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Abstract 

Periodontitis, the primary cause of tooth-loss worldwide, is a bacterially 
induced chronic inflammatory disease of the periodontium. It is associated 
with systemic conditions such as cardiovascular disease (CVD). However, 
pathogenic mechanisms of periodontitis-associated bacteria that may 
contribute to the CVD association are unclear. The aim of this doctoral thesis 
project was to characterize bacterial mechanisms that can originate from the 
periodontal pocket and expose the host to multiple effector proteins, thereby 
potentially contributing to periodontal tissue degradation and systemic 
stimulation. As our main model, we have used Aggregatibacter 
actinomycetemcomitans, a Gram-negative species associated with 
aggressive forms of periodontitis, and with non-oral infections, such as 
endocarditis. Since Gram-positive species might be more common in 
periodontitis than previously believed, we have also investigated 
mechanisms of the multipotent bacterium, Staphylococcus aureus.  
Using an ex vivo insert model we showed that free-soluble surface material, 
released during growth by A. actinomycetemcomitans independently of 
outer membrane vesicles (OMVs), enhanced the expression of several 
proinflammatory cytokines in human whole blood. A clear LPS-independent 
effect suggested the involvement of effector proteins in this cytokine 
stimulation. This was supported by MALDI-TOF-MS and immunoblotting, 
which confirmed the release of GroEL and peptidoglycan-associated 
lipoprotein (PAL), in free-soluble form.  
We next demonstrated that A. actinomycetemcomitans OMVs could deliver 
multiple proteins including biologically active cytolethal distending toxin 
(CDT), a major virulence factor, into human gingival fibroblasts and HeLa 
cells. Using confocal microscopy, the active toxin unit, CdtB, was localized 
inside the nucleus of the intoxicated cells, whereas OmpA and proteins 
detected using an antibody specific to whole A. actinomycetemcomitans 
serotype a cells had a perinuclear distribution. By using a fluorescent probe, 
B-R18, it was shown that the OMVs fused with lipid rafts in the plasma 
membrane. These findings suggest that OMVs can deliver biologically active 
virulence factors such as CDT into susceptible cells of the periodontium. 
Using A. actinomycetemcomitans vesicles labeled with the lipophilic dye, 
PKH26, it was shown that the OMVs can be internalized into the perinuclear 
region of human cells in a cholesterol-dependent manner. Co-localization 
analysis supported that the internalized OMVs carried A. 
actinomycetemcomitans antigens. Inhibition assays suggested that although 
OMV internalization appeared to have a major role in effector protein 
delivery, additional interactions such as vesicle membrane fusion may also 
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contribute. The OMVs strongly induced activation of the cytosolic pathogen 
recognition receptors NOD1 and NOD2 in HEK293T-cells, consistent with a 
role in triggering innate immunity by carrying PAMPs such as peptidoglycan 
into host cells.  
Membrane vesicles (MVs) from S. aureus were found to carry biologically 
active alpha-toxin, a key virulence factor, which was delivered to host cells 
and required for full cytotoxicity of the vesicles. Confocal microscopy 
analysis revealed that these MVs, similar to A. actinomycetemcomitans 
OMVs, interacted with HeLa cells via membrane fusion. Thus, as S. aureus is 
frequently found in individuals with aggressive periodontitis, MV production 
could have potential to contribute to the severity of tissue destruction. 
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Introduction 

1. Periodontal diseases and periodontitis-associated 
bacteria 

1.1. Periodontal diseases 

Periodontal diseases refer to a number of diseases, most commonly 
periodontitis and gingivitis. Periodontitis is a persistent bacterial infection 
causing chronic inflammation and tissue loss in tooth-supporting tissues, 
and is the primary cause of tooth loss in adults worldwide (Figure 1). While 
periodontitis leads to irreversible changes in periodontal tissues, gingivitis, 
that affects more superficial part of the periodontium, i.e. gingiva, is 
reversible and usually heals after improving oral hygiene habits. 

 

 

Figure 1. Schematic representation of a tooth and surrounding tissues in 
periodontal health and disease. In periodontitis, tooth-supporting tissues become 
irreversibly damaged, resulting in periodontal attachment loss that may ultimately 
cause tooth loss.   

 
There are two distinct forms of periodontitis, i.e. chronic and aggressive 
periodontitis (Table 1).  
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Chronic periodontitis is the most common form and is mainly found in 
adults. It is characterized by abundant deposits of plaque on tooth surfaces 
and a slow to moderate progression over several years, even decades. 
Individual factors, including poor oral hygiene and smoking, and systemic 
conditions such as diabetes mellitus may accelerate the rate of progression. 
However, also young individuals can occasionally be affected by chronic 
periodontitis due to poor oral hygiene or immune deficiency disorders 
(Demmer and Papapanou, 2010). Aggressive forms of periodontitis share 
clinical features with chronic forms but the patients are usually younger and 
the rate of progression is more rapid.  
Periodontitis symptoms are numerous, such as bleeding gums while 
brushing teeth, gum swelling, tooth mobility, halitosis, gingival recession, 
deepened periodontal pockets between the teeth and the gum and loss of 
tissue support around the teeth (Figure 1). According to the International 
Workshop for a Classification of Periodontal Diseases and Conditions in 
1999, an attachment loss of 1-2 mm is categorized as slight; 3-4 mm as 
moderate, and deeper than 5 mm as severe. When more than 30% of the 
sites are involved, periodontitis is considered to be generalized, otherwise 
localized. Demmer et al (Demmer and Papapanou, 2010) reviewed reports of 
prevalence, severity and extent of periodontitis using the 2009 International 
Workshop classification. Prevalence for generalized severe periodontitis 
varied from 6% (Brothwell and Ghiabi, 2009) to 50% (Susin et al., 2004) and 
even 92% in the population over 70 years old in Brazil (Susin et al., 2004).  
Following tooth loss, missing teeth can be replaced by dental implants when 
appropriate. Peri-implantitis, resembling periodontitis in natural teeth, can 
destroy alveolar bone supporting the implants. From 28% to 56% of implant 
patients are affected (Lindhe et al., 2008). Risk factors are similar to those in 
periodontitis, for example poor oral hygiene, smoking and diabetes. The 
treatment of peri-implantitis includes surgical and non-surgical mechanical 
therapy and systemic antibiotics, but the treatment outcome is difficult to 
predict (Lindhe et al., 2008).  
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Table 1. Characteristics of chronic and aggressive forms of periodontitis. Adapted 
from (Armitage and Cullinan, 2000). 

 

  Chronic Periodontitis 
Aggressive 
Periodontitis 

Disease onset Adults Teenagers, adolescents 

Prevalence 
About 40-60% of the 
population 

<1%-2% of the population 

Rates of progression Slow Rapid 

Patterns of destruction No consistent patterns 
 
First molars and incisors 

 

Plaque and calculus Thick deposits 
Thin deposits of dental 
plaque and little 
subgingival calculus 

1.2. Periodontopathogenic microorganisms 

Periodontal diseases are associated with a characteristic microbial 
composition. More than 700 bacterial phylotypes have been found in 
periodontal pockets by PCR amplification of the 16S rDNA of subgingival 
bacterial biofilm (Paster et al., 2006), yet, less than a dozen bacterial species 
are considered to be periodontopathogenic (Darveau, 2010; Paster et al., 
2006; Slots and Genco, 1984; Socransky and Haffajee, 1992).  

1.2.1. ”Red complex bacteria” 

Being referred to as “red complex” bacteria in one study (Socransky et al., 
1998), the Gram-negative organisms Porphyromonas gingivalis, Tannerella 
forsythia, and Treponema denticola frequently found together in deepened 
periodontitis pockets, are strongly associated with periodontitis. Their 
contribution to disease progression is not fully understood (Darveau, 2010; 
Socransky et al., 1998). Interestingly, P. gingivalis acted as a “keystone” 
pathogen in a mouse model, i.e. despite low abundance it could alter the 
amount and composition of the oral microbiota, thereby promoting 
periodontal bone loss (Hajishengallis et al., 2011). P. gingivalis is capable of 
inducing bone loss in animal models. However, as this was not observed 
when P. gingivalis was used to infect germ-free mice, this species appears to 
require interaction with other bacteria to exert this role in periodontitis. A 
role similar to P. gingivalis has not been demonstrated for T. forsythia and 
T. denticola, albeit these species were both demonstrated to contribute to the 
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development of periodontal disease in mouse models (Lee et al., 2009b; 
Myneni et al., 2011).  

1.2.2. Aggregatibacter actinomycetemcomitans 

The Gram-negative species Aggregatibacter actinomycetemcomitans, the 
main model organism in our experimental studies, is implicated in 
aggressive forms of periodontitis (Fine et al., 2006; Slots and Genco, 1984; 
Socransky and Haffajee, 1992). The reason why A. actinomycetemcomitans 
is associated with aggressive periodontitis is not entirely understood, but 
could partly depend on the production of leukotoxin (LtxA) (see 2.2.1). The 
A. actinomycetemcomitans JP2 clone, producing high levels of leukotoxin, is 
strongly associated with aggressive forms of periodontitis and has been 
demonstrated to correlate with disease onset of adolescents in Morocco 
(Haubek et al., 2008).  
Although the oral cavity is the natural habitat of A. actinomycetemcomitans, 
live bacteria also translocate from the oral cavity into the blood circulation 
and thereby to other body sites, as evidenced by the occurrence of severe 
nonoral A. actinomycetemcomitans infections, such as endocarditis and 
brain and lung abscesses (van Winkelhoff and Slots, 1999). This species 
organism is a member of the HACEK group (Haemophilus species, A. 
actinomycetemcomitans, Cardiobacterium hominis, Eikenella corrodens, 
and Kingella species). These organisms have an enhanced ability to cause 
endocardial infections. 

1.2.3. Additional bacterial species implicated in 
periodontitis 

Numerous additional Gram-negative oral species are implicated in 
periodontitis, including Fusobacterium nucleatum (Settem et al., 2012), 
Prevotella intermedia (Guan et al., 2011), Prevotella nigrescens (Stingu et 
al., 2013), Campylobacter rectus (Ihara et al., 2003) and E. corrodens (Suda 
et al., 2002). P. intermedia may contribute to periodontal tissue destruction 
by up-regulating the expression of tissue type plasminogen activator (tPA), 
and plasminogen activator inhibitor (PAI-2) in human periodontal ligament 
cells via multiple pathways (Guan et al., 2011). 
Upon co-infection with T. forsythia, F. nucleatum was shown to induce NF-
κB and pro-inflammatory cytokines in monocytic cells and primary murine 
macrophages. Moreover, upon co-infection in a mouse model, these two 
species more strongly induced alveolar bone loss as compared to infection 
with either species alone (Settem et al., 2012). Other examples of bacterial 
interactions that promote inflammatory responses during periodontitis 
include A. actinomycetemcomitans LPS that can bind bacterial cells of other 
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species, as for example Parvimonas micra to stimulate tumor necrosis factor 
alpha (TNFα) production by macrophage-like cells (Yoshioka et al., 2005). 
A number of Gram-positive species have also been implicated in periodontal 
diseases, including Eubacterium nodatum, P. micra, Streptococcus 
intermedius and Staphylococcus aureus (Fritschi et al., 2008; Haffajee et 
al., 2006; Kremer et al., 2000). E. nodatum was found more frequently in 
subgingival plaque samples from chronic periodontitits patients than from 
healthy subjects. Both smooth (Sm) and rough (Rg) genotypes of P. micra, 
were found in higher prevalence in periodontitis patients (Kremer et al., 
2000). Albeit not a solely oral microorganism, S. aureus is frequently found 
in individuals with aggressive periodontitis and may contribute to the 
severity of periodontal tissue loss (Fritschi et al., 2008). Additionally, there 
is evidence supporting that this species may play a role in the initiation of 
peri-implantitis (Heitz-Mayfield and Lang, 2000) and has also been found 
associated with periodontal therapy-resistant cases of periodontitis (Dahlen 
and Wikstrom, 1995). Consistent with such observations, a recent in vivo 
study demonstrated that heat-treated and sonicated S. aureus cells could 
induce periodontal attachment loss and destruct alveolar bone in rats 
(Nagano et al., 2013). However, how S. aureus could contribute to 
periodontal disease is not known. 

1.2.4. Periodontal microbiome   

As the oral microbiota is evidently very complex, efforts have been made to 
characterize and compare the composition of the oral microbiome during 
periodontal disease and health. A number of recent studies have monitored 
the disparities in the oral microbiome between healthy subjects and 
periodontitis patients, which have ultimately improved the understanding of 
the roles of the microorganisms in periodontal diseases. In one recent study 
(Wang et al., 2013), a strong association between disease status and the 
composition of the microbiome was reported. In this study, 16 metagenomic 
samples from healthy and periodontitis patients, i.e. subgingival plaques and 
supragingival cotton swabs, respectively, were collected. In all the samples 
the four major phyla included Bacteroidetes, Firmicutes, Proteobacteria and 
Actinobacteria. Bacteroidetes was the most abundant phylum in all samples 
but its proportion was lower in healthy patients. Moreover, levels of 
Actinobacteria and Proteobacteria were higher in plaque from the 
periodontitis patients. Firmicutes and Proteobacteria were the most 
abundant phyla in bacterial swabs of periodontally healthy subjects. 
Additionally, certain genes and metabolic pathways mainly involved in 
chemotaxis and toxin synthesis, e.g. LPS, CheB/R/Y, FliD/C were over-
represented in periodontitis patients. Interestingly, several new bacterial 
species and putative virulence-related genes were identified, opening the 
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way for further research. In another recent study, a shift was demonstrated 
in the subgingival bacterial composition from health to periodontitis without 
replacement of health-associated species (Abusleme et al., 2013). Several 
phyla were found at a higher extent in periodontitis patients, such as 
Spirochetes, Synergistetes, Firmicutes and Chloroflexi, whereas 
Actinobacteria were higher in the healthy subjects in contradiction with the 
results of the Wang et al study (Abusleme et al., 2013).  The data from these 
studies clearly support the notion that periodontal disease is associated with 
a complex consortium of bacterial species, and that Gram-positive bacteria 
might represent a higher proportion in the periodontal microflora than 
previously thought based on culture-dependent studies. It cannot be 
excluded, however, that this type of data is influenced by several host-
specific factors, such as individual differences due to limited number of 
study subjects, ethnicity and smoking habit (Ge et al., 2013). 

2. Bacterial pathogenicity mechanisms in periodontitis 

In periodontitis, bacteria typically grow as biofilms in nonparenteral space, 
i.e. on subgingival tooth surfaces. This body niche is unique: nowhere else 
calcified tissue penetrates the epithelium and allows persistent biofilm 
growth. The hallmark of periodontitis is periodontal ligament destruction 
and resorption of alveolar bone caused by the increased concentrations of 
inflammatory mediators including pro-inflammatory cytokines, such as IL-
1β and TNF-α (Page et al., 1997). The main regulatory mechanism governing 
bone resorption that occurs during the normal remodeling of bone is the 
ratio of receptor–activator of nuclear factor-κB ligand [NF-κB] (RANKL) to 
osteoprotegrin (OPG) (Darveau, 2010). RANKL present on different cell 
types bind to RANK on osteoclast precursors, triggering them to differentiate 
into macrophage-like cells that produce proteins to degrade bone. OPG is a 
RANKL receptor that prevents RANK-RANKL interaction. This mechanism 
likely contributes to the bone loss in periodontitis. RANKL activation may be 
the primary factor in acute alveolar bone absorption in aggressive 
periodontitis (Belibasakis et al., 2005). As the synthesis of RANKL is 
induced by pro-inflammatory cytokines, increases in their concentration in 
healthy periodontal tissue can directly affect bone loss by increasing the 
RANKL/OPG ratio (Darveau, 2010). 

2.1. Pathogen-associated molecular patterns (PAMPs) 

Lipopolysaccharide (LPS), a major cell wall component of Gram-negative 
bacteria, is a central factor in the pathogenesis of periodontitis and acts as a 
pathogen-associated molecular pattern (PAMP). In addition to cell wall 
components, PAMPs include surface proteins, flagellin, and DNA and RNA 
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structures that are unique to bacteria. The host detects and responds to 
PAMPs via pathogen recognition receptors (PRRs) on resident immune and 
non-immune cells within the periodontium (Akira and Hemmi, 2003; 
Hajishengallis et al., 2004). Upon ligand recognition, transcription factors 
such as NF-κB are activated, and together with PRRs they regulate many 
host immune and pro-inflammatory genes, including members of the 
interleukin IL-1β family of cytokines, to coordinate an appropriate immune 
response (Hansen et al., 2011).  
Examples of PRRs are NOD1 and NOD2 (nucleotide binding oligomerization 
domain or NOD-like receptors; NLRs) in the cytosol. NLRs consist of about 
20 members, organized with a C-terminal leucine rich domain (LRR), a 
nucleotide-binding NACHT domain [NAIP (neuronal apoptosis inhibitory 
protein), CIITA (MHC class II transcription activator), HET-E 
(incompatibility locus protein from Podospora anserina) and TP1 
(telomerase-associated protein)], and a protein-protein interaction domain 
constituted of CARD (caspase activation and recruitment domain), pyrin 
domain or Bir (baculovirus inhibitor of apoptosis repeat). They all appear to 
be involved in innate immune responses and inflammation in mammals 
(Fritz et al., 2006).  
NOD1 and NOD2 mediate sensing of periodontal pathogens (Okugawa et al., 
2010) and are widely expressed in many cell types including oral epithelial 
cells (Uehara et al., 2008), osteoblasts (Marriott et al., 2005), and human 
periodontal ligament cells (Jeon et al., 2012) leading to the production of IL-
6, IL-8 and the activation of NF-κB and MAPK (Mitogen-activated protein 
kinases).  
NOD1 and NOD2 recognize the peptidoglycan (PGN) derivatives 
diaminopimelic acid (DAP) and muramyl-dipeptide (MDP), respectively 
(Inohara et al., 2005). After detection of peptidoglycans, NOD1 and NOD2 
form oligomers and recruit receptor-interacting protein 2 (RIP2) through a 
CARD-CARD interaction. NOD1-RIP2 or NOD2-RIP2 complexes allows 
activation of the NF-κB pathway and inflammatory responses. Undoubtedly, 
NLRs function as cytosolic sensors of PAMPs, although their direct 
interactions with the recognized targets are not yet characterized in full 
details. MDP, which is extensively distributed among Gram-positive and 
Gram-negative bacteria (Girardin et al., 2003a; Girardin et al., 2003b) was 
recently demonstrated to bind directly to NOD2 (Grimes et al., 2012).  
The relevance of NLRs in periodontal disease was revealed in a recent study. 
In this report, NOD1 was shown to be essential for periodontal bone loss in a 
mouse model (Jiao et al., 2013). Stimulation of NOD1 by a commensal 
bacterium in the mice, NI1060, was enough to induce bone destruction and 
neutrophil recruitment. Interestingly, NI1060 exhibited more than 60% 
coding sequence identity with A. actinomycetemcomitans, suggesting that 
these two species might play similar roles in periodontal disease.  
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2.2. Exotoxins 

2.2.1. Leukotoxin 

Bacterial effector proteins may also contribute directly to degradation of 
periodontal tissues. Leukotoxin is an approximately 114 kDa toxin of A. 
actinomycetemcomitans that lyses cells of the lymphocytic and 
monomyelocytic lineages (Lally et al., 1989a; Simpson et al., 1988).  
Leukotoxin belongs to the repeat in toxin family (RTX), showing about 50% 
similarity with Escherichia coli α-hemolysin and Pasteurella haemolytica 
leukotoxin (Kraig et al., 1990; Lally et al., 1989a; Lally et al., 1989b). The ltx 
operon consists of four genes designated ltxC, -A, -B and –D. The ltxC gene 
encodes the acyltransferase responsible for the post-translational 
modification of the toxin, whereas ltxA encodes the toxin itself, and ltxB and 
ltxD encode proteins needed for transport of the toxin across the bacterial 
outer membrane.  
The action mechanism of A. actinomycetemcomitans leukotoxin has been 
shown to be potentiated by release of intracellular ATP, probably through 
the pannexin1 channel, and P2X receptor activation. Thus, the increase of 
the overall permeability of the erythrocyte membrane for calcium and 
potassium ions appears to amplify cell lysis (Munksgaard et al., 2012).  
Observations that leukotoxin mediates activation and release of proteolytic 
enzymes from polymorphonuclear leukocytes (Claesson et al., 2002; 
Johansson et al., 2000) and pro-inflammatory cytokines from monocytes 
and macrophages (Kelk et al., 2011; Kelk et al., 2005) suggest a direct role of 
LtxA in the periodontal tissue destruction. 

2.2.2. Cytolethal distending toxin (CDT) 

A. actinomycetemcomitans is the only oral bacterial species known to 
produce cytolethal distending toxin (CDT) (Yamano et al., 2003). CDT is a 
tripartite (CdtABC) holotoxin of Gram-negative bacteria as for example in E. 
coli (Elwell et al., 2001), A. actinomycetemcomitans (Sugai et al., 1998), 
Haemophilus ducreyi (Cope et al., 1997), Campylobacter jejuni (Johnson 
and Lior, 1988). This toxin is referred as a genotoxin, i.e. it acts in the 
nucleus of mammalian cells. Toxicity is associated with G2 cell cycle arrest, 
progressive cellular distension and apoptosis in many cell types (Guerra et 
al., 2011; Shenker et al., 1999; Smith and Bayles, 2006).  
CDT encodes 3 subunits, CdtA (18–25 kDa), CdtB (30–31 kDa) and CdtC 
(20–21 kDa) that are all essential for the toxin activity. CdtB is the active 
subunit and exerts its effect on the nucleus where it damages DNA. Studies 
have showed that CdtA and CdtC subunits from C. jejuni, E. coli and A. 
actinomycetemcomitans bind to the cell surface of HeLa cells (Lee et al., 
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2003) (McSweeney and Dreyfus, 2005) and U937 cells (Mise et al., 2005). 
However, by using purified recombinant A. actinomycetemcomitans CDT 
proteins, Akifusa et al showed that CdtB can bind to CdtC on the surface of 
Hep-2 cells and transport it into the cells via an endosomal pathway (Akifusa 
et al., 2005). It is not known, in detail, how the CdtB subunit reaches the 
nucleus. We know that CDT binding depends on the presence of plasma 
membrane lipid rafts and that CdtB is translocated via the retrograde 
pathway (Early and late endosomes, Golgi, Endoplasmic reticulum (ER), 
Nucleus). The translocation of CdtB from the ER to the nucleus does not 
need protein unfolding (Guerra et al., 2009). Additionally, CdtB enters the 
nucleus of HeLa cells within 3 to 4 hours when directly injected into the 
cytoplasm (Nishikubo et al., 2003). Most of such internalization studies have 
been executed with recombinant purified soluble holotoxin. Several studies 
support that CDT may be important in the pathogenicity of aggressive 
periodontitis (Ahmed et al., 2001; Fabris et al., 2002; Tan et al., 2002), 
however, the actual contribution of CDT to this disease is not well 
understood. In vitro experiments have demonstrated that CDT stimulated 
RANKL in human gingival fibroblasts (HGF) (Belibasakis et al., 2005), 
which comprise the major cell population of the gingival connective tissue 
(Bartold et al., 2000). Moreover, recent reports have revealed that purified 
A. actinomycetemcomitans CDT holotoxin caused structural damage to rat 
and human oral epithelia ex vivo (Damek-Poprawa et al., 2011), and induced 
cell cycle arrest and damage in rat periodontal epithelial cells in vivo (Ohara 
et al., 2011). This suggests that CDT toxicity may play a part in the early 
pathogenesis of periodontitis. 

2.2.3. Gingipains 

Porphyromonas gingivalis gingipains are cell surface cysteine proteinases 
that can be secreted in soluble form. Gingipains are arginine- (Arg-X) and 
lysine-specific (Lys-X) having several effects on the immune response such 
as cleaving of T-cell receptors (Kitamura et al., 2002) and stimulating 
protease-activated receptors and IL-6 production in oral epithelial cells 
(Lourbakos et al., 2001). Gingipains are also able to inactivate the 
complement system via cleaving C3 and C5 (Wingrove et al., 1992). The 
relevance of this mechanism for the role of P. gingivalis as a keystone 
pathogen in periodontitis was recently demonstrated using a mouse model 
(Hajishengallis et al., 2012; Hajishengallis et al., 2011). The high 
concentration of gingipains close to the gingival epithelium inhibits bacterial 
clearance. On the other hand, deeper into the connective tissue, 
inflammation is induced due to low amount of gingipains stimulating 
destruction of alveolar bone and other tooth supporting tissues.  
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3. Possible mechanisms for systemic stimulation by 
periodontitis-associated bacteria 

Evidently, the inflammatory response has an important role in several other 
chronic diseases in addition to periodontitis, such as atherosclerotic 
cardiovascular disease (CVD). The association between periodontitis and 
CVD is becoming increasingly clear, and could at least in part be related to 
the induction of systemic inflammation by a local inflammatory challenge 
(Genco and Van Dyke, 2010; Kebschull et al., 2010; Loos, 2006). However, 
the mechanistic relationship, e.g. how subgingival biofilm bacteria could 
induce systemic pathogenicity is not understood in detail. Mechanisms 
originating from the periodontal pocket provide a biologically feasible basis 
for inducing systemic effects as in periodontitis the persistent growth of 
complex bacterial biofilms on tooth surfaces cause chronic inflammation in 
surrounding periodontal tissues (Asikainen, 2009; Kebschull et al., 2010; 
Socransky and Haffajee, 1992). With disease progression, local inflammation 
ulcerates the periodontal pocket epithelium exposing the underlying 
connective tissues and blood capillaries to plaque biofilm bacteria and/or 
their proteins and other products. Such exposure could be mediated via 
outer membrane vesicles (OMVs), as well as occur independently of vesicles.  

3.1. Protein secretion systems in bacteria 

For secretion of proteins to the bacterial surface and/or to the exterior of the 
cell, several specialized secretion systems are used. Typically, proteins are 
targeted to specific secretion pathways via signal-sequences in the N-, or C- 
terminus. At least type II and IV secretion is a feature of both Gram-negative 
and Gram-positive bacteria. 

 
Type I secretion systems (T1SS) in Gram-negative bacteria are able to 
translocate proteins up to 800kDa (Hinsa et al., 2003) directly to the 
extracellular space using an ATP-binding cassette (ABC) transporter bound 
to the membrane by a membrane fusion protein (MFP). Additionally, an 
outer membrane protein (OMP) functions as a direct channel to the 
extracellular space. For example, the hemolytic toxin HlyA in E. coli and 
leukotoxin in A. actinomycetemcomitans are secreted via T1SS. HlyA is 
conveyed quickly in an unfolded form to the cell surface via the ABC protein, 
(HlyB) and then folded and released (Holland et al., 2005).  
Via Type II secretion systems (T2SS), proteins are exported extracellularly 
in two steps. The initial transport to the periplasm via the inner membrane 
depends on the Sec system that requires an N-terminal peptide, or the Tat 
system. The proteins are then exported across the outer membrane by a 
multimeric complex of pore forming secretin proteins. For example, ETEC E. 
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coli heat-labile enterotoxin uses T2SS (Tauschek et al., 2002).  Interestingly, 
Gram-negative type IV pili use a modified version of the T2SS for their 
assembly (Cisneros et al., 2012). Also Gram-positive bacteria commonly 
secrete proteins via the Sec or Tat pathway (Tjalsma et al., 2004). 
Type III secretion systems (T3SS) use a needle like-structure to secrete 
proteins, synthesized in the cytoplasm, through both bacterial membranes 
and the periplasm into the cytoplasm of eukaryotic cells or the extracellular 
space.  Several bacterial pathogens carry this system including Pseudomonas 
spp., Yersinia spp., Salmonella spp., Shigella spp., and clinical E. coli. T3SS 
is composed of three major parts. The basal body of the system has a ring-
like structure in the inner and the outer bacterial membranes (Schraidt et al., 
2010; Spreter et al., 2009). This body is associated with a needle-like 
structure at the bacterial surface (Blocker et al., 2001). The third part is the 
“translocon” that is transferred through the needle upon cell contact and 
forms a pore on the surface of the host cell (Mattei et al., 2011).    
Type IV secretion systems (T4SS) are identified in both Gram-negative and 
Gram-positive bacteria (Goessweiner-Mohr et al., 2013) and can translocate 
DNA for natural transformation or proteins into host cells (Christie, 2001) 
(Alvarez-Martinez and Christie, 2009).  Macromolecules are secreted in an 
ATP-dependent process using an envelope-spanning multi-protein channel 
(Zechner et al., 2012) to translocate DNA or proteins from the cytoplasm of 
the donor cell to the cytoplasm of the recipient cell. Often, T4SS include an 
extracellular pilus that is composed of a major VirB2 and a minor subunit 
VirB5 (Fronzes et al., 2009). Members of major proteins families of Gram-
negative T4SS had been found in Gram-positive bacteria (Abajy et al., 2007) 
and the DNA processing reaction is mechanistically identical to that in 
Gram-negative bacteria (Zechner et al., 2012). A group of highly infectious 
human pathogens use T4SS including Brucella spp., Bartonella spp., 
Rickettsia spp. (Voth et al., 2012), and this system is also used by A. 
actinomycetemcomitans (Novak et al., 2001).  
Type V secretion systems (T5SS) in Gram-negative bacteria use the 
autotransporter system (type Va), the two-partner secretion system (type 
Vb), and the Oca family (typeVc). Proteins delivered via T5SS have an N-
terminal signal sequence for translocation across the inner membrane via 
the Sec machinery. The C terminal sequence is involved in the formation of a 
transmembrane pore (Desvaux et al., 2004; Henderson et al., 2004). 
Type VI secretion systems (T6SS), although recently recognized, are 
widespread among Gram-negative bacteria, playing a role in killing 
eukaryotic and prokaryotic cells (MacIntyre et al., 2010; Mougous et al., 
2006; Pukatzki et al., 2006). T6SS translocate proteins directly into host 
cells in a contact–dependent manner. For example, T6SS transports 
hemolysin-coregulated protein (Hcp) and valine-glycine repeat protein G 
(VgrG). Those two proteins resemble bacteriophage tail and tailspike 
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proteins, respectively. Thus the activity of T6SS appears similar to a phage 
infection (Silverman et al., 2012). Recently, a superfamily of bacterial T6SS-
associated phospholipase enzymes, mediating antagonistic bacterial 
interaction and serving as antibacterial effectors, has been discovered 
(Russell et al., 2013). 
The Type VII secretion system (T7SS), also recently discovered (Abdallah et 
al., 2007), is so far found only in Gram-positive bacteria. Mycobacterium 
tuberculosis uses it for protein secretion across the cell membrane. M. 
tuberculosis can have up to five distinctive T7SS, denoted ESX-1 to ESX-5. 
ESX-1 is responsible for secretion of virulence factors such as early-secretory 
antigenic-target protein 6 (ESAT-6) and culture filtrate protein 10 (CFP-10) 
(McLaughlin et al., 2007). Studies have also reported the importance of T7SS 
in S. aureus, which depended on a functional T7SS to establish persistent 
infections in a murine model (Burts et al., 2005).  
Finally, membrane vesicles (MVs) represent a very basic and relevant 
mode of protein release by bacteria. It has recently been referred to as “Type 
O” (zero) secretion (Uhlin et al., 2014) 

4. Membrane derived vesicles (MVs) 

Most microorganisms including Gram-negatives, Gram-positives and 
Archaea release membrane vesicles. These are small blebs (about 10-300 nm 
in diameter) that bud off from the outer membrane of Gram-negative 
bacteria, from the cell membrane in Gram-positive, and from the cell surface 
in Archaea. The roles of membrane vesicles have been broadly studied and 
the trend demonstrates both offensive and defensive functions (MacDonald 
and Kuehn, 2012) (Table 2). One major function appears to be their capacity 
to deliver toxins and additional virulence factors to the host at relatively high 
concentrations without the requirement of a close contact between the 
bacterial and target human cells. 

4.1. Gram-negative OMVs 

OMVs are naturally released by most Gram-negative species. Essentially, 
OMVs are not released as a result of cell death or bacterial lysis, but are 
associated with newly produced proteins (McBroom et al., 2006; Zhou et al., 
1998). OMVs are closed particles of diverse sizes, ranging from 10 to 300 nm 
in diameter, released during all phases of growth from the bacterial cells. 
OMVs are formed by blebbing off from the bacterial surface and contain 
outer membrane (OM), OM-anchored lipoproteins, periplasmic content, 
LPS, OM phospholipids, glycerophospholipids, adhesins, toxins, and PAMPs 
(Beveridge, 1999; Horstman and Kuehn, 2000). In some cases OMVs appear 
to be the main mode of secretion for a protein. For example, leukotoxin was 
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found to be enriched in A. actinomycetemcomitans OMVs as compared to 
extracellular supernatants (Kato et al., 2002). OMVs may also facilitate the 
activity of effector proteins. Several groups have reported an increased 
activity and/or efficiency of virulence factors packaged into OMVs. For 
example, P. aeruginosa Cif in OMV was 17,000-fold more effective than 
recombinant Cif in reducing plasma membrane CFTR (Bomberger et al., 
2009). Other examples include ClyA (Wai et al., 2003), α-haemolysin 
(Balsalobre et al., 2006) and EHEC-hemolysin (Aldick et al., 2009) in E. coli. 
Examples of the opposite are also evident. This is illustrated e.g. by H. 
pylori, which releases VacA, a toxin that induces cell vacuolation in vitro, via 
both vesicle-independent (75%) and vesicle-dependent mechanisms (25%) 
(Ricci et al., 2005).  Even though a fraction of VacA protein was associated 
with OMVs, most of the vacuolation was due to non-vesicle associated VacA 
suggesting that toxins delivered via OMV are not always biologically active.  

Table 2. Examples of offensive and defensive functions of membrane-vesicles. 
Adapted from (MacDonald and Kuehn, 2012) 

 
Offensive functions Defensive functions 

Secretion  Suppress immune responses 

Delivery of soluble and insoluble 
virulence factors 

Decoys for antimicrobial peptides  

Kill competing bacteria  Promote growth of co-colonizing 
pathogens 

Disrupt tissue Share antibiotic resistance  

Initiate inflammatory responses  Relieve membrane stress 

Exchange of bacterial products between 
bacteria 

Promote biofilm formation 

 Nutrient acquisition 

 
Offensive functions of OMVs, at least partly, depend on their ability to 
disseminate virulence factors. Several reports have indicated the association 
of virulence factors with OMVs (Table 3) that can act as a delivery system 
into target cells and tissues. Thus, OMVs can kill and/or harm mammalian 
cells, kill other bacteria, disrupt tissue and initiate an inflammatory response 
(Kulp and Kuehn, 2010; MacDonald and Kuehn, 2012). For example, P. 
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aeruginosa OMVs can kill other bacteria by integrating on their surface 
(Kadurugamuwa and Beveridge, 1999).  
Defensively, OMVs can help sharing factors for antibiotic resistance (Ciofu et 
al., 2000), promote the biofilm formation, suppress the immune response, 
target antimicrobial peptides (AMPs), and relieve membrane stress 
(MacDonald and Kuehn, 2012). It is not very clear how OMVs promote 
biofilm formation but one indication is that vesicles could bind to 
extracellular DNA attracting extracellular polysaccharides resulting in 
biofilm formation (Whitchurch et al., 2002). Suppression of the immune 
system was for example demonstrated using Moraxella catarrhalis OMVs 
that bound to the complement inhibitor C4b (Nordstrom et al., 2004). To act 
as a decoy, OMVs can mimic a bacterium and attract AMPs, as for example 
in E. coli (Manning and Kuehn, 2011) and in Vibrio cholerae (Duperthuy et 
al., 2013).            

4.2. Gram-positive MVs 

Evidence of membrane vesicles being released by Gram-positive bacteria, 
exhibiting similar sizes as Gram-negative OMVs were reported almost 25 
years ago (Dorward and Garon, 1990), however, research on vesicles 
appeared to be entirely devoted to OMVs of Gram-negative bacteria for 
decades. The reason for this may be the obvious structural difference 
between the two types of cell walls. In recent years, several studies have 
described the characteristics of MVs released from Gram-positive species 
such as Bacillus anthracis, Bacillus subtilis, Mycobacterium ulcerans, 
Streptococcus pneumonia, Staphylococcus aureus, and Listeria 
monocytogenes (Lee et al., 2009a; Lee et al., 2013b; Marsollier et al., 2007; 
Rivera et al., 2010). Similarly to OMVs, MVs appeared to be frequently used 
to deliver toxins, e.g. protective antigen, edema toxin, anthrolysin in B. 
anthracis (Rivera et al., 2010), protein A in S. aureus (Lee et al., 2009a), and 
Listeriolysin O in L. monocytogenes MVs (Lee et al., 2013b)(Table 3). 
These observations suggest that MVs can play a role in modulating host 
responses. Indeed, MVs from S. aureus were shown to induce atopic 
dermatitis-like skin inflammation ex vivo (Hong et al., 2010), and 
cytotoxicity on human laryngeal carcinoma (Hep-2) cells (Gurung et al., 
2011).  Defensive functions have also been described. For example, S. aureus 
MVs are associated with penicillin-binding proteins and β-lactamase 
contributing to antibiotic resistance (Lee et al., 2009a; Lee et al., 2013a). As 
judged by proteomics analysis (Gurung et al., 2011; Lee et al., 2009a), 
pyruvate dehydrogenase is MV-associated in S. aureus, suggesting that MVs 
can contribute to survival during oxidative stress. 
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Table 3. Examples of virulence factors associated with membrane vesicles 

 

Species 

 

Virulence factors References 

Gram-negative 

 

Acinetobacter baumannii 

Actinobacillus pleuropneumoniae 

Aggregatibacter 

actinomycetemcomitans 

 

 

Bacteroides fragilis 

 

Borrelia burgdorferi 

 

Campylobacter jejuni  

Escherichia coli 

 

 

 

Helicobacter pylori 

Moraxella catarrhalis 

Porphyromonas gingivalis 

 

Pseudomonas aeruginosa 

 

Salmonella enterica serovar Typhi 

Shigella dysenteriae 

Shigella flexneri 

 

Treponema denticola 

Vibrio cholerae 

 

Xenorhabdus nematophilus 

 

 
 

 

 

Outer membrane protein A 

Apx toxin, proteases 

Leukotoxin, OmpA 

GroEL 

CDT 

PAL 

Haemagglutinin 

Capsular polysaccharide (PSA) 

Outer surface protein (Osp) A, 

B and D 

CDT 

Heat labile toxin (LT) 

α-hemolysin 

CDT 

Cytolysin A (ClyA) 

Vacuolating cytotoxin (VacA) 

UspA1/UspA2 

Arg-and Lys-gingipain cysteine 

proteinases 

β-lactamase 

Cif 

CdtB 

Shiga toxin 

Ipa B, C and D 

 

Proteases, Adhesins 

RTX toxin 

Bap1 

Bacteriocin, fimbrial adhesin, 

pore-forming protein, 

Chitinase 

 

 

 

(Jin et al., 2011) 

(Negrete-Abascal et al., 2000) 

(Kato et al., 2002) 

(Goulhen et al., 1998) 

 (Paper II) 

(Karched et al., 2008) 

(Patrick et al., 1996) 

(Shen et al., 2012) 

(Shoberg and Thomas, 1993) 

 

(Lindmark et al., 2009) 

(Horstman and Kuehn, 2000) 

(Balsalobre et al., 2006) 

(Berlanda Scorza et al., 2008) 

(Wai et al., 2003) 

(Keenan et al., 2000) 

(Tan et al., 2007) 

(Duncan et al., 2004) 

 

(Ciofu et al., 2000) 

(Bomberger et al., 2009) 

(Guidi et al., 2013) 

(Dutta et al., 2004) 

(Kadurugamuwa and Beveridge, 

1998) 

(Rosen et al., 1995) 

(Boardman et al., 2007) 

(Duperthuy et al., 2013) 

(Khandelwal and Banerjee-

Bhatnagar, 2003) 

 

Gram-positive 

 
Bacillus anthracis  Lethal factor, Edema toxin                 (Rivera et al., 2010) 

Listeria monocytogenes Internalin B (InlB),                            (Lee et al., 2013b) 

  Listeriolysin (LLO) 

Staphylococcus aureus α-hemolysin, Protein A                       (Paper IV)  (Lee et al., 2009a)  

  β-lactamase                                            (Lee et al., 2013a) 
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4.3.  Role of membrane vesicles in periodontal disease 

OMVs are thought to represent a key factor in effecting an inflammatory 
response in the host towards bacterial pathogens (Ellis and Kuehn, 2010; 
Kulp and Kuehn, 2010), and release of OMVs and their subsequent entry 
into the surrounding tissues and blood circulation may constitute a 
mechanism of systemic stimulation that is of particular importance in 
chronic localized infections, such as periodontitis (Kebschull et al., 2010). 
Several species associated with periodontitis have been demonstrated to 
release OMVs carrying toxins and effector proteins, e.g. P. gingivalis (Furuta 
et al., 2009), T. denticola (Rosen et al., 1995) and A. 
actinomycetemcomitans (Kato et al., 2002). Moreover, also bacterial species 
that may be transiently associated with periodontitis releases vesicles, e.g. S. 
aureus (Lee et al., 2009a). Although the functions that vesicles could play in 
the pathogenesis of periodontal disease are not yet well understood, the 
recent demonstration that P. gingivalis OMVs can enter into human gingival 
epithelial cells to impair their cellular functions supports that OMVs could 
be involved in the etiology of periodontitis (Furuta et al., 2009). One 
important role of OMVs in periodontitis may be to deliver PAMPs such as 
PGN and LPS into host cells. In this respect, P. gingivalis OMVs might act as 
a less strong trigger of innate immune responses considering the very low 
LPS-, NOD1-, and NOD2- stimulatory activities of this organism (Okugawa 
et al., 2010), however this has not been experimentally assessed. A. 
actinomycetemcomitans OMVs (Figure 2A) carry several proteins that may 
play a role in modulating the host response, albeit at present the 
contribution of individual OMV-associated factors are only beginning to be 
elucidated. For example, A. actinomycetemcomitans OMVs are enriched 
with biologically active leukotoxin (Demuth et al., 2003; Kato et al., 2002). 
Moreover, OmpA, and the GroEL homologue of A. actinomycetemcomitans, 
which can activate proinflammatory responses in several different types of 
mammalian cells, have been found in OMVs (Goulhen et al., 1998; Kato et 
al., 2002; Paju et al., 2000), and so has peptidoglycan-associated lipoprotein 
(PAL), which exhibits a proinflammatory activity on human whole blood in 
vitro (Karched et al., 2008). 
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A 

 

B 

 

Figure 2. Electron microscopy micrographs from our laboratory revealing A. 
actinomycetemcomitans strain D7SS OMVs (A) and S. aureus strain 8325-4 MVs (B) 
of different sizes (0.05-0.2 μm). Bars; 0.2 μm 
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4.4.  Membrane vesicle biogenesis 

4.4.1. Gram-negative OMVs 

Gram-negative bacteria have an outer membrane located over a thin 
peptidoglycan layer. The peptidoglycan (PGN) is found between the outer 
membrane (OM) and the plasma membrane or inner membrane (IM) in the 
periplasmic space (Figure 3). IM has phospholipids whereas the OM has 
mainly LPS in the outer leaflet to act as an obstacle against external 
damaging factors and induce inflammation. PGN consists of sugar and 
amino acids that form a three-dimensional meshlike layer outside the IM to 
protect the cell from lysis due to its internal osmotic pressure (Vollmer and 
Bertsche, 2008). Three mechanisms have been proposed for formation of the 
outer membrane vesicles: i) the loss of outer membrane contact with the 
peptidoglycans allowing lipid formation to induce vesicle formation, ii) 
formation of periplasmic proteins pushing out the outer membrane and iii) 
the contribution of membrane proteins inducing curvature of the outer 
membrane (Kulp and Kuehn, 2010).  

4.4.2.  Gram-positive MVs 

Biogenesis of MVs of Gram-positive bacteria is not yet clearly understood. 
Due to the cell wall structure (Figure 3) the vesicles composition is different 
from that of OMVs. MVs are suggested to initiate from the cytoplasmic 
membrane as they contain a relatively large portion of cytosolic proteins (Lee 
et al., 2009a).  

4.4.3.  Regulation of MV production 

MVs are released during all growth phases. Moreover vesicle production in 
vivo is shown in several animal models as for example in mice (Gurung et al., 
2011) and in Caenorhabditis elegans (Irazoqui et al., 2010), and even in 
patients. The first report demonstrating in vivo production of vesicles was 
from the blood of a patient who developed severe septic shock (Namork and 
Brandtzaeg, 2002). In this context it is interesting that vesiculation appears 
to be increased during stressful conditions (McBroom and Kuehn, 2007), 
e.g. heat shock, starvation, and extreme temperature. Thus, vesicle 
production may be induced in vivo.  
Interestingly a number of mutations induce hyper-vesiculation. For example, 
in E. coli and several additional species degP mutants have this phenotype 
(McBroom and Kuehn, 2007). During stress, these bacteria accumulate 
protein waste in the periplasm, which can be counteracted by the highly 
conserved heat shock protein DegP that has a proteolytic activity at high 
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temperature and function as a chaperone a low temperature (Spiess et al., 
1999). In a study by McBroom et al (McBroom and Kuehn, 2007), hyper-
vesiculation was shown to be temperature-dependent with normal 
vesiculation levels at 30°C and hyper-vesiculation at 37°C. Subsequently, at 
high temperatures degP mutant strains accumulate protein waste between 
the OM and the periplasm allowing a loss of OM contact with the 
peptidoglycans, which facilitates vesicle formation. Peptidoglycan may also 
play a role in vesiculation because an autolysin mutant that cleaves PGN 
amide bonds is followed by hyper-vesiculation (Hayashi et al., 2002). Other 
mutations inducing hyper-vesiculation are for example, hns mutants in E. 
coli (Horstman and Kuehn, 2002) and regulatory RNA (vrrA) in V. cholerae 
(Song et al., 2010). 
One mechanism affecting the production of vesicles during stressful 
conditions could be through the stress transcription factor σB as 
demonstrated in L. monocytogenes (Lee et al., 2013b). It was recently 
reported that wild type strains of L. monocytogenes produced 9 times more 
vesicles, which also appeared to be more stable, than the isogenic sigB 
mutant. In line with this study, σE-deficient E. coli derivatives also exhibit 
downregulated vesicle production (Button et al., 2007). 

 

 

Figure 3. Schematic illustration of the Gram-positive and Gram-negative cell wall 
structures. In contrast to Gram-negative bacteria, Gram-positive bacteria lack an 
outer membrane, a periplasmic space, and have a thicker layer of peptidoglycans.  
 

4.5. Vesicle-based vaccines 

Vaccines typically contain a disease-causing microorganism-like solution in 
order to trigger the host immune system and ensure that the response is 
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robust (adjuvant). OMVs enclose antigens that are safe, highly immunogenic 
(Rosenqvist et al., 1998), and can be used as an adjuvant (Sanders and 
Feavers, 2011). The similarities of vaccines and OMVs lead the research 
community to test OMVs as vaccines. Efforts to develop OMV-vaccines 
started against serogroup B meningococcal disease (Danzig, 2004), which so 
far are the most successful OMV human vaccines (Findlow et al., 2007). 
Interest in OMV-based vaccines has increased to diseases caused by other 
bacterial species such as S. typhimurium, B. burgdorferi, Bordetella 
pertussis and P. aeruginosa (Alaniz et al., 2007; Asensio et al., 2011; 
Bauman and Kuehn, 2009). Immunization of mice with V. cholerae OMVs 
protects against challenge with V. cholerae and also blocks disease 
transmission (Bishop et al., 2012). P. gingivalis OMVs are strongly 
immunogenic as measured by ELISA, comparing the vesicles from the wild-
type and a galE mutant, which also produced lower levels of OMVs (Nakao 
et al., 2011). It was therefore proposed that P. gingivalis OMVs could be 
considered as a periodontal disease vaccine.  

5. Types of vesicle-host cell interaction 

Evidently, membrane vesicles play an important role in the delivery of 
proteins and PAMPs to host cells. Mainly two general types of vesicle-host 
cell interactions for such delivery have been described in the literature, 
endocytosis and membrane fusion, respectively.  

5.1. Endocytic pathways 

Endocytosis describes the process of the production of internal membranes 
from the outer membrane lipid bilayer. In contrast, exocytosis defines the 
fusion of internal membranes with the outer membrane. Bacterial pathogens 
frequently use an endocytic pathway to internalize into cells. Internalization 
can occur via clathrin-mediated endocytosis, which accounts for a large 
proportion of endocytic events, caveolin-dependent endocytosis, and also via 
additional pathways such as macropinocytosis and phagocytosis (Doherty 
and McMahon, 2009) (Figure 4). Clathrin coats around a spherical 
membrane are a characteristic of clathrin-mediated endocytosis. Proteins 
organize clathrin nucleation in the internalization sites of the plasma 
membrane. The nucleation stimulates polymerization of clathrin into curved 
lattices that support the formation of vesicles by distorting the membrane. 
Finally, a membrane scission protein dynamin forms a polymer around the 
neck of the vesicles in order to cut it upon GTP hydrolysis and to deliver the 
vesicle from the membrane. 
One well-studied clathrin-independent endocytosis pathway occurs via 
caveolae, appearing flask-shaped at the surface of the cell. Caveolin 1 is an 
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essential protein in the formation of caveolae, which consist of 
approximately 140-150 monomer of this protein (Pelkmans and Zerial, 
2005). Unlike clathrin-coated pits, the density of caveolae is highly 
heterogeneous in different tissues and within a single cell where they 
converge at the basolateral surface of the cells. The formation of caveolae 
also depends on three mammalian caveolin proteins CAV1, CAV2 and CAV3, 
and is regulated by cytoplasmic family proteins of cavin, including cavin1, 
SDPR (Serum deprivation response protein), cavin3 and cavin4. Upon 
endocytosis caveolae are directed to the early endosome and is recycled back 
to the plasma membrane, or directed to the late endosome for degradation 
(Parton and del Pozo, 2013).  
A large amount of studies have reported the requirement of cholesterol-rich 
lipid rafts in order to permit endocytosis. Thus, several agents that sequester 
or remove plasma membrane cholesterol have been regularly used to inhibit 
endocytosis in such studies, e.g. filipin III and methyl-β-cyclodextrin 
(MβCD).  

 

 

Figure 4. Simplified chart delineating examples of mechanisms that can be used 
when membrane vesicles are subject to endocytic uptake into host cells. The vesicles 
(red circles) may be internalized via Clathrin-Dependent (left), Caveolin-Dependent 
(middle), or Clathrin- and Caveolin-Independent (right) Endocytosis, which include 
macropinocytosis and phagocytosis. The approximate sizes of the endocytic particles 
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for each pathway are indicated, and could be compared with the general size span of 
MVs (10-300 nm). After internalization, vesicles can be transported to subcellular 
compartments via early endosomes. Figure adapted from (Schutze et al., 2008). 

5.2. Vesicle endocytosis 

Endocytosis of entire OMVs into the interior of host cells may allow further 
trafficking of the intracellular vesicles to various compartments of the cells. 
Membrane vesicles have been shown to enter host cells via multiple different 
endocytic pathways (Figure 4). The phenomenon that multiple endocytic 
pathways appear to be used by vesicles to enter host cells might be explained 
by the heterogeneous sizes of vesicles (10-300 nm in diameter). Evidently 
the different endocytosis pathways are optimized for differentially sized 
endocytic particles. Vesicles can adhere to the host cell surface via toxins that 
act as adhesins, and thereby promoting receptor-mediated endocytosis. One 
example is enterotoxigenic E. coli (ETEC) OMVs (Kesty et al., 2004), which 
carry heat-labile enterotoxin (LT). LT was shown to bind GM1 receptors in 
lipid rafts. Filipin III, a cholesterol-sequestering agent, disrupts lipid rafts 
and was shown to reduce the association of ETEC vesicles with human 
intestinal epithelial cells. Upon vesicle incubation with host cells the vesicles 
were partially co-localized with caveolin and accumulated in nonacidified 
compartments. Another example of endocytosis of vesicles is illustrated by P. 
aeruginosa OMVs (Bauman and Kuehn, 2009). Vesicles from this species 
were found to associate with lung cells and internalize in a time- and dose-
dependent manner. Moreover, the OMVs co-localized with the endoplasmic 
reticulum (ER) in the perinuclear region. OMVs from cystic fibrosis (CF) 
clinical isolates also display an association with host cells. However this 
association was sharply decreased when using an aminopeptidase (PaAP) 
knockout. Additionally, P. gingivalis OMVs are endocytosed into human 
cells in a fimbria-dependent manner, reaching early endosome and then 
sorted to lysosomal compartments (Furuta et al., 2009). Nontypeable 
Haemophilus influenzae (NTHI) strains releases OMVs that enter epithelial 
cells via a caveolae-mediated process (Sharpe et al., 2011). The NTHI OMVs 
stimulated release of immunomodulatory cytokines such as IL-8, and an 
antimicrobial peptide (LL-37) upon interaction with epithelial cells.  
Regardless of the route of entry, internalized vesicles may represent an 
important mechanism to expose the host cells to PAMPs (i.e. LPS and PGN), 
which after being carried inside the cell via the vesicles, might be associated 
with intact MVs and/or with fragments from ruptured vesicles within the 
cell. This would allow PAMPs to be sensed by intracellular PRRs such as 
NOD1 and NOD2. Vesicles from several bacterial species have been 
demonstrated to deliver PGN to host cells to activate NOD1 and/or NOD2, 
including V. cholerae, H. pylori, P. aeruginosa and Neisseria gonorrhoea 
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(Bielig et al., 2011; Kaparakis et al., 2010). Extensive research has focused on 
the interactions of Gram-negative OMVs with host cells, but no reports have 
yet indicated endocytosis of Gram-positive MVs into host cells.  

5.3. Vesicle-membrane fusion 

Membrane fusion represents a second proposed mode of interaction of 
membrane vesicles with host cells to deliver effector proteins. It is 
characterized by the merger of two phospholipid bilayers initiated by contact 
of the outer leaflets, then followed by the inner leaflets before material 
exchange occurs (Figure 5) (McNew et al., 2013). Membrane fusion was 
demonstrated for vesicles from a number of species including P. aeruginosa 
(Bomberger et al., 2009) and Moraxella catarrhalis (Vidakovics et al., 
2010). In these studies membrane fusion depended upon the presence of 
lipid rafts in the plasma membrane, which has also been observed in 
endocytic uptake of OMVs (Furuta et al., 2009; Kesty et al., 2004). P. 
aeruginosa OMVs were shown to deliver multiple virulence factors including 
β-lactamase, alkaline phosphatase, hemolytic phospholipase C, and Cif via 
membrane fusion (Bomberger et al., 2009). As far as known, P. aeruginosa 
OMVs are yet the only example of vesicles utilizing both membrane fusion 
and endocytosis to deliver virulence factors to host cells. Whether this may 
be a feature of additional vesicle species is not yet known. Evidence also 
supports fusion of Shigella flexneri OMVs with eukaryotic cells 
(Kadurugamuwa and Beveridge, 1998). OMVs released by S. flexneri were 
able to deliver gentamycin into the host cell cytoplasm. A. 
actinomycetemcomitans OMVs were found to interact with human HL60 
cells within 2 min of co-incubation (Demuth et al., 2003). As a small amount 
of fluorescence associated with the labeled OMVs could be detected within 
the host cells after 25 min of incubation, it cannot be excluded that the 
OMVs were subject to internalization via membrane fusion.  

 

 

Figure 5. Schematic illustration outlining how membrane fusion between OMVs 
and host cells could allow the delivery of virulence factors carried by the vesicles. 
Adapted from (McNew et al., 2013). 
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6. Vesicle-independent release of bacterial surface 
material 

Further to OMVs, secretion of free-soluble outer membrane proteins from 
bacterial cultures of e.g. Acinetobacter radioresistens and E. coli could be 
suggested from previous studies (Gophna et al., 2004; Hellman et al., 2000; 
Toren et al., 2002), although the dependence of vesicles was not elucidated. 
A recent study in this laboratory addressed the question if live periodontitis-
associated bacteria can release free-soluble surface components, which could 
serve as an additional mechanism for spreading bacterial material from 
periodontal pockets to blood circulation. The findings of the study using an 
in vitro insert model, designed to control for bacterial viability and exclusion 
of OMVs, demonstrated release of PAL and LPS in addition to unidentified 
material from live planktonic A. actinomycetemcomitans cells, 
independently of OMVs (Karched et al., 2008). As far as known, this was the 
first demonstration of release of free-soluble surface material by a 
periodontitis-associated species. 
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Aim of the doctoral thesis  

The aim of this doctoral thesis project was to characterize bacterial 
mechanisms that can originate from the periodontal pocket and expose the 
host to multiple effector proteins, thereby potentially contributing to 
periodontal tissue degradation and systemic stimulation. As our main model 
organism we have used Aggregatibacter actinomycetemcomitans, a Gram-
negative species, associated with aggressive forms of periodontitis, and with 
non-oral infections such as endocarditis. Since Gram-positive species might 
be more common in periodontitis than previously believed, we have also 
assessed mechanisms of the multipotent bacterium, Staphylococcus aureus. 
Increased mechanistic knowledge may for example promote the 
identification of new targets to combat bacterial infections, enhance the 
development of vaccines, and reveal novel possible tools for coping with the 
increased cardiovascular risk among periodontitis patients. 

The specific aims were: 

1. To investigate the pathogenic potential of free-soluble surface material 
released by live A. actinomycetemcomitans cells grown in planktonic 
and biofilm life-form, and to delineate the identity of major secreted 
components. 
 

2. To investigate if biologically active cytolethal distending toxin (CDT) is 
carried by A. actinomycetemcomitans OMVs and to characterize the 
mode of interaction of the vesicles with human cells. 
 

3. To investigate if  A. actinomycetemcomitans OMVs can be internalized 
into human cells, and trigger NOD1- and NOD2-dependent NF-κB 
activation. 
 

4. To investigate if MVs released by S. aureus can deliver effector proteins 
such as α-toxin into human cells, and to characterize the mode of 
interaction of the vesicles with host cells. 
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Results and Discussion 

Paper I 

The limited knowledge regarding the pathogenic potential of free-soluble 
surface material released from live Gram-negative bacteria prompted us to 
investigate the proinflammatory effects of the pool of components released 
in free-soluble form by live planktonic and biofilm A. 
actinomycetemcomitans cells. Moreover, we wanted to make an attempt to 
delineate the identity of some of the released components. By employing an 
ex vivo insert model (filter pore size 20 nm) (Figure 6) we demonstrated that 
free-soluble material released from A. actinomycetemcomitans serotype a 
strain D7S and its toxin-deficient mutant derivatives, in both planktonic and 
in biofilm life-form, clearly enhanced the expression of several 
proinflammatory cytokines (IL-1β, TNF-α, IL-6, IL-8, MIP-1β) in human 
whole blood. This was shown by using a cytokine antibody array, 
immunoassays, and quantitative real-time PCR.  
A clear LPS-independent effect suggested the involvement of proteinaceous 
components in the cytokine stimulation. This was supported by MALDI-
TOF-MS and immunoblotting, which confirmed release of GroEL, PAL and 
some additional proteins, in free-soluble form by the bacteria. Although the 
identity of the main responsible protein component(s) is not yet known, 
purified A. actinomycetemcomitans PAL was demonstrated earlier to induce 
proinflammatory responses in human whole blood (Karched et al., 2008), 
and A. actinomycetemcomitans GroEL could activate several types of 
mammalian cells, including periodontal ligament epithelial cells (Goulhen et 
al., 1998; Paju et al., 2000). However, we did not see a contribution of PAL 
to the cytokine stimulation by using a cytokine antibody array. More 
specifically, inactivation of pal in strain D7S had no apparent effect on the 
proinflammatory activity on human whole blood. This inconsistency might 
be a result of enhanced release of LPS by the pal deficient mutant strain 
compared to the wild-type (Karched et al., 2008). The specific contribution 
of GroEL to the proinflammatory activity on human whole blood would be 
difficult to test since this protein is indispensable for bacteria growth (Fayet 
et al., 1989). Moreover, the immune response to bacterial GroEL might 
crossreact with human Hsp60 expressed on endothelial cells, leading to 
inflammatory reactions. GroEL is found in atherosclerotic lesions in close 
association with activated inflammatory cells (Ford et al., 2006). Physical 
interactions between LPS/GroEL (Jensen et al., 1993) and human 
Hsp60/LPS have been demonstrated (Osterloh et al., 2007).  
One limitation with the ex vivo model used in paper I could be that the 
number of live test bacteria (1–4 × 108/ml serum) likely exceeded the 
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expected blood concentrations of cultivable bacteria in chronic infections. 
However, when determined by DNA-based methodology, the circulating 
bacterial concentrations appear to be substantially higher. For example in 
Neisseria meningitidis genome copy density in blood samples ranged from 
104 to 108/ml (Hackett et al., 2002). Even though both dead and alive 
bacteria were likely included in this copy number, the pathogenic potential 
of lysed bacteria still prevails.  
In summary, our work in paper I demonstrated that A. 
actinomycetemcomitans could release free-soluble surface proteins and 
other components with proinflammatory activity in a vesicle-independent 
manner. Thus, if entered into blood circulation such material could induce 
proinflammatory responses considered important in atherogenesis (Packard 
and Libby, 2008) and be used as biomarkers of an elevated risk of 
cardiovascular events. 

 
 

 

Figure 6. Ex vivo model to investigate the proinflammatory effect of human whole 
blood by free-soluble surface material released by A. actinomycetemcomitans grown 
in planktonic and in biofilm form. Bacterial cells were suspended in serum (50% in 
PBS). Culture plate inserts (pore diameter 20 nm) separated bacterial cells from the 
human whole blood.  Serum (50% in PBS) containing no bacteria served as negative 
controls. 
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Paper II 

As the OMV-associated proteome of A. actinomycetemcomitans has not yet 
been thoroughly characterized, and as it was not known if A. 
actinomycetemcomitans OMVs could deliver effector proteins to host cells, 
we investigated if OMVs carried CDT and could deliver this toxin to target 
cells. According to our findings using density gradient centrifugation of 
vesicle preparations, and dissociation assays, CdtB (the active toxin unit 
(Elwell and Dreyfus, 2000; Lara-Tejero and Galan, 2000)) was tightly 
associated with A. actinomycetemcomitans serotype a strain D7SS OMVs. 
Consistent with this observation, vesicles isolated from D7SS in contrast to 
OMVs from a D7SS cdtABC mutant induced a cytolethal distending effect on 
HeLa and HGF cells, indicating that OMV-associated CDT was biologically 
active. Association of CDT with OMVs was also observed in A. 
actinomycetemcomitans isolates belonging to serotypes b, and c, 
respectively, indicating that OMV-mediated release of CDT may be 
conserved in A. actinomycetemcomitans.  
Our results supported the notion that A. actinomycetemcomitans OMVs can 
serve as a vehicle to simultaneously deliver multiple proteins, including CDT 
and OmpA, into human cells, i.e HeLa cells and HGF. As evidenced using 
confocal microscopy studies aimed at detecting internalized vesicle proteins, 
the active toxin unit, CdtB was localized inside the nucleus of the OMV-
treated cells, whereas OmpA and proteins detected using an antiserum 
specific to whole A. actinomycetemcomitans serotype a cells had a 
perinuclear distribution. Using OMVs labeled with a fluorescent probe, B-
R18 we demonstrated that the OMVs interacted with both HeLa cells and 
HGF via a mechanism of OMV fusion with lipid rafts in the plasma 
membrane. This interaction could be inhibited with the cholesterol 
sequestering agent filipin III. As evidenced using the inhibitor brefeldin A, 
internalization of A. actinomycetemcomitans OMV proteins in HeLa cells 
was unaffected when retrograde transport was blocked. This suggests that 
OMV proteins may be delivered directly to the cytosol upon vesicle-host cell 
interaction. Based on our observation that OMVs from cdt mutant strains 
were also delivering proteins to human cells we concluded that CDT was not 
required for interaction, and likely not used as a receptor similar to OMV-
associated LT in enterotoxigenic E. coli (Kesty et al., 2004).  
A. actinomycetemcomitans OMVs were earlier shown to carry leukotoxin 
(Demuth et al., 2003; Kato et al., 2002). However, HeLa cells and HGF, the 
cells used in this study, lack the leukotoxin receptor lymphocyte function-
associated antigen 1 (LFA-1) (Lally et al., 1997). This likely minimized cell 
lysis due to leukotoxin during the incubation with OMVs. Although, the role 
of A. actinomycetemcomitans OMVs in periodontal disease has not yet been 
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elucidated, our work supports that OMVs could act by delivering biologically 
active CDT and additional virulence factors into susceptible cells of the 
periodontium. 

Paper III 

We demonstrated in paper II that A. actinomycetemcomitans OMV 
proteins including CDT and OmpA were internalized into HeLa cells and 
HGF. The OMVs were shown to interact with the host cells via fusion with 
cholesterol-rich lipid rafts in the plasma membrane. The role of this 
interaction in protein delivery was not further elucidated. Dependence on 
lipid rafts is also consistent with endocytic uptake of OMVs. It is not known 
if A. actinomycetemcomitans OMVs can be internalized into human cells via 
endocytosis to deliver effector proteins, similar to OMVs of some other 
species, including E. coli and P. gingivalis (Furuta et al., 2009; Kesty et al., 
2004). P. aeruginosa OMVs are hitherto the only OMVs demonstrated both 
to be internalized via endocytosis and to deliver cargo proteins via 
membrane fusion, respectively into different human airway epithelial cells 
(Bauman and Kuehn, 2009; Bomberger et al., 2009). Whether OMVs from 
additional organisms including A. actinomycetemcomitans may use both 
types of host cell interactions for cargo delivery is not known. To investigate 
if A. actinomycetemcomitans OMVs can be taken up by endocytosis, we 
labeled the OMVs with a lipophilic membrane dye, PKH26 prior to 
intoxication of HeLa and HGF cells. By confocal microscopy, we monitored 
the intracellular localization of the OMVs and associated vesicle-proteins. 
According to our finding, labeled OMVs could be detected in the perinuclear 
region of the host cells. Moreover, as judged by co-localization analysis, the 
internalized vesicles carried A. actinomycetemcomitans antigens detected 
using an antibody specific to whole serotype a cells.  
According to our inhibition assays using MβCD, monensin, and filipin III 
respectively, OMV internalization appeared to play a major role in protein 
delivery as compared to membrane fusion, however both these interactions 
might still be required for maximal delivery of antigens to the host cells. 
From these confocal microscopy experiments, we also concluded that OMV 
internalization did not appear to require the presence of lipid rafts per se in 
the plasma membrane, however there was still a dependence on cholesterol. 
This was based on our observation that the agent MβCD, which depletes the 
plasma membrane from cholesterol, was the only cholesterol-sequestering 
agent that had a clear inhibitory effect on vesicle internalization.   
The fate of intracellular OMVs after the uptake has not yet been monitored 
in detail. Our confocal microscopy data revealed co-localization between 
internalized OMVs and the ER, suggesting that at least a portion of the 
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vesicles was directed through the retrograde pathway. This is similar to 
OMVs of enterotoxigenic E. coli, and P. aeruginosa (Bauman and Kuehn, 
2009) (Kesty et al., 2004). In our previous report (Paper II) we showed 
that A. actinomycetemcomitans OMV-proteins could be delivered into 
intoxicated cells despite the presence of a specific inhibitor of the Golgi 
apparatus. This suggests that retrograde transport has no major role in 
intracellular trafficking of A. actinomycetemcomitans OMVs.  
In line with internalized OMVs, the vesicles acted as strong inducers of the 
intracellular PRR:s NOD1 and NOD2, i.e. there was potent NOD1- and 
NOD2-dependent NF-κB activation in HEK293T-cells. Thus OMVs might act 
as carriers of A. actinomycetemcomitans PGN into the host cell cytoplasm. 
Internalized PGN might be associated with intact vesicles and/or with 
fragments from ruptured vesicles within the cell as suggested from earlier 
work (Kaparakis et al., 2010). Hence, as at least NOD1 was essential for bone 
loss in a mouse model (Jiao et al., 2013) uptake of A. 
actinomycetemcomitans OMVs may serve as an important trigger of innate 
immunity during periodontal disease, i.e. by promoting bone degradation via 
intracellular delivery of PGN. By providing the first evidence of 
internalization of A. actinomycetemcomitans OMVs into human host cells 
and a role of this interaction in NOD-dependent signaling, our present study 
suggests that the vesicles may represent a target of relevance in future 
strategies for prevention and/or treatment of periodontitis. 

 

Paper IV 
 

As our second experimental model species we have introduced 
Staphylococcus aureus, a Gram-positive organism and a representative of 
multi-potent pathogens, which can colonize and establish infection in a wide 
range of body sites, including causing infections in the circum-oral region 
such as osteomyelitis (Lowy, 1998). Although S. aureus is not strongly 
associated with chronic periodontitis, it can be found frequently in 
individuals with aggressive periodontitis (Fritschi et al., 2008). Moreover, S. 
aureus is a pathogen in peri-implantitis (Heitz-Mayfield and Lang, 2000), 
and it is documented that the organism can be associated with therapy-
resistant (refractory) cases of periodontitis (Dahlen and Wikstrom, 1995; 
Fine, 1994; Helovuo et al., 1993; Rams et al., 1990). A recent in vivo study 
demonstrated that heat-treated and sonicated S. aureus cells could induce 
periodontal attachment loss and decrease the alveolar bone in rats (Nagano 
et al., 2013). However, how S. aureus could contribute to periodontal disease 
is not known. 
In recent years increasing evidence have supported the release of MVs by 
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Gram-positive organisms such as S. aureus (Lee et al., 2009a). S. aureus 
MVs were shown to induce apoptosis to human laryngeal carcinoma (Hep-2) 
cells (Gurung et al., 2011). The mechanism for cytotoxicity, the mode of 
interaction of the MVs with the human cells and the identity of the S. aureus 
vesicle-associated factor(s) causing cytotoxicity were not elucidated. As it 
cannot be excluded that infection with S. aureus may contribute to the 
severity of periodontitis, we found it of interest to assess S. aureus MVs with 
regards to their possible role in modulating host responses during 
periodontal disease. For this, and to allow comparison of our findings with 
OMVs from a periodontal pathogen (A. actinomycetemcomitans), we used 
our human cell models (HeLa cells and HGF) to investigate mode(s) of 
interaction with human cells and induction of cytotoxic effects by S. aureus 
MVs. Proteomics analyses have revealed that S. aureus MV preparations 
contain several proteins and enzymes, including the IgG-binding protein A 
(Spa) and α-toxin (Hla) (Gurung et al., 2011; Lee et al., 2009a), a pore-
forming protein that can lyse and kill a wide range of human cells, including 
lymphocytes and keratinocytes (Dinges et al., 2000). As protein A was 
internalized into Hep-2 cells incubated with S. aureus MVs (Gurung et al., 
2011), it cannot be excluded that multiple proteins, including α-toxin are 
also delivered to host cells via S. aureus MVs. Thus, α-toxin could be 
involved in inducing MV-associated cytotoxic effects.  
Our data from density gradient centrifugations of MVs, dissociation assays, 
and immunogold electron microscopy supported that α-toxin was associated 
with S. aureus MVs. Our immunoblot results of HeLa cells incubated with 
MVs supported that α-toxin was delivered to the treated cells. The 
contribution of MV-associated α-toxin to host cell cytotoxicity was 
subsequently determined by hemolysis assays using erythrocytes, neutral red 
staining of HeLa cells, and by flow cytometry. According to our findings, 
MV-associated α-toxin contributed to HeLa cell cytotoxicity, and was the 
main vesicle-associated protein responsible for erythrocyte lysis. In contrast, 
MVs obtained from an isogenic hla mutant were not causing lysis of 
erythrocytes and death to HeLa cells. The cytotoxicity was even greater when 
the vesicles were disrupted by sonication. This result is in line with studies 
(Balsalobre et al., 2006) (Lindmark et al., 2009) suggesting that a fraction of 
the toxin was enclosed in the vesicles.  We next used confocal microscopy to 
investigate the interaction of S. aureus with HeLa cells. According to our 
results, using vesicles labeled with the fluorescent probe B-R18, S. aureus 
MVs similar to A. actinomycetemcomitans OMVs interacted with the human 
cells via membrane fusion. However, in contrast to the A. 
actinomycetemcomitans OMVs, S. aureus vesicles appeared not to require 
the presence of lipid rafts to interact with the host cells via membrane fusion. 
It is not known if S. aureus MVs may also be internalized into human cells to 
deliver effector proteins.  
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In conclusion, our results provide a molecular basis for the MV-mediated 
delivery of biologically active α-toxin to human host cells, and α-toxin may 
be the first demonstration of a vesicle-associated protein in S. aureus 
contributing to the host cell cytotoxicity of MVs. 
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Summary and Conclusions 

1) A. actinomycetemcomitans released free soluble surface material in 
an outer membrane vesicle-independent manner, which could 
stimulate the expression of several proinflammatory cytokines in 
human whole blood. 

 

2) A. actinomycetemcomitans OMVs could deliver biologically active 
CDT into human gingival fibroblasts and HeLa cells. CdtB was 
localized in the nucleus of intoxicated cells whereas additional OMV 
proteins were found in the perinuclear region. OMVs interacted with 
the host cells via membrane fusion in a lipid raft-dependent manner. 

 

3) A. actinomycetemcomitans OMVs, seemingly carrying bacterial 
antigens were internalized into the perinuclear region of human 
gingival fibroblasts and HeLa cells. OMV internalization rather than 
vesicle membrane fusion appeared to be the major mode of 
interaction in delivering proteins and antigens to the host cells. The 
OMVs induced a strong and dose-dependent activation of the 
cytosolic pathogen recognition receptors NOD1 and NOD2 in 
HEK293T-cells. 

 

4) Membrane vesicles (MVs) from S. aureus were demonstrated to 
carry biologically active α-toxin, a key virulence factor, which was 
delivered to HeLa cells and required for full cytotoxicity of the 
vesicles. Similarly to A. actinomycetemcomitans vesicles, the S. 
aureus MVs could interact with HeLa cells via cholesterol-
dependent membrane fusion, albeit this interaction did not appear 
to require lipid rafts per se. 
 

Several years of research have provided an enhanced understanding of host 
defense mechanisms against Gram-negative subgingival bacteria, however 
the bacterial triggers assessed so far have been mainly LPS or whole bacterial 
cells. The present doctoral thesis work has gathered new knowledge by 
focusing in detail on little known pathogenic mechanisms for bacterial 
dissemination of inflammatory stimulants that may trigger host responses in 
periodontal disease. More specifically, we have shown here that upon release 
of membrane vesicles (“Type 0 secretion”) or free-soluble surface material, 
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respectively bacteria implicated in periodontitis can deliver multiple effector 
proteins and PAMPs such as peptidoglycan into surrounding host cells and 
tissues, thereby potentially contributing to periodontal tissue degradation. 
Moreover, these bacterial components could readily spread from periodontal 
pockets, contributing to systemic stimulation and hence possibly represent a 
bacterial mechanistic link for the CVD-association of periodontal diseases. 
The present doctoral thesis work also widens this research field to 
mechanisms executed by Gram-positive bacteria, which is reasonable as in 
recent DNA-based periodontal bacterial community studies, Gram-positive 
species constitute a higher proportion than earlier assumed based on 
culture-dependent studies. Finally, although periodontitis has been the 
disease of interest in this work, the bacterial mechanisms investigated here 
would be expected to function anywhere in the body where these bacteria 
can grow and cause infection. Thus, for instance increased knowledge of the 
molecular basis for the membrane vesicle-host cell interactions of these 
species may disclose entirely new targets in future strategies to disarm 
bacterial virulence. 
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