-
flammatory mediators and their receptors, and thereby creating a envi-
ronment that is more favorable for P. gingivalis. P. gingivalis has in nu-
merous studies been found to target various inflammatory mediators from 
the host immune response, thereby paralyzing or modifying the function 
of the inflammatory mediators and subsequently alter the host immune 
response (91-93).  

Lastly, tissue destruction is a hallmark of periodontitis. P. gingivalis is 
able to contribute to this degenerative process both directly and indirectly. 
Gingipains can directly target the host tissue, however, they can indirectly 
cause more harm through MMPs, the fibroblast-derived ECM degrading 
proteolytic enzymes which are important for the turnover of connective 
tissue. MMPs are secreted as zymogens and require proteolytic modifica-
tions for gaining their enzymatic function. Gingipains can activate MMPs 
and thus indirectly contribute to tissue destruction in periodontitis. In 
addition, P. gingivalis enhances secretion of MMPs, causing an imbalance 
between MMPs and their inhibitors (tissue inhibitors of metalloproteinas-
es), and thus promote tissue degradation.  

Other proteases that is secreted by P. gingivalis is periodontain, various 
aminopeptidases, Trp protease, PrtT protease and carboxypeptidase (94).  
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AIMS 
The major purpose of this thesis was to clarify specific virulence mecha-
nisms and immune responses during interaction between P. gingivalis and 
gingival fibroblasts.  
 

More specifically the aims of the thesis were to study: 

I. If a P. gingivalis infection regulates immunoregulatory functions 
of fibroblasts, such as the expression of cytokines and chemokines 
at the protein level.  

II. How P. gingivalis and its gingipains, Rgp and Kgp, influence the 
inflammatory response of gingival fibroblasts including the ex-
pression of TGF-β1, CXCL8 and SLPI. 

III. The role of TLRs and PARs in the expression of cytokines in gin-
gival fibroblasts infected with P. gingivalis. 

IV. The importance of TLRs and PARs and their intracellular signal-
ling in P. gingivalis-infected gingival fibroblasts. 

 
 

 

  



28  ELEONOR PALM Gingival fibroblasts in interaction with P. gingivalis 
 

METHODOLOGY 
The following section gives an overview of the experimental approaches 
used in this thesis. For further details, see paper I-IV. All papers in this 
thesis are based on in vitro experiments with primary human fibroblasts. 
 

Human fibroblasts and cell culturing  
In paper I, three strains of primary human dermal fibroblasts was isolated 
by explanting pieces of dermis obtained from elective abdominal or chest 
surgery of three, young donors. Approval from the local Ethical Commit-
tee at Örebro County Council, Sweden (no. 2003/0101) and informed, 
written consent from the patients were obtained. The tissue was removed 
using standard surgical procedures. Briefly, fibroblasts were propagated 
from dermal preparations pieces by the explant technique, i.e. small pieces 
(half-millimeter) of dermis were allowed to adhere to culture plastic for a 
few minutes followed by addition of Dulbecco’s modified Eagle medium 
(DMEM), supplemented with 10% fetal bovine serum (FBS) and 1 mg/ml 
gentamicin. Fibroblasts were cultured with 10 % FBS DMEM at 37˚C and 
in 5 % CO2 to confluence and removed from culture plastic surface by 
incubation in 0.25% trypsin and 1mM EDTA at 37 °C for 5 minutes. 
Dermal fibroblasts were used at passages 3–10.  

In Paper I-IV, primary human gingival fibroblasts (HGFs) were used. 
This strain, HGF-1 (ATCC, CRL-2014), originated from a biopsy taken 
from a Caucasian male in 1989. The HGF-1 cells were deposited at Amer-
ican Type Culture Collection (ATCC) at an unknown passage level and a 
longevity test by ATCC showed that HGF-1 were capable of additional 22 
passages. Subsequently, the HGFs were used at passage number 3-7 (+ 
unknown passages). HGFs were cultured in DMEM (Paper I) or High 
Glucose DMEM (Paper II-IV) supplemented with 10 % FBS, respectively, 
at 37°C and in 5 % CO2. 

Fibroblast morphology was evaluated with light microscopy during 
regular cell culturing and before and after experiments.  

 

Bacterial strains and culturing 
P. gingivalis wild-type ATCC 33277, used in Paper I-II, originates from a 
clinic isolate from the human gingival sulcus. P. gingivalis wild-type W50 
and W50-derived gingipain-mutants, rgpA rgpB double mutant E8 and 
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kgp mutant K1A, were used in paper II-IV. The P. gingivalis strains were 
grown under anaerobic conditions (80% N2, 10% CO2, and 10% H2) at 
37°C in fastidious anaerobe broth (29.7 g/liter, pH 7.2). The bacteria were 
harvested after three days and washed and resuspended in Krebs-Ringer 
glucose buffer. To estimate the bacterial concentration, optical density was 
determined and correlated to viable count after the bacteria were cultured 
on fastidious anaerobe agar plate for five days. To evaluate the role of the 
heat-instable gingipains, ATCC 33277 was heat-killed by incubation at 70 
°C for 1 h. Successful killing of the bacteria were confirmed by the absence 
of colonies after culturing the heat-killed suspension anaerobically on a 
fastidious anaerobe agar plate for five days at 37 °C. 
 

Experimental procedure 
All experiments were conducted at 37°C and in 5 % CO2. In paper I, 
50 000 fibroblasts were challenged for 1, 6 or 24 h with different strains 
of viable or heat-killed P. gingivalis ATCC 33277 at multiplicity of infec-
tion (MOI) of 1:1, 1:10, 1:100 or 1:1000 (fibroblast:P.gingivalis). In some 
experiments were fibroblasts stimulated with 50 ng/ml of TNF-α 6 h prior 
to bacterial challenge. To evaluate the role of the gingipains, P. gingivalis 
was incubated with Rgp-inhibitor leupeptin or Kgp-inhibitor cathepsin B 
inhibitor II, for 1 hour prior to fibroblasts stimulation. In paper II, 
200 000 HGFs were treated with viable as well as heat-killed ATCC 
33277, and viable W50, E8 or K1A at MOI:100 for 6 and 24 h. In paper 
III-IV, 50 000 of non-transfected, non-target siRNA-transfected or PAR1-, 
PAR2-, TLR2- or TLR4-silenced HGFs were stimulated with viable W50, 
E8 or K1A at MOI:100 for 24 h. In paper IV, HGFs were also pre-treated 
with inhibitors targeting PKC, p38 or NF-κB before bacterial challenge. 
The supernatants were collected and stored at -80 ˚C prior to immunoas-
says. Total RNA were isolated immediately after the end of the incubation 
time. 
  

Enzyme-linked immunosorbent assay 
In paper I-IV, commercial enzyme-linked immunosorbent assays (ELISA) 
was employed on cell culture supernatants from P. gingivalis-challenged 
fibroblasts to quantify CXCL8, IL-6, TGF-β1 and SLPI. The concentration 
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of the analytes was determined by measuring the optical density at 450 
nm. 
  

Human cytokine array 
In paper I, protein detection was performed with a cytokine array target-
ing human cytokines and chemokines. Primary dermal fibroblasts were 
seeded at a density of 50 000 cells/well in 10 % FBS DMEM. After 24 h, 
the fibroblasts were starved for 24 h. Fibroblasts were stimulated with 50 
ng/ml of TNF-α 6 h prior to bacterial challenge. TNF-α is a pro-
inflammatory cytokine and fibroblasts were stimulated with TNF-α with 
the purpose to raise an inflammatory response. Medium was exchanged to 
1 % FBS DMEM and viable or heat-killed P. gingivalis ATCC 33277 was 
added (MOI:1000). Cell culture supernatants were collected after 24 h 
and mixed with a cocktail of biotinylated detection antibodies. The sam-
ples with detection antibodies were incubated over night with nitrocellu-
lose membranes pre-spotted with capture antibodies. Any protein-
detection antibody-complex bound to its corresponding capture antibody 
on the membrane, allowing determination of relative protein expression 
levels of 36 different cytokines and chemokines. After washing away un-
bound material, streptavidin-horseradish peroxidase (HRP) and chemilu-
minescent detection reagents were added. The formed light in each spot 
corresponded to the amount of bound fibroblasts-derived cyto-
kine/chemokine. 
 

FITC-labeling of P. gingivalis and fluorescence microscopy 
In paper I, dermal fibroblasts were seeded on coverslip. P. gingivalis was 
washed with phosphate buffered saline (PBS) and resuspended in buffered 
saline (0.05 M Na2C03, 0.1 M NaCl, pH 9.3) containing 0.2 mg/ml fluo-
rescein isothiocyanate isomer (FITC). P. gingivalis was stained for 45 
minutes in darkness at room-temperature for 45 minutes and then washed 
in PBS. Fibroblasts were stimulated with FITC-labeled P. gingivalis 
(MOI:100). After 6 hours, the fibroblasts were washed with PBS, fixed 
with 4 % paraformaldehyde for 30 min at room-temperature and washed 
again with PBS. F-actin was visualized by incubating the cells with 2 units 
Alexa Fluor® 594 phalloidin and 100 µg/ml lysophosphatidylcholine in 
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darkness for 1 hour at room-temperature. The nucleus was counterstained 
with 1µg/ml 4',6-Diamidino-2-Phenylindole, Dihydrochloride for 2 min. 
 

Isolation of RNA and gene expression 
In paper II-IV, quantitative real-time polymerase chain reaction (qRT-
PCR) was used to study expression of relative mRNA in HGFs after 
treatment with P. gingivalis. First, total RNA was extracted and tran-
scribed into a more stable form of complementary DNA (cDNA). Ob-
tained Ct-values were normalized against the housekeeping gene glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control 
for each sample. Fold changes in mRNA expressions were calculated as 
2∆∆Ct. 

In paper II, the mRNA expression was evaluated for the following 
genes: c-Fos, c-Jun, CXCL8, extracellular-signal-regulated kinase (ERK)1, 
ERK2, indoleamine 2,3-deoxygenase (IDO)1, c-Jun-terminal kinase 
(JNK)1, JNK2, p50, p65, p38-α, -β, -γ and -δ, secretory leukocyte prote-
ase inhibitor (SLPI), suppressor of cytokine signalling (SOCS)3 and trans-
forming growth factor (TGF)-β1. In paper III-IV the mRNA expression of 
CXCL8, IL-6, SLPI, TGF-β1, PAR1, PAR2, TLR2 and TLR4 were de-
termined.  

 

Small interfering RNA (siRNA)-based knockdown of target genes 
In paper III and IV, small interfering RNA (siRNA) was used to silence 
PAR1, PAR2, TLR2 and TLR4 in gingival fibroblasts. Non-target siRNA 
was used as control. Each siRNA consisted of a pool of four individual 
siRNA-sequences that targeted a single gene product. Lipofectamine 2000 
was used as transfection reagent and was mixed with DMEM without 
FBS. After 5 min in room temperature, 25 nM siRNA was added. The 
siRNA-lipofectamine mixture was incubated for 20 min at room tempera-
ture and then transferred to the cell cultures. Final FBS concentration in 
the cell cultures was brought to 1 % for the first 24 h. The media was then 
changed to fresh DMEM containing 10 % FBS and after additional 24 h 
at 37°C and in 5 % CO2, the media was replaced with 1 % FBS DMEM 
prior to bacterial challenge. 
 



32  ELEONOR PALM Gingival fibroblasts in interaction with P. gingivalis 
 

Protein detection by western blot 
In another set of experiments in paper IV, following the procedures as 
before, HGFs were transfected with non-target siRNA and with siRNA 
targeting PAR1 and TLR2, respectively. After bacterial exposure for 24 h, 
the HGFs were washed with PBS and harvested in RIPA buffer, supple-
mented with Protease Inhibitor Cocktail. The cell lysate was homogenized 
with a syringe and a 0.9 x 40 mm needle. Protein concentrations of the 
samples were measured and equal amounts of protein were mixed with 
Laemmli buffert and boiled for 10 min at 95 ºC. 5 µg of each sample was 
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(AnyKD TGX gel) and transferred to Immun-Blot polyvinylidenefluoride 
(PVDF) membrane. The PVDF membrane was blocked with 2 % ECL 
advance blocking agent. Phosphorylated p38 was detected using a rabbit 
polyclonal antibody diluted 1:1000. IκBβ was detected with a rabbit poly-
clonal antibody, diluted 1:3000. Phosphorylated PKC was detected using a 
rabbit monoclonal antibody, diluted 1:3000 and the β-actin protein was 
detected using a mouse monoclonal antibody, diluted 1:10000. As second-
ary antibodies, a goat polyclonal to rabbit IgG (HRP) and a goat polyclo-
nal to mouse IgG (HRP) was used. The blots were developed by the Lumi-
nata Forte Western HRP substrate. 
 

Inhibitors of PKC, p38 and NFқB 
In paper IV, the contribution of protein kinase C (PKC), p38 and nuclear 
factor (NF)-қB in the signalling pathways downstream of the receptors 
were determined. HGFs were treated with 20 µM of the PKC inhibitor, 
NF-kB activation inhibitor and p38 inhibitor, respectively, 1 h prior to 
bacterial exposure of W50, E8 or K1A at MOI:100.  
  

Statistical analysis 
Data are given as mean values with standard deviations (SD) in paper I, 
mRNA expression are shown as median values in paper II, and as mean 
values ± standard error of the mean (SEM) in paper III-IV. n represent the 
number of independently performed experiments. Student’s t-test was 
performed in paper I and IV. Statistically significant differences between 
groups were determined by using one-way analysis of variance (ANOVA) 
with Bonferroni post hoc test in paper II-IV. Differences were considered 



ELEONOR PALM Gingival fibroblasts in interaction with P. gingivalis  33 
  

to be statistically significant when p values were *p<0.05, **p<0.01, or 
***p<0.001.  
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RESULTS AND DISCUSSION 

Paper I 
In paper I, the hypothesis was that initial establishment of a P. gingivalis 
infection modulates immunoregulatory mechanisms of fibroblasts. There-
fore, the questions to be answered were; first, do fibroblasts take an active 
part in sensing pathogens like P. gingivalis, and secondly, could this im-
mune response of both dermal and gingival fibroblasts challenged with P. 
gingivalis ATCC 33277 be actively modulated by the bacterium?  

Before answering these questions, the physical interactions between fi-
broblasts and P. gingivalis were visualized with fluorescence microscopy. 
The micrographs clearly showed that P. gingivalis assembled around and 
possibly also invaded the fibroblasts, but further experiments to conclude 
whether fibroblasts phagocytosed the bacterium or were invaded by the 
bacterium were not performed in this study. Several studies have demon-
strated the invasion of epithelial cells, endothelial cells, osteoblasts as well 
as gingival fibroblasts by P. gingivalis (95-99). Cell invasion is believed to 
be a way for the bacterium to evade the immune response. However, in 
this study we have not elucidated whether P. gingivalis are killed or sur-
vive within fibroblasts.  

In the next step, it was observed that dermal fibroblasts after short-term 
exposure to high concentrations of either viable or heat-killed P. gingivalis 
ATCC 33277 increased CXCL8 secretion. However, with increased expo-
sure time, the CXCL8 levels decreased in the presence of high concentra-
tions of viable bacteria, while low concentrations of P. gingivalis led to 
accumulated levels of CXCL8. It is believed that gingipains have a dual 
immunoregulatory effect. CXCL8 is secreted in two different forms, as a 
72 amino acid (CXCL872aa) variant from immune cells, and as a 77 amino 
acid variant (CXCL877aa) from non-immune cells such as fibroblasts. 
CXCL872aa is a stronger chemoattractant than CXCL877aa, but after cleav-
age of CXCL877aa by gingipains, this is shifted so that the CXCL877a has a 
higher chemotactic potential. However, a more prolonged exposure to 
gingipains leads to CXCL8 degradation and subsequently inactivation. It 
is proposed that this is a mechanism whereby P. gingivalis, by creating a 
gradient of gingipains across the periodontal tissue, can suppress neutro-
philic response in the periodontal pocket where the concentration of gin-
gipains is the highest. At a more distant site, with lower concentrations of 
gingipains, the chemotactic function of CXCL877aa is increased, enhancing 
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the inflammatory response and thereby promoting leaky vessels and a 
constant delivery of nutrients to the biofilm (100). This theory is support-
ed by our results, thus low levels of P. gingivalis enhances the accumula-
tion of CXCL8, while high concentrations of P. gingivalis abolish the 
amount of CXCL8.  

Our results indicated that CXCL8 is cleaved by gingipains and to fur-
ther evaluate the effect of P. gingivalis on fibroblast-derived CXCL8, the 
fibroblasts were pre-stimulated with the proinflammatory cytokine TNF-α 
with the purpose to accumulate high levels of CXCL8. High concentra-
tions of viable P. gingivalis completely reduced the levels of CXCL8 trig-
gered by TNF-α, while heat-killed P. gingivalis was unable to suppress 
CXCL8. Gingipains are heat-instable and the enzymatic capacity is de-
stroyed during the bacterial heat-killing. The results clearly indicate the 
role of gingipains in modulation of the host response. By degradation of 
inflammatory mediators, the host response that is evoked by P. gingivalis 
is impaired and manipulated. Through disruption of the cytokine signal-
ling network, P. gingivalis probably promotes its evasion and survival.  
Several studies have shown that gingipains are key mediators in the 
dysregulation of the host response and that these cysteine proteases target 
IL-6 and the IL-6 receptor, TNF-α, CD14, IL-4, IL-12 as well as CXCL8 
(93, 101-105).  

The gingipains differ in their amino acid residue specificity, and hence, 
we wanted to investigate if Rgp or Kgp was more or less efficient in cleav-
age of CXCL8. We used Rgp and Kgp inhibitors and found that CXCL8 
levels were partially restored by inhibiting Rgp, suggesting that CXCL8 
degradation was mainly dependent on Rgp. However, studies have shown 
that Rgp and Kgp have overlapping functions, and it is most likely that 
CXCL8 cleavage is due to the synergistic activities of Rgp and Kgp (106). 
In following papers (II-IV), we used the rgp double-mutant E8 and the kgp 
mutant K1A instead of selective gingipain inhibitors, to more easily clarify 
the separate roles of gingipains in host-microbe interactions.  

CXCL8 is a key chemokine in the innate immune response, but could 
fibroblasts produce other important chemokines and cytokines? To an-
swer this question, fibroblasts were once again stimulated with TNF-α, 
and since we wanted to elucidate if P. gingivalis was able to modulate 
fibroblast-derived inflammatory mediators other than CXCL8, fibroblasts 
were thereafter challenged with viable or heat-killed P. gingivalis. The 
resulting cell culture supernatants were evaluated with a cytokine array 
and we found that fibroblasts, beyond CXCL8, produced TNF-α, IL-6, 
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CCL2, CCL5, CXCL1 and CXCL10. Hereby, we could conclude that 
fibroblasts have an active role in the inflammatory response, and that 
fibroblasts can be an important link between the innate and the adaptive 
immune system by producing chemokines that attracts immune cells to the 
site of infection. These TNF-α-induced inflammatory mediators were 
completely abolished in the presence of viable P. gingivalis and since heat-
killed P. gingivalis was not able to modulate this immune response, it 
could be concluded that the immunomodulatory effect was due to proteo-
lytic activity of heat-instable enzymes such as gingipains. Furthermore, 
gingipains was shown to have a broad proteolytic activity as they were 
able to target a wide range of fibroblast-derived inflammatory mediators.  

Furthermore, we evaluated if the viability of fibroblasts were affected 
by P. gingivalis, since high concentrations of P. gingivalis was used (up to 
MOI:1000). However, fibroblasts are robust cells and not as sensitive as 
for example epithelial cells. No morphological changes or loss of cell via-
bility were discerned (data not shown).  

In summary, first, we could conclude that both gingival and dermal fi-
broblasts are important cells that are able to produce a wide range of in-
flammatory mediators, mainly chemokines, when challenged by microbial 
pathogens such as P. gingivalis. Secondly, the fibroblast-derived inflamma-
tory mediators are targeted by gingipains, which suggest that the provoked 
inflammatory response thereby is adjusted in favour of P. gingivalis. 
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Paper II 
In paper II, the aim was to further elucidate the role of the gingipains in 

P. gingivalis-derived virulence and their influence on the inflammatory 
response of human gingival fibroblasts. As in the previous paper, we stud-
ied the effects on CXCL8 and, in addition, looked at the immunosuppres-
sive factors TGF-β1 and SLPI. We also investigated the possible involve-
ment of intracellular signalling proteins, as well as the immunoregulatory 
enzyme indoleamine 2,3-dioxygenase (IDO). In addition to previously 
used P. gingivalis ATCC 33277, another wild-type strain was included in 
this study, W50, and two W50-derived gingipain mutants, the rgp double 
mutant E8 and the kgp mutant K1A. In contrast to paper I, from now on, 
only human gingival fibroblasts (HGFs) were studied.  

Neither kgp mutant K1A nor heat-killed ATCC 33277 induced TGF-
β1, suggesting that gingipains, and Kgp in particular, are primarily respon-
sible for TGF-β1 induction in P. gingivalis-stimulated HGFs, since the 
other strains resulted in elevated TGF-β1 levels. This is supported in an-
other study by our group (20). Studies have demonstrated that TGF-β1 
and CXCL8 are interconnected; TGF-β1 has been shown to inhibit 
CXCL8 expression and secretion (31). Interestingly, Kgp-deprived K1A 
stimulated HGFs to far more expression and secretion of CXCL8. Hence, 
Kgp seems to be important for induction of TGF-β1 and suppression of 
CXCL8. In other words, Kgp seems to have a dampening effect on the 
immune response. The contribution of gingipain-dependent cleavage of 
CXCL8 and TGF-β1 was not investigated in detail and the amount of 
protein detected in the cell culture supernatants is the net result of fibro-
blast-secretion and enzyme-dependent degradation. Since E8 and K1A 
differed in the induction of mRNA, it is not possible to confirm from this 
study that Rgp is the most effective gingipain in targeting CXCL8. How-
ever, this was not the aim of the study. An interesting fact regarding the 
gingipains is that Rgp is needed for protein processing in P. gingivalis. For 
example, Rgp is vital for maturation of the major fimbriae and has also 
been shown to be important for processing of Kgp (82). Thus, both gingi-
pains are important for the bacterium, and together, they balance the ac-
tivity of each other.   

SLPI has pleiotropic functions and is a fascinating member of the innate 
immunity-associated proteins. SLPI has antibacterial functions and pro-
tects tissues during inflammation and could therefore be of importance in 
periodontitis. SLPI is secreted on mucosal surfaces and is found in high 
amounts in saliva (35). Studies have demonstrated that SLPI decreased in 
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periodontal pockets in patients with periodontitis (44, 45), and hence, we 
wanted to investigate if this factor could be implicated in the interaction 
between P. gingivalis and HGFs. Previous studies has reported that 
NIH3T3, an embryonic mice fibroblasts cell-line, express SLPI, while hu-
man lung fibroblasts, as well as human synovial fibroblasts, are unable to 
express SLPI (107-109). Since fibroblasts are a heterogeneous group of 
cells that display differences in several aspects (110), it was a good idea to 
elucidate if HGFs are able to produce SLPI, and if so, if SLPI is differen-
tially regulated in P. gingivalis-challenged HGFs. We discovered that 
HGFs expresses SLPI and to our knowledge, no previous study has 
demonstrated SLPI in HGFs. SLPI was shown to accumulate over time, 
indicating that HGFs continuously express SLPI. SLPI was suppressed 
both at mRNA and protein level in presence of viable P. gingivalis. We 
suggest that by suppressing SLPI, P. gingivalis contributes to the tissue 
destruction seen in periodontitis. SLPI has also antimicrobial activities and 
has been shown to kill various bacterial species (39, 40). P. gingivalis 
could therefore gain advantages by attenuating antimicrobial activities of 
SLPI. Several bacterial species, viruses and parasites have developed strat-
egies to downregulate SLPI, indicating that SLPI is an important target of 
the innate immune response (41, 42, 111, 112). It would be most interest-
ingly to investigate if SLPI suppression favours the periodontal biofilm, in 
other words, if P. gingivalis protects other bacterial species in the biofilm 
through SLPI suppression. If so, the hypothesis that P. gingivalis is a key-
stone species in periodontitis, would be further strengthen.  

SLPI has a solid molecular structure but SLPI has been shown to be at 
least partially degraded by proteases. If these cleavages gives SLPI addi-
tional properties is so far unknown (35). TGF-β1 has been reported to 
downregulate SLPI (43, 113). As previously mentioned, K1A did not in-
duce TGF-β1, and at the same time, K1A-stimulated HGFs expressed the 
highest level of SLPI in comparison to the other P. gingivalis strains. It 
thus appears that SLPI and TGF-β1 are linked to each other and since both 
these immunosuppressive factors are important in periodontitis, this pos-
sible interrelationship should be further elucidated in detail.  

IDO has antimicrobial activities and immunosuppressive functions just 
as SLPI (114), and IDO was also downregulated by viable P. gingivalis. 
Heat-killed, and thereby gingipain-deprived ATCC 33277, as well as gin-
gipain mutants E8 and K1A, were unable to suppress IDO, suggesting that 
Rgp and Kgp were responsible for this modification. Taken together, P. 
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gingivalis is able to reduce the antimicrobial capacity of HGFs, which 
most likely is to be of advantage for P. gingivalis. 

From this study, we could conclude that P. gingivalis both triggers and 
suppresses inflammatory responses of HGFs through CXCL8 and TGF-β1. 
Kgp is responsible for suppression of CXCL8 and for induction of TGF-
β1. The immunoregulatory effects of P. gingivalis, with the action of gin-
gipains that modifies the evoked immune response of HGFs, are likely to 
be of a crucial role in the pathogenesis of periodontitis. By suppressing 
SLPI, P. gingivalis may contribute to periodontal tissue destruction, and in 
addition, low levels of SLPI as well as IDO reduce the antimicrobial host 
response.  
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Paper III 
In paper III, the aim was to investigate the role of PARs and TLRs in the 
expression of CXCL8, TGF-β1 and SLPI in the interaction between HGFs 
and P. gingivalis. We also included IL-6 in this study. All of these cyto-
kines have been demonstrated to be of importance in periodontitis. 
CXCL8 and IL-6 are not only important for the restriction and clearance 
of an infection, but are in fact believed to contribute to the degenerative 
process of the periodontium with associated alveolar bone loss in perio-
dontitis (19, 115). TGF-β1, as an immunosuppressive growth factor and 
being implicated in bone metabolism, has also received attention about its 
role and regulation in periodontitis. Furthermore, in paper II we found 
that SLPI, an important antimicrobial and tissue protective factor, is regu-
lated by P. gingivalis. PARs and TLRs are important pathogen recognition 
receptors, and activation of these receptors leads to release of inflammato-
ry mediators. Gingival fibroblasts are known to express these receptors, 
but much about their role in the interaction with P. gingivalis remains to 
be elucidated. Therefore, the question to be answered in this study was 
whether PAR1, PAR2, TLR2 and TLR4 are involved in the regulation of 
the above mentioned cytokines as well as SLPI.  

As previously shown for CXCL8 was expression and secretion of IL-6 
evoked by the kgp mutant K1A. W50 on the other hand prevented IL-6 
protein accumulation. As we concluded in the previous paper, Kgp has a 
suppressive effect on CXCL8, and the results indicate that this also applies 
to IL-6. K1A, which is a Kgp-deprived mutant, induces a much higher 
expression and secretion of these cytokines from HGFs in comparison to 
P. gingivalis wild-types and the rgp mutant E8, and subsequently, we sug-
gest that Kgp has a dampening effect on the host response.  

We found that TLR2, at least partially, is responsible for the induction 
of CXCL8 in HGFs when challenged by P. gingivalis, which is in line with 
another study that reported that LPS from P. gingivalis induced CXCL8 
through TLR2 activation (67). P. gingivalis stimulate in a similar manner 
IL-6 via activation of TLR2, but also via PAR1. However, several path-
ways can mediate the expression of CXCL8 and IL-6 other than just those 
induced by PARs and TLRs investigated in this study. Therefore, it is like-
ly that other PRRs also contribute to the expression and secretion of these 
cytokines. For instance, the nucleotide-oligomerization domain (NOD)-
containing protein-like receptors are a large family of so far 22 intracellu-
lar PRRs. NOD1 and NOD2 recognize specific motifs of bacterial pepti-
doglycans (11). Two studies have reported that gingival fibroblasts express 
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functional NODs, and that activation of these receptors induces the ex-
pression of CXCL8 and IL-6 (18, 116). We evaluated NOD2 in P. gingi-
valis-stimulated HGFs, and the results indicate that NOD2 mRNA expres-
sion is upregulated by P. gingivalis (Figure 2). Further experiments are 
required. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Human gingival fibroblasts (200 000 cells/wells), were treated for 24 
hours with P. gingivalis wild-types ATCC 33277 and W50, the gingipain-mutants 
E8 and K1A, respectively, and heat-killed (HK) ATCC 33277 (MOI:100). Non-
treated HGFs were used as control, and set to 1.0 for the relative mRNA expres-
sion. P. gingivalis shows a tendency to upregulate NOD2 in gingival fibroblasts. 
n=2. 

 
 

None of the investigated receptors were involved in the regulation of TGF-
β1. However, silencing of PAR1 as well as of TLR2 in HGFs further sup-
pressed the expression of SLPI in the presence of P. gingivalis. As shown in 
paper II as well as in this study, SLPI is inhibited by viable P. gingivalis. 
The expression of SLPI was shown to be TLR2-dependent, which is sup-
ported by another report (117), but to our knowledge, no studies have so 
far shown that SLPI also is PAR1-dependent. Reduced protein levels of 
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SLPI are associated to enhanced activity of gingipains, which also are in 
line with our data, and in addition, also to increased PAR2 expression (44, 
45). We discovered that PAR2 is upregulated by P. gingivalis, (which is 
further discussed below). Thus, the emerging picture of SLPI as an im-
portant target in periodontitis seems to be interconnected and linked to 
the levels of gingipains and PAR2. We add further details to this picture, 
as the levels of SLPI are dependent on pathogen recognition by TLR2 as 
well as PAR1, and the proteolytic activities of the gingipains. Involved 
signalling mechanism behind the suppression of SLPI by P. gingivalis 
should be elucidated in future studies.  

In summary, we can conclude that PAR1 and especially TLR2 are im-
portant in the interaction between P. gingivalis and gingival fibroblasts. 
Gingival fibroblasts senses P. gingivalis through PAR1 and TLR2, and 
activation of these receptors leads to secretion of CXCL8 and IL-6. These 
two cytokines are associated with the degenerative process in the perio-
dontium, suggesting that controlling TLR2 expression in periodontitis 
could attenuate tissue destruction, which is the hallmark of periodontitis. 
In addition, TLR2 and PAR1 are also implicated in the expression of SLPI. 
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Paper IV 
In light of the findings of the previous studies, we started to ask ourselves 
the following questions; what key pathways are utilized in HGFs after 
sensing P. gingivalis via PARs and TLRs, leading to CXCL8 and IL-6 se-
cretion? Is it via a mitogen activated protein kinase (MAPK) pathway such 
as PKC or p38, or is it regulated by NF-қB? Furthermore, are the expres-
sions of these receptors affected by a P. gingivalis-infection, and if so, how 
are they regulated? Furthermore, how does silencing of one receptor affect 
the expression of other receptors? Therefore, in this final study, paper IV; 
we aimed to elucidate some of the mechanisms behind the inflammatory 
response in HGFs during a P. gingivalis-infection.  

The first experiments revealed that the expression and secretion of 
CXCL8 and IL-6 were significantly suppressed in P. gingivalis-stimulated 
HGFs after inhibition of PKC. Furthermore, inhibition of p38 hampered 
the protein level CXCL8 and IL-6, suggesting also a role of p38. Our re-
sults are supported by studies demonstrating that TNF-α- and IL-1β-
induced CXCL8 in gingival fibroblasts occurred through PKC, while IL-6 
in gingival fibroblasts is p38-dependent, and IL-6 from cardiac fibroblasts 
is mediated by a PKC-p38 pathway (118, 119). When investigating the 
protein activation of PKC, p38 and expression of inhibitor of (I)қB by 
western blot, we discovered that P. gingivalis did not increased the levels 
of phosphorylated PKC in HGFs, which might have been expected regard-
ing the involvement of PKC in CXCL8- and IL-6 induction. The results 
did on the contrary suggest that P. gingivalis might even decrease the lev-
els of phosphorylated PKC. Suppression of PKC by P. gingivalis has previ-
ously been demonstrated in T cells (120). Our results suggest that the 
mechanisms behind the interaction between P. gingivalis and HGFs are 
competitive and bidirectional. When HGFs sense P. gingivalis, they re-
spond by evoking an inflammatory response with induction of CXCL8 
and IL-6, which is mainly mediated via PKC and p38. P. gingivalis on the 
other hand, is able to combat this response by counteracting phosporyla-
tion of PKC, which subsequently could lead to a suppressed inflammatory 
response in HGFs. If targeting PKC is an active, direct process by P. gingi-
valis or an indirect effect of a P. gingivalis-infection remains however to be 
elucidated. Our results indicate that the pathway mainly utilized by P. 
gingivalis-infected HGFs, involves a PKC-dependent MAPK-pathway. 
PKC is found upstream of both the transcription factors activator protein 
(AP)-1 and nuclear factor (NF)-қB (121). We discovered that NF-қB is of 
less importance in the interaction between the HGFs and P. gingivalis. AP-
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1 is a transcription factor that regulates several inflammatory genes and is 
the major target of MAPK (122). AP-1 consists of dimers composed of 
proteins from the Jun, Fos and activating transcription factor proteins 
families. Members of the Jun family can homodimerize, as well as hetero-
dimerize with members of the Fos familiy (123). In paper II, we investigat-
ed the involvement of a number of intracellular signalling factors, and 
detected that c-Jun, but not c-Fos, was upregulated at the mRNA level by 
all tested viable P. gingivalis strains. Interestingly, AP-1 has been demon-
strated to be directly or indirectly involved in the development of several 
bone diseases, in which AP-1 affects the outcome via inflammatory re-
sponses, as well as differentiation of bone cells (124). The findings in pa-
per II and paper IV, demonstrating the involvement of c-Jun and signalling 
mediated via a PKC-MAPK pathway,  suggest activation of AP-1 in P. 
gingivalis-stimulated HGFs. Activated AP-1 translocates to the cell nucleus 
and turn on the transcription of inflammatory genes (125).  

In some early experiments, not included in any of the papers, we want-
ed to investigate how the expression of PAR1, PAR2 and PAR3, respec-
tively, was affected by P. gingivalis. HGFs were stimulated with P. gingi-
valis for 24 h and mRNA expression was determined. Expression of PAR1 
and PAR3, respectively, was not differentially regulated, however, PAR2 
was markedly increased by P. gingivalis wild-types ATCC 33277 and W50 
(Figure 3). The gingipain mutants were unable to regulate the PAR2 
mRNA expression. The results show that both Rgp and Kgp are needed 
for P. gingivalis-mediated upregulation of PAR2. A number of studies 
report the role of PAR2 in periodontitis (44, 54, 126) and our results sug-
gest that gingipains from P. gingivalis stimulate PAR2 expression and 
thereby promotes an inflammatory response. Interestingly, a PAR2 agonist 
has been reported to induce periodontitis in rats (53).  
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Figure 3. Human gingival fibroblasts (200 000 cells/wells), were treated for 24 h 
with P. gingivalis wild-types ATCC 33277 and W50, the gingipain-mutants E8 
and K1A, respectively, and heat-killed (HK) ATCC 33277 (MOI:100). Non-
treated HGFs were used as control, and set to 1.0 for the relative mRNA expres-
sion. PAR1 was not affected by P. gingivalis (A). PAR2 was upregulated by ATCC 
33277 and W50 (B). PAR3 was not significantly regulated by P. gingivalis (C). 
Statistically significant differences compared with the control (*), W50 (#) or via-
ble ATCC 33277 (+) were determined using one-way ANOVA with Bonferroni 
post hoc test (#P<0.05, **/++P<0.01); n=4. 
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In this paper, TLR2 expression showed great variances in HGFs stimulat-
ed with P. gingivalis, which also was observed in a previous set of experi-
ment regarding receptor expression mentioned above (data not shown). 
The reason behind this is unknown. P. gingivalis LPS has been shown to 
increase TLR2 in gingival fibroblasts (127), but viable bacteria probably 
exert a more complex action on TLR2 expression. There is a tendency that 
W50 and K1A, unlike E8, stimulate TLR2 expression and once again, it is 
possible that Kgp play a role. As previously discussed, Kgp seems to have 
a dampening effect on the expression of CXCL8 and IL-6, and this could 
also account for the absent effect by the rgp mutant E8 on the TLR2 ex-
pression.  

One question to be answered in the current study was whether HGFs 
can compensate a receptor knockdown with an increased receptor expres-
sion of another. Indeed, we demonstrate that when PAR1 was silenced, 
the PAR2 mRNA expression was enhanced. So far, relatively few studies 
have investigated the involvement of PAR1 in periodontitis. Nevertheless, 
PAR1 expression in patients with periodontitis and healthy subjects were 
expressed at comparable levels but after periodontal treatment PAR1 was 
upregulated (52). Our results suggest crosstalk between PAR1-PAR2 and 
that both of these receptors are involved in periodontitis.  

In summary, we demonstrate that by sensing of P. gingivalis, gingival 
fibroblasts involves a PKC-dependent pathway, and in some cases also 
p38. This probably leads to activation of AP-1. The expression of PAR2 is 
upregulated in human gingival fibroblasts during a P. gingivalis-infection, 
a mechanism that might lead to an accelerated inflammatory response. 
PAR1 was not regulated per se by P. gingivalis, but gingival fibroblasts 
compensated for PAR1 knockdown with increased PAR2 expression. This 
suggests that both PAR1 and PAR2 are implicated in periodontitis. 
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SUMMARY 
This thesis has investigated the interaction between P. gingivalis and gin-
gival fibroblasts (Figure 4). We investigated the ability of fibroblasts to 
sense and respond to P. gingivalis, the manipulation of fibroblast-derived 
inflammatory mediators by P. gingivalis, involved PRRs and, at last, in-
volved signalling pathways. The emerging picture describes a pathogen 
that has evolved elaborate strategies to modify and manipulate the in-
flammatory responses in human gingival fibroblasts, mechanisms that 
possibly can promote survival and evasion in a hostile environment, with 
gingipains, especially Kgp, playing a key role in the pathogenicity of the 
bacterium. P. gingivalis evoke a fibroblast-derived inflammatory response 
and are at the same time able to suppress and hamper this response. In an 
in vivo situation, our results could incline that P. gingivalis contribute to 
degeneration of the peridontium by inducing a sustained inflammatory 
response by release of cytokines such as CXCL8 and IL-6 mediated via 
activation of fibroblast-expressed TLR2 and PAR1. Furthermore, suppres-
sion of SLPI can also add to further tissue destruction, and increased ex-
pression of PAR2 enhances the inflammatory response. The ability of resi-
dent cells like gingival fibroblasts to recognise pathogens renders them 
crucial in dealing with microbial infections. Ultimately, all of these re-
sponses will contribute to a sustained infection and a chronic inflamma-
tion, leading bone resorption and tooth loss. This thesis increases the un-
derstanding of the mechanisms involved in the interaction between P. 
gingivalis and gingival fibroblasts. Increased knowledge about processes 
participating in initiation and progression of periodontitis are important 
for developing new strategies to detect and reduce the occurrence of peri-
odontal and associated diseases.  



48  ELEONOR PALM Gingival fibroblasts in interaction with P. gingivalis 
 

  



ELEONOR PALM Gingival fibroblasts in interaction with P. gingivalis  49 
  

Figure 4. A schematic summary of the findings in this thesis. Transmission of dan-
ger-associated signals from the extracellular space into the cell nucleus requires 
coordinated steps, from activation of pathogen-sensing receptors to various intra-
cellular signalling proteins, leading to activation of transcription factors and gene 
transcription, ultimately resulting in release of inflammatory mediators. Human 
gingival fibroblasts recognizes P. gingivalis through activation of PAR1 and TLR2, 
resulting in secretion of inflammatory mediators such as CXCL8 and IL-6. Intra-
cellular signalling pathways are mediated via a PKC-MAPK pathway with activa-
tion of p38. Both transcription factors AP-1 and NF-κB have binding sites identi-
fied in the promoter region of CXCL8 and IL-6. c-Jun, which is part of AP-1,  is 
induced in gingival fibroblasts stimulated with viable P. gingivalis, suggesting 
activation of AP-1, while intracellular events in P. gingivalis-stimulated gingival 
fibroblasts are independent of ERK1/2, JNK1, JNK2 as well as IκB, p65 and p50 
and associated activity of NF-κB. TGF-β1 is induced at mRNA and protein level 
by P. gingivalis wild-types. SLPI and IDO, which have antimicrobial properties, 
are suppressed at the mRNA level by P. gingivalis. Moreover, SLPI is an important 
protease inhibitor and protects tissues during inflammation. SLPI is also sup-
pressed at the protein level. The gingipains, Rgp and Kgp, cleaves released CXCL8 
and IL-6 as well as SLPI, thereby hampering the fibroblast-derived inflammatory 
response. In addition, Kgp is able to suppress CXCL8 and IL-6 expression and 
induce TGF-β1. 
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CONCLUSION 
The main findings and conclusions in this thesis are summarized as fol-
lows: 

 
 

I. Fibroblasts are important cells that are able to recognise patho-
gens and secrete a wide array of cytokines and chemokines upon 
stimulation. These inflammatory mediators are cleaved by gingi-
pains from P. gingivalis. 

 
II. P. gingivalis both triggers and hampers the immune response in 

human gingival fibroblasts through modifications of CXCL8 and 
TGF-β1. Kgp is responsible for suppression of CXCL8 and induc-
tion of TGF-β1. P. gingivalis downregulates SLPI, which likely 
contributes to tissue destruction. Suppression of both SLPI and 
IDO are likely to reduce the antimicrobial activities of human 
gingival fibroblasts. 

 
III. P. gingivalis-induced secretion of CXCL8 from human gingival fi-

broblasts is partially mediated by TLR2, while IL-6 is partially 
mediated by PAR1, as well as TLR2. The expression of SLPI is 
dependent on both PAR1 and TLR2. 

 
IV. Gingival fibroblasts utilize a PKC-dependent pathway, and in 

some cases also p38, after sensing P. gingivalis in the induction of 
CXCL8 and IL-6. This probably leads to activation of the tran-
scription factor AP-1, since c-Jun is upregulated by P. gingivalis. 
P. gingivalis enhances the expression of PAR2, while PAR1 was 
not regulated per se by P. gingivalis. However, gingival fibroblasts 
compensated for PAR1 knockdown with increased expression of 
PAR2. This suggests that both PAR1 and PAR2 are involved in 
periodontitis. 
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FUTURE PERSPECTIVES 
The findings in the present studies on host-microbe interactions between 
fibroblasts and P. gingivalis have open up for future investigations: 

 
Studying P. gingivalis and its associated mechanisms to modify and evade 
the inflammatory response by human gingival fibroblasts is vital for in-
creased insights for the development and progression of periodontitis. This 
thesis with associated studies has provided novel insights, however, it is 
important to keep in mind that this complex interplay are further compli-
cated in vivo. Moreover, how P. gingivalis behave in a biofilm compared 
to a planktonic state can differ. Therefore, elucidation of the interplay 
between a polymicrobial pathogenic biofilm, including P. gingivalis, and 
gingival fibroblasts is of most interest in future studies. This could be per-
formed in a 3-dimensional oral tissue model. Of relevance is also the in-
teraction between different cells such as fibroblasts, epithelial cells and 
monocytes in the same organotypic model. Furthermore, expression of 
gingival fibroblast-derived inflammatory markers such as SLPI, IDO, 
CXCL8, PAR2 and TGF-β1 expression could be examined in patients with 
periodontitis. 
 
Initial results indicate that NOD2 is upregulated by viable P. gingivalis. 
The possible role of NOD2 in regulation of cytokine expression in P. gin-
givalis-stimulated gingival fibroblasts should be elucidated in a future 
study. 
 
Our results indicate that regulation of cytokine expression in human gin-
gival fibroblasts is mediated via transcription factor AP-1. Therefore, ac-
tivity of AP-1 in P. gingivalis-stimulated gingival fibroblasts could be 
measured by using luciferase reporter plasmids in a future study.  

 
We demonstrated that SLPI is suppressed by P. gingivalis. What impact 
would this suppression have in a biofilm? Would P. gingivalis protect 
other bacterial species in the biofilm through SLPI suppression? If so, the 
hypothesis that P. gingivalis is a keystone species in periodontitis, would 
be further strengthen. In addition, the actual signalling mechanism behind 
the suppression of SLPI by P. gingivalis should be elucidated. IDO is also 
most interesting to investigate further in this context. Furthermore, a pos-
sible interrelationship between SLPI and TGF-β should be investigated.  
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At last, the main focus of the studies in this thesis has been the host re-
sponse to P. gingivalis and how the bacterium modifies this evoked im-
mune response. However, to look it from a new angle with a new perspec-
tive, how does the host inflammatory response affect P. gingivalis? A most 
intriguing study has shown that bacteria are able to use the host’s inflam-
matory mediators as transcription factors (128). Considering this fascinat-
ing aspect for a moment, it seems quite reasonable that a bacterium has 
evolved mechanisms to sense its environment and to respond to its sur-
rounding by using inflammatory mediators as regulators to be able to 
adjust and adapt to a changing environment. Therefore, it would be most 
interesting to investigate how the gene and protein expression in P. gingi-
valis is affected by various inflammatory mediators, for example CXCL8, 
TGF-β1, IL-6 and SLPI. This could provide novel insight into the virulence 
and pathogenesis of P. gingivalis in periodontitis.  
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