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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
bacteria

diseases

and

periodontitis-associated

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

Thin deposits of dental
plaque and little
subgingival calculus

Thick deposits

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
periodontitis

species

implicated

in

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 NFκB 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 overrepresented 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 hostspecific 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 IL1β 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 IL6, 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
periodontitis-associated bacteria

stimulation

by

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 Cterminus. 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 ringlike 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 Gramnegative 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 Nterminal 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 T6SSassociated 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

Acinetobacter baumannii

Outer membrane protein A

(Jin et al., 2011)

Actinobacillus pleuropneumoniae

Apx toxin, proteases

(Negrete-Abascal et al., 2000)

Aggregatibacter

Leukotoxin, OmpA

(Kato et al., 2002)

actinomycetemcomitans

GroEL

(Goulhen et al., 1998)

Gram-negative

Bacteroides fragilis
Borrelia burgdorferi

CDT

(Paper II)

PAL

(Karched et al., 2008)

Haemagglutinin

(Patrick et al., 1996)

Capsular polysaccharide (PSA)

(Shen et al., 2012)

Outer surface protein (Osp) A,

(Shoberg and Thomas, 1993)

B and D
Campylobacter jejuni

CDT

(Lindmark et al., 2009)

Escherichia coli

Heat labile toxin (LT)

(Horstman and Kuehn, 2000)

α-hemolysin

(Balsalobre et al., 2006)

CDT

(Berlanda Scorza et al., 2008)

Cytolysin A (ClyA)

(Wai et al., 2003)

Helicobacter pylori

Vacuolating cytotoxin (VacA)

(Keenan et al., 2000)

Moraxella catarrhalis

UspA1/UspA2

(Tan et al., 2007)

Porphyromonas gingivalis

Arg-and Lys-gingipain cysteine

(Duncan et al., 2004)

proteinases
β-lactamase

(Ciofu et al., 2000)

Cif

(Bomberger et al., 2009)

Salmonella enterica serovar Typhi

CdtB

(Guidi et al., 2013)

Shigella dysenteriae

Shiga toxin

(Dutta et al., 2004)

Shigella flexneri

Ipa B, C and D

(Kadurugamuwa and Beveridge,

Treponema denticola

Proteases, Adhesins

(Rosen et al., 1995)

Vibrio cholerae

RTX toxin

(Boardman et al., 2007)

Bap1

(Duperthuy et al., 2013)

Bacteriocin, fimbrial adhesin,

(Khandelwal

pore-forming protein,

Bhatnagar, 2003)

Pseudomonas aeruginosa

1998)

Xenorhabdus nematophilus

and

Banerjee-

Chitinase
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), hypervesiculation 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

19

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 wildtype 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 dosedependent 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
material

release

of

bacterial

surface

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 periodontitisassociated 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 Gramnegative 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 MALDITOF-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 OMVtreated 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, BR18 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 OMVassociated 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 functionassociated 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 therapyresistant (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 poreforming 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 cholesteroldependent 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.

34

Acknowledgements
I would like to express my deepest appreciation to everyone who provides me
a great working environment and the possibility to complete this doctoral
thesis in the department of Odontology and Molecular biology.
A special gratitude I give to my supervisor Dr. Jan Oscarsson whose
contribution in stimulating suggestions and supports, helped me to organize
my project especially in presenting my project over the years and writing this
thesis. I really appreciate that any results are never considered as bad results
but are always interpreted as something to learn. I am grateful to your
availability to help and answer any question at any time. It has really been a
pleasure working with you.
Furthermore I would also like to acknowledge with much appreciation the
crucial role of Elisabeth Granström. My thesis would not have been the same
without you. Your experiments have always been done accurately and
scrupulously.
A special thanks goes to my previous supervisor, Prof. Sirkka Asikainen for
introducing me (“the boy” : ) ) to the field of research and dedicated time to
give me suggestions and comments in writing the thesis especially about
periodontitis.
A particular thanks for Prof. Sun Nyunt Wai for your suggestions during the
project and for giving me the permission to use all required equipment and
material in your lab. You always have the magic final touch in figures to
make articles publishable!
I also thanks to all the project students and exam workers for creating a nice
lab environment: James, Claes, Eira, Zara, Agnes, Kerstin, Malin, Mia, Mae,
Fatte and Patrik.
Thanks to all the members of the Odontology and JC members in the
Molecular biology department in particular:
Anders Johansson, thank you for taking my blood and talking about Monaco
: ). Rolf, thanks for always making jokes and supporting the men network at
the department. Thank you to all of you Eva, Åsa, Maria, Pamela, Pernilla,
Anders E, Carola, Pernilla, Ali, Nelly, Agnetha, Nicklas, Carina, Ulla,
Margareta, Rima. Thank you to all the help provided by the administrator
Linda, Lillemor, Sari, Anita and Hjördis.

35

Jörgen, Emmanuelle and Bernt Eric, thanks for your interesting comments
and suggestions in JC.
Pramod, thank you for the nice collaboration and the many hours spent for
paper II and at the microscope.
Marylise & Geoffroy, thank you for being always available whenever I’m
bored and telling me many real funny stories. Takahiko, thanks for the life
discussion. Mitesh, Sridhar, Annika, Svitlana and Kristina, thank you for
your good mood and trip discussion. Dharmesh thank you for all the
scientific discussions.
Thank you to all the external collaborators all around the world: Thomas,
Erik, Riikka, Anna Maria, Dorte, Jonna and Casey.
Thank you to all the people who have been more or less part of my life in
Umeå:
Zaki, Ravi and Ola, thanks for introducing me to Umeå and all the nice trips.
Jalal, thanks for all our interesting Viber talks even though we did not have
so much time. Erika, weekend will never be the same without you, thanks for
you good mood, the great memories and the great songs we made. Bon,
thank you for your good food and always helping me whenever I needed and
being available to snowboard even without lift! Dina, thank you for all career
talk fikas. Sandra, thank you for the bicycle rides. Emma and Markus, thanks
for your good mood. Frédéric, Hande and all others, thanks for all the laugh
at lunch : ). Maria, Yngve, Malin, Simon and Ida, thank you for making me
feel at home here with your nice dinners and helping me in all aspects
especially taking care of Bell whenever I travel and buying Ikea stuffs ; )
Merci à tous mes amis à Paris qui sont toujours là lorsque je reviens: Jérôme,
Cédric, Vincent, Anton, Michaël. Oudom merci pour ces indénombrables
heures passées sur skype pour me donner tes avis et conseils. Nicolas et
Jean, maintenant je vous aie rejoint au club! Johann, opération hareng salé :
)
Finalement, un grand merci à toute ma famille pour votre support où que je
sois: Maman, Papa, David, Sandrine, Sophie, Mathieu, Domino, Bell, et les
petits nouveaux Gabriel, Yohan et Margo.

Bernard

36

References
Abajy, M.Y., Kopec, J., Schiwon, K., Burzynski, M., Doring, M., Bohn, C., and
Grohmann, E. (2007). A type IV-secretion-like system is required for
conjugative DNA transport of broad-host-range plasmid pIP501 in grampositive bacteria. J Bacteriol 189, 2487-2496.
Abdallah, A.M., Gey van Pittius, N.C., Champion, P.A., Cox, J., Luirink, J.,
Vandenbroucke-Grauls, C.M., Appelmelk, B.J., and Bitter, W. (2007). Type
VII secretion--mycobacteria show the way. Nat Rev Microbiol 5, 883-891.
Abusleme, L., Dupuy, A.K., Dutzan, N., Silva, N., Burleson, J.A.,
Strausbaugh, L.D., Gamonal, J., and Diaz, P.I. (2013). The subgingival
microbiome in health and periodontitis and its relationship with community
biomass and inflammation. ISME J 7, 1016-1025.
Ahmed, H.J., Svensson, L.A., Cope, L.D., Latimer, J.L., Hansen, E.J.,
Ahlman, K., Bayat-Turk, J., Klamer, D., and Lagergard, T. (2001). Prevalence
of cdtABC genes encoding cytolethal distending toxin among Haemophilus
ducreyi and Actinobacillus actinomycetemcomitans strains. J Med
Microbiol 50, 860-864.
Akifusa, S., Heywood, W., Nair, S.P., Stenbeck, G., and Henderson, B.
(2005). Mechanism of internalization of the cytolethal distending toxin of
Actinobacillus actinomycetemcomitans. Microbiology 151, 1395-1402.
Akira, S., and Hemmi, H. (2003). Recognition of pathogen-associated
molecular patterns by TLR family. Immunol Lett 85, 85-95.
Alaniz, R.C., Deatherage, B.L., Lara, J.C., and Cookson, B.T. (2007).
Membrane vesicles are immunogenic facsimiles of Salmonella typhimurium
that potently activate dendritic cells, prime B and T cell responses, and
stimulate protective immunity in vivo. J Immunol 179, 7692-7701.
Aldick, T., Bielaszewska, M., Uhlin, B.E., Humpf, H.U., Wai, S.N., and Karch,
H. (2009). Vesicular stabilization and activity augmentation of
enterohaemorrhagic Escherichia coli haemolysin. Mol Microbiol 71, 14961508.
Alvarez-Martinez, C.E., and Christie, P.J. (2009). Biological diversity of
prokaryotic type IV secretion systems. Microbiol Mol Biol Rev 73, 775-808.
Armitage, G.C., and Cullinan, M.P. (2000). Comparison of the clinical
features of chronic and aggressive periodontitis. Periodontol 2000 53, 12-27.

37

Asensio, C.J., Gaillard, M.E., Moreno, G., Bottero, D., Zurita, E., Rumbo, M.,
van der Ley, P., van der Ark, A., and Hozbor, D. (2011). Outer membrane
vesicles obtained from Bordetella pertussis Tohama expressing the lipid A
deacylase PagL as a novel acellular vaccine candidate. Vaccine 29, 16491656.
Asikainen, S.E. (2009). Periodontal bacteria and cardiovascular problems.
Future Microbiol 4, 495-498.
Balsalobre, C., Silvan, J.M., Berglund, S., Mizunoe, Y., Uhlin, B.E., and Wai,
S.N. (2006). Release of the type I secreted alpha-haemolysin via outer
membrane vesicles from Escherichia coli. Mol Microbiol 59, 99-112.
Bartold, P.M., Walsh, L.J., and Narayanan, A.S. (2000). Molecular and cell
biology of the gingiva. Periodontol 2000 24, 28-55.
Bauman, S.J., and Kuehn, M.J. (2009). Pseudomonas aeruginosa vesicles
associate with and are internalized by human lung epithelial cells. BMC
Microbiol 9, 26.
Belibasakis, G.N., Johansson, A., Wang, Y., Chen, C., Lagergard, T., Kalfas,
S., and Lerner, U.H. (2005). Cytokine responses of human gingival
fibroblasts to Actinobacillus actinomycetemcomitans cytolethal distending
toxin. Cytokine 30, 56-63.
Berlanda Scorza, F., Doro, F., Rodriguez-Ortega, M.J., Stella, M., Liberatori,
S., Taddei, A.R., Serino, L., Gomes Moriel, D., Nesta, B., Fontana, M.R., et al.
(2008). Proteomics characterization of outer membrane vesicles from the
extraintestinal pathogenic Escherichia coli DeltatolR IHE3034 mutant. Mol
Cell Proteomics 7, 473-485.
Beveridge, T.J. (1999). Structures of gram-negative cell walls and their
derived membrane vesicles. J Bacteriol 181, 4725-4733.
Bielig, H., Rompikuntal, P.K., Mitesh, D., Zurek, B., Lindmark, B., Ramstedt,
M., Wai, S.N., and Kufer, T.A. (2011). NOD-like receptor activation by outermembrane vesicles (OMVs) from non-O1 non-O139 Vibrio cholerae is
modulated by the quorum sensing regulator HapR. Infect Immun 79, 14181427.
Bishop, A.L., Tarique, A.A., Patimalla, B., Calderwood, S.B., Qadri, F., and
Camilli, A. (2012). Immunization of mice with vibrio cholerae outermembrane vesicles protects against hyperinfectious challenge and blocks
transmission. J Infect Dis 205, 412-421.

38

Blocker, A., Jouihri, N., Larquet, E., Gounon, P., Ebel, F., Parsot, C.,
Sansonetti, P., and Allaoui, A. (2001). Structure and composition of the
Shigella flexneri "needle complex", a part of its type III secreton. Mol
Microbiol 39, 652-663.
Boardman, B.K., Meehan, B.M., and Fullner Satchell, K.J. (2007). Growth
phase regulation of Vibrio cholerae RTX toxin export. J Bacteriol 189, 18271835.
Bomberger, J.M., Maceachran, D.P., Coutermarsh, B.A., Ye, S., O'Toole,
G.A., and Stanton, B.A. (2009). Long-distance delivery of bacterial virulence
factors by Pseudomonas aeruginosa outer membrane vesicles. PLoS Pathog
5, e1000382.
Brothwell, D., and Ghiabi, E. (2009). Periodontal health status of the Sandy
Bay First Nation in Manitoba, Canada. Int J Circumpolar Health 68, 23-33.
Burts, M.L., Williams, W.A., DeBord, K., and Missiakas, D.M. (2005). EsxA
and EsxB are secreted by an ESAT-6-like system that is required for the
pathogenesis of Staphylococcus aureus infections. Proc Natl Acad Sci U S A
102, 1169-1174.
Button, J.E., Silhavy, T.J., and Ruiz, N. (2007). A suppressor of cell death
caused by the loss of sigmaE downregulates extracytoplasmic stress
responses and outer membrane vesicle production in Escherichia coli. J
Bacteriol 189, 1523-1530.
Christie, P.J. (2001). Type IV secretion: intercellular transfer of
macromolecules by systems ancestrally related to conjugation machines. Mol
Microbiol 40, 294-305.
Ciofu, O., Beveridge, T.J., Kadurugamuwa, J., Walther-Rasmussen, J., and
Hoiby, N. (2000). Chromosomal beta-lactamase is packaged into membrane
vesicles and secreted from Pseudomonas aeruginosa. J Antimicrob
Chemother 45, 9-13.
Cisneros, D.A., Pehau-Arnaudet, G., and Francetic, O. (2012). Heterologous
assembly of type IV pili by a type II secretion system reveals the role of
minor pilins in assembly initiation. Mol Microbiol 86, 805-818.
Claesson, R., Johansson, A., Belibasakis, G., Hanstrom, L., and Kalfas, S.
(2002). Release and activation of matrix metalloproteinase 8 from human
neutrophils
triggered
by
the
leukotoxin
of
Actinobacillus
actinomycetemcomitans. J Periodontal Res 37, 353-359.

39

Cope, L.D., Lumbley, S., Latimer, J.L., Klesney-Tait, J., Stevens, M.K.,
Johnson, L.S., Purven, M., Munson, R.S., Jr., Lagergard, T., Radolf, J.D., et
al. (1997). A diffusible cytotoxin of Haemophilus ducreyi. Proc Natl Acad Sci
U S A 94, 4056-4061.
Dahlen, G., and Wikstrom, M. (1995). Occurrence of enteric rods,
staphylococci and Candida in subgingival samples. Oral Microbiol Immunol
10, 42-46.
Damek-Poprawa, M., Haris, M., Volgina, A., Korostoff, J., and Dirienzo, J.M.
(2011). Cytolethal Distending Toxin Damages the Oral Epithelium of
Gingival Explants. J Dent Res 90, 874-879.
Danzig, L. (2004). Meningococcal vaccines. Pediatr Infect Dis J 23, S285292.
Darveau, R.P. (2010). Periodontitis: a polymicrobial disruption of host
homeostasis. Nat Rev Microbiol 8, 481-490.
Demmer, R.T., and Papapanou, P.N. (2010). Epidemiologic patterns of
chronic and aggressive periodontitis. Periodontol 2000 53, 28-44.
Demuth, D.R., James, D., Kowashi, Y., and Kato, S. (2003). Interaction of
Actinobacillus actinomycetemcomitans outer membrane vesicles with HL60
cells does not require leukotoxin. Cell Microbiol 5, 111-121.
Desvaux, M., Parham, N.J., and Henderson, I.R. (2004). Type V protein
secretion: simplicity gone awry? Curr Issues Mol Biol 6, 111-124.
Dinges, M.M., Orwin, P.M., and Schlievert, P.M. (2000). Exotoxins of
Staphylococcus aureus. Clin Microbiol Rev 13, 16-34.
Doherty, G.J., and McMahon, H.T. (2009). Mechanisms of endocytosis.
Annu Rev Biochem 78, 857-902.
Dorward, D.W., and Garon, C.F. (1990). DNA Is Packaged within
Membrane-Derived Vesicles of Gram-Negative but Not Gram-Positive
Bacteria. Appl Environ Microbiol 56, 1960-1962.
Duncan, L., Yoshioka, M., Chandad, F., and Grenier, D. (2004). Loss of
lipopolysaccharide receptor CD14 from the surface of human macrophagelike cells mediated by Porphyromonas gingivalis outer membrane vesicles.
Microb Pathog 36, 319-325.

40

Duperthuy, M., Sjostrom, A.E., Sabharwal, D., Damghani, F., Uhlin, B.E.,
and Wai, S.N. (2013). Role of the Matrix Protein Bap1 in Cross-Resistance to
Antimicrobial Peptides. PLoS Pathog 9, e1003620.
Dutta, S., Iida, K., Takade, A., Meno, Y., Nair, G.B., and Yoshida, S. (2004).
Release of Shiga toxin by membrane vesicles in Shigella dysenteriae
serotype 1 strains and in vitro effects of antimicrobials on toxin production
and release. Microbiol Immunol 48, 965-969.
Ellis, T.N., and Kuehn, M.J. (2010). Virulence and immunomodulatory roles
of bacterial outer membrane vesicles. Microbiol Mol Biol Rev 74, 81-94.
Elwell, C., Chao, K., Patel, K., and Dreyfus, L. (2001). Escherichia coli CdtB
mediates cytolethal distending toxin cell cycle arrest. Infect Immun 69,
3418-3422.
Elwell, C.A., and Dreyfus, L.A. (2000). DNase I homologous residues in CdtB
are critical for cytolethal distending toxin-mediated cell cycle arrest. Mol
Microbiol 37, 952-963.
Fabris, A.S., DiRienzo, J.M., Wikstrom, M., and Mayer, M.P. (2002).
Detection of cytolethal distending toxin activity and cdt genes in
Actinobacillus actinomycetemcomitans isolates from geographically diverse
populations. Oral Microbiol Immunol 17, 231-238.
Fayet, O., Ziegelhoffer, T., and Georgopoulos, C. (1989). The groES and
groEL heat shock gene products of Escherichia coli are essential for bacterial
growth at all temperatures. J Bacteriol 171, 1379-1385.
Findlow, J., Holland, A., Andrews, N., Weynants, V., Sotolongo, F., Balmer,
P., Poolman, J., and Borrow, R. (2007). Comparison of phenotypically
indistinguishable but geographically distinct Neisseria meningitidis Group B
isolates in a serum bactericidal antibody assay. Clin Vaccine Immunol 14,
1451-1457.
Fine, D.H. (1994). Microbial identification and antibiotic sensitivity testing,
an aid for patients refractory to periodontal therapy. A report of 3 cases. J
Clin Periodontol 21, 98-106.
Fine, D.H., Kaplan, J.B., Kachlany, S.C., and Schreiner, H.C. (2006). How we
got attached to Actinobacillus actinomycetemcomitans: A model for
infectious diseases. Periodontol 2000 42, 114-157.
Ford, P.J., Gemmell, E., Chan, A., Carter, C.L., Walker, P.J., Bird, P.S., West,
M.J., Cullinan, M.P., and Seymour, G.J. (2006). Inflammation, heat shock

41

proteins and periodontal pathogens in atherosclerosis: an immunohistologic
study. Oral Microbiol Immunol 21, 206-211.
Fritschi, B.Z., Albert-Kiszely, A., and Persson, G.R. (2008). Staphylococcus
aureus and other bacteria in untreated periodontitis. J Dent Res 87, 589593.
Fritz, J.H., Ferrero, R.L., Philpott, D.J., and Girardin, S.E. (2006). Nod-like
proteins in immunity, inflammation and disease. Nat Immunol 7, 1250-1257.
Fronzes, R., Christie, P.J., and Waksman, G. (2009). The structural biology
of type IV secretion systems. Nat Rev Microbiol 7, 703-714.
Furuta, N., Tsuda, K., Omori, H., Yoshimori, T., Yoshimura, F., and Amano,
A. (2009). Porphyromonas gingivalis outer membrane vesicles enter human
epithelial cells via an endocytic pathway and are sorted to lysosomal
compartments. Infect Immun 77, 4187-4196.
Ge, X., Rodriguez, R., Trinh, M., Gunsolley, J., and Xu, P. (2013). Oral
microbiome of deep and shallow dental pockets in chronic periodontitis.
PLoS One 8, e65520.
Genco, R.J., and Van Dyke, T.E. (2010). Prevention: Reducing the risk of
CVD in patients with periodontitis. Nat Rev Cardiol 7, 479-480.
Girardin, S.E., Boneca, I.G., Viala, J., Chamaillard, M., Labigne, A., Thomas,
G., Philpott, D.J., and Sansonetti, P.J. (2003a). Nod2 is a general sensor of
peptidoglycan through muramyl dipeptide (MDP) detection. J Biol Chem
278, 8869-8872.
Girardin, S.E., Travassos, L.H., Herve, M., Blanot, D., Boneca, I.G., Philpott,
D.J., Sansonetti, P.J., and Mengin-Lecreulx, D. (2003b). Peptidoglycan
molecular requirements allowing detection by Nod1 and Nod2. J Biol Chem
278, 41702-41708.
Goessweiner-Mohr, N., Arends, K., Keller, W., and Grohmann, E. (2013).
Conjugative Type IV Secretion Systems in Gram-positive bacteria. Plasmid.
In press.
Gophna, U., Ideses, D., Rosen, R., Grundland, A., and Ron, E.Z. (2004).
OmpA of a septicemic Escherichia coli O78--secretion and convergent
evolution. Int J Med Microbiol 294, 373-381.
Goulhen, F., Hafezi, A., Uitto, V.J., Hinode, D., Nakamura, R., Grenier, D.,
and Mayrand, D. (1998). Subcellular localization and cytotoxic activity of the

42

GroEL-like protein isolated from Actinobacillus actinomycetemcomitans.
Infect Immun 66, 5307-5313.
Grimes, C.L., Ariyananda Lde, Z., Melnyk, J.E., and O'Shea, E.K. (2012). The
innate immune protein Nod2 binds directly to MDP, a bacterial cell wall
fragment. J Am Chem Soc 134, 13535-13537.
Guan, S.M., He, J.J., Zhang, M., and Shu, L. (2011). Prevotella intermedia
stimulates tissue-type plasminogen activator and plasminogen activator
inhibitor-2 expression via multiple signaling pathways in human periodontal
ligament cells. FEMS Immunol Med Microbiol 62, 91-100.
Guerra, L., Cortes-Bratti, X., Guidi, R., and Frisan, T. (2011). The biology of
the cytolethal distending toxins. Toxins (Basel) 3, 172-190.
Guerra, L., Nemec, K.N., Massey, S., Tatulian, S.A., Thelestam, M., Frisan,
T., and Teter, K. (2009). A novel mode of translocation for cytolethal
distending toxin. Biochim Biophys Acta 1793, 489-495.
Guidi, R., Levi, L., Rouf, S.F., Puiac, S., Rhen, M., and Frisan, T. (2013).
Salmonella enterica delivers its genotoxin through outer membrane vesicles
secreted from infected cells. Cell Microbiol. In press.
Gurung, M., Moon, D.C., Choi, C.W., Lee, J.H., Bae, Y.C., Kim, J., Lee, Y.C.,
Seol, S.Y., Cho, D.T., Kim, S.I., et al. (2011). Staphylococcus aureus Produces
Membrane-Derived Vesicles That Induce Host Cell Death. PLoS One 6,
e27958.
Hackett, S.J., Guiver, M., Marsh, J., Sills, J.A., Thomson, A.P., Kaczmarski,
E.B., and Hart, C.A. (2002). Meningococcal bacterial DNA load at
presentation correlates with disease severity. Arch Dis Child 86, 44-46.
Haffajee, A.D., Teles, R.P., and Socransky, S.S. (2006). Association of
Eubacterium nodatum and Treponema denticola with human periodontitis
lesions. Oral Microbiol Immunol 21, 269-282.
Hajishengallis, G., Darveau, R.P., and Curtis, M.A. (2012). The keystonepathogen hypothesis. Nat Rev Microbiol 10, 717-725.
Hajishengallis, G., Liang, S., Payne, M.A., Hashim, A., Jotwani, R., Eskan,
M.A., McIntosh, M.L., Alsam, A., Kirkwood, K.L., Lambris, J.D., et al. (2011).
Low-abundance biofilm species orchestrates inflammatory periodontal
disease through the commensal microbiota and complement. Cell Host
Microbe 10, 497-506.

43

Hajishengallis, G., Sojar, H., Genco, R.J., and DeNardin, E. (2004).
Intracellular signaling and cytokine induction upon interactions of
Porphyromonas gingivalis fimbriae with pattern-recognition receptors.
Immunol Invest 33, 157-172.
Hansen, J.D., Vojtech, L.N., and Laing, K.J. (2011). Sensing disease and
danger: a survey of vertebrate PRRs and their origins. Dev Comp Immunol
35, 886-897.
Haubek, D., Ennibi, O.K., Poulsen, K., Vaeth, M., Poulsen, S., and Kilian, M.
(2008). Risk of aggressive periodontitis in adolescent carriers of the JP2
clone of Aggregatibacter (Actinobacillus) actinomycetemcomitans in
Morocco: a prospective longitudinal cohort study. Lancet 371, 237-242.
Hayashi, J., Hamada, N., and Kuramitsu, H.K. (2002). The autolysin of
Porphyromonas gingivalis is involved in outer membrane vesicle release.
FEMS Microbiol Lett 216, 217-222.
Heitz-Mayfield, L.J., and Lang, N.P. (2000). Comparative biology of chronic
and aggressive periodontitis vs. peri-implantitis. Periodontol 2000 53, 167181.
Hellman, J., Loiselle, P.M., Tehan, M.M., Allaire, J.E., Boyle, L.A., Kurnick,
J.T., Andrews, D.M., Sik Kim, K., and Warren, H.S. (2000). Outer
membrane protein A, peptidoglycan-associated lipoprotein, and murein
lipoprotein are released by Escherichia coli bacteria into serum. Infect
Immun 68, 2566-2572.
Helovuo, H., Hakkarainen, K., and Paunio, K. (1993). Changes in the
prevalence of subgingival enteric rods, staphylococci and yeasts after
treatment with penicillin and erythromycin. Oral Microbiol Immunol 8, 7579.
Henderson, I.R., Navarro-Garcia, F., Desvaux, M., Fernandez, R.C., and
Ala'Aldeen, D. (2004). Type V protein secretion pathway: the
autotransporter story. Microbiol Mol Biol Rev 68, 692-744.
Hinsa, S.M., Espinosa-Urgel, M., Ramos, J.L., and O'Toole, G.A. (2003).
Transition from reversible to irreversible attachment during biofilm
formation by Pseudomonas fluorescens WCS365 requires an ABC
transporter and a large secreted protein. Mol Microbiol 49, 905-918.
Holland, I.B., Schmitt, L., and Young, J. (2005). Type 1 protein secretion in
bacteria, the ABC-transporter dependent pathway (review). Mol Membr Biol
22, 29-39.

44

Hong, S.W., Kim, M.R., Lee, E.Y., Kim, J.H., Kim, Y.S., Jeon, S.G., Yang,
J.M., Lee, B.J., Pyun, B.Y., Gho, Y.S., et al. (2010). Extracellular vesicles
derived from Staphylococcus aureus induce atopic dermatitis-like skin
inflammation. Allergy 66, 351-359.
Horstman, A.L., and Kuehn, M.J. (2000). Enterotoxigenic Escherichia coli
secretes active heat-labile enterotoxin via outer membrane vesicles. J Biol
Chem 275, 12489-12496.
Horstman, A.L., and Kuehn, M.J. (2002). Bacterial surface association of
heat-labile enterotoxin through lipopolysaccharide after secretion via the
general secretory pathway. J Biol Chem 277, 32538-32545.
Ihara, H., Miura, T., Kato, T., Ishihara, K., Nakagawa, T., Yamada, S., and
Okuda, K. (2003). Detection of Campylobacter rectus in periodontitis sites
by monoclonal antibodies. J Periodontal Res 38, 64-72.
Inohara, Chamaillard, McDonald, C., and Nunez, G. (2005). NOD-LRR
proteins: role in host-microbial interactions and inflammatory disease. Annu
Rev Biochem 74, 355-383.
Irazoqui, J.E., Troemel, E.R., Feinbaum, R.L., Luhachack, L.G., Cezairliyan,
B.O., and Ausubel, F.M. (2010). Distinct pathogenesis and host responses
during infection of C. elegans by P. aeruginosa and S. aureus. PLoS Pathog
6, e1000982.
Jensen, P., Fomsgaard, A., Shand, G., Hindersson, P., and Hoiby, N. (1993).
Antigenic analysis of Pseudomonas aeruginosa and Pseudomonas cepacia
GroEL proteins and demonstration of a lipopolysaccharide-associated GroEL
fraction in P. aeruginosa. APMIS 101, 621-630.
Jeon, D.I., Park, S.R., Ahn, M.Y., Ahn, S.G., Park, J.H., and Yoon, J.H.
(2012). NOD1 and NOD2 stimulation triggers innate immune responses of
human periodontal ligament cells. Int J Mol Med 29, 699-703.
Jiao, Y., Darzi, Y., Tawaratsumida, K., Marchesan, J.T., Hasegawa, M.,
Moon, H., Chen, G.Y., Nunez, G., Giannobile, W.V., Raes, J., et al. (2013).
Induction of bone loss by pathobiont-mediated nod1 signaling in the oral
cavity. Cell Host Microbe 13, 595-601.
Jin, J.S., Kwon, S.O., Moon, D.C., Gurung, M., Lee, J.H., Kim, S.I., and Lee,
J.C. (2011). Acinetobacter baumannii Secretes Cytotoxic Outer Membrane
Protein A via Outer Membrane Vesicles. PLoS One 6, e17027.

45

Johansson, A., Claesson, R., Hanstrom, L., Sandstrom, G., and Kalfas, S.
(2000). Polymorphonuclear leukocyte degranulation induced by leukotoxin
from Actinobacillus actinomycetemcomitans. J Periodontal Res 35, 85-92.
Johnson, W.M., and Lior, H. (1988). A new heat-labile cytolethal distending
toxin (CLDT) produced by Campylobacter spp. Microb Pathog 4, 115-126.
Kadurugamuwa, J.L., and Beveridge, T.J. (1998). Delivery of the nonmembrane-permeative antibiotic gentamicin into mammalian cells by using
Shigella flexneri membrane vesicles. Antimicrob Agents Chemother 42,
1476-1483.
Kadurugamuwa, J.L., and Beveridge, T.J. (1999). Membrane vesicles derived
from Pseudomonas aeruginosa and Shigella flexneri can be integrated into
the surfaces of other gram-negative bacteria. Microbiology 145 ( Pt 8), 20512060.
Kaparakis, M., Turnbull, L., Carneiro, L., Firth, S., Coleman, H.A.,
Parkington, H.C., Le Bourhis, L., Karrar, A., Viala, J., Mak, J., et al. (2010).
Bacterial membrane vesicles deliver peptidoglycan to NOD1 in epithelial
cells. Cell Microbiol 12, 372-385.
Karched, M., Ihalin, R., Eneslatt, K., Zhong, D., Oscarsson, J., Wai, S.N.,
Chen, C., and Asikainen, S.E. (2008). Vesicle-independent extracellular
release of a proinflammatory outer membrane lipoprotein in free-soluble
form. BMC Microbiol 8, 18.
Kato, S., Kowashi, Y., and Demuth, D.R. (2002). Outer membrane-like
vesicles secreted by Actinobacillus actinomycetemcomitans are enriched in
leukotoxin. Microb Pathog 32, 1-13.
Kebschull, M., Demmer, R.T., and Papapanou, P.N. (2010). "Gum bug, leave
my heart alone!"--epidemiologic and mechanistic evidence linking
periodontal infections and atherosclerosis. J Dent Res 89, 879-902.
Keenan, J., Day, T., Neal, S., Cook, B., Perez-Perez, G., Allardyce, R., and
Bagshaw, P. (2000). A role for the bacterial outer membrane in the
pathogenesis of Helicobacter pylori infection. FEMS Microbiol Lett 182,
259-264.
Kelk, P., Abd, H., Claesson, R., Sandstrom, G., Sjostedt, A., and Johansson,
A. (2011). Cellular and molecular response of human macrophages exposed
to Aggregatibacter actinomycetemcomitans leukotoxin. Cell Death Dis 2,
e126.

46

Kelk, P., Claesson, R., Hanstrom, L., Lerner, U.H., Kalfas, S., and Johansson,
A. (2005). Abundant secretion of bioactive interleukin-1beta by human
macrophages induced by Actinobacillus actinomycetemcomitans leukotoxin.
Infect Immun 73, 453-458.
Kesty, N.C., Mason, K.M., Reedy, M., Miller, S.E., and Kuehn, M.J. (2004).
Enterotoxigenic Escherichia coli vesicles target toxin delivery into
mammalian cells. EMBO J 23, 4538-4549.
Khandelwal, P., and Banerjee-Bhatnagar, N. (2003). Insecticidal activity
associated with the outer membrane vesicles of Xenorhabdus nematophilus.
Appl Environ Microbiol 69, 2032-2037.
Kitamura, Y., Matono, S., Aida, Y., Hirofuji, T., and Maeda, K. (2002).
Gingipains in the culture supernatant of Porphyromonas gingivalis cleave
CD4 and CD8 on human T cells. J Periodontal Res 37, 464-468.
Kraig, E., Dailey, T., and Kolodrubetz, D. (1990). Nucleotide sequence of the
leukotoxin gene from Actinobacillus actinomycetemcomitans: homology to
the alpha-hemolysin/leukotoxin gene family. Infect Immun 58, 920-929.
Kremer, B.H., Loos, B.G., van der Velden, U., van Winkelhoff, A.J.,
Craandijk, J., Bulthuis, H.M., Hutter, J., Varoufaki, A.S., and van
Steenbergen, T.J. (2000). Peptostreptococcus micros smooth and rough
genotypes in periodontitis and gingivitis. J Periodontol 71, 209-218.
Kulp, A., and Kuehn, M.J. (2010). Biological functions and biogenesis of
secreted bacterial outer membrane vesicles. Annu Rev Microbiol 64, 163184.
Lally, E.T., Golub, E.E., Kieba, I.R., Taichman, N.S., Rosenbloom, J.,
Rosenbloom, J.C., Gibson, C.W., and Demuth, D.R. (1989a). Analysis of the
Actinobacillus actinomycetemcomitans leukotoxin gene. Delineation of
unique features and comparison to homologous toxins. J Biol Chem 264,
15451-15456.
Lally, E.T., Kieba, I.R., Demuth, D.R., Rosenbloom, J., Golub, E.E.,
Taichman, N.S., and Gibson, C.W. (1989b). Identification and expression of
the Actinobacillus actinomycetemcomitans leukotoxin gene. Biochem
Biophys Res Commun 159, 256-262.
Lally, E.T., Kieba, I.R., Sato, A., Green, C.L., Rosenbloom, J., Korostoff, J.,
Wang, J.F., Shenker, B.J., Ortlepp, S., Robinson, M.K., et al. (1997). RTX
toxins recognize a beta2 integrin on the surface of human target cells. J Biol
Chem 272, 30463-30469.

47

Lara-Tejero, M., and Galan, J.E. (2000). A bacterial toxin that controls cell
cycle progression as a deoxyribonuclease I-like protein. Science 290, 354357.
Lee, E.Y., Choi, D.Y., Kim, D.K., Kim, J.W., Park, J.O., Kim, S., Kim, S.H.,
Desiderio, D.M., Kim, Y.K., Kim, K.P., et al. (2009a). Gram-positive bacteria
produce membrane vesicles: proteomics-based characterization of
Staphylococcus aureus-derived membrane vesicles. Proteomics 9, 54255436.
Lee, J., Lee, E.Y., Kim, S.H., Kim, D.K., Park, K.S., Kim, K.P., Kim, Y.K., Roh,
T.Y., and Gho, Y.S. (2013a). Staphylococcus aureus extracellular vesicles
carry biologically active beta-lactamase. Antimicrob Agents Chemother 57,
2589-2595.
Lee, J.H., Choi, C.W., Lee, T., Kim, S.I., Lee, J.C., and Shin, J.H. (2013b).
Transcription Factor sigma(B) Plays an Important Role in the Production of
Extracellular Membrane-Derived Vesicles in Listeria monocytogenes. PLoS
One 8, e73196.
Lee, R.B., Hassane, D.C., Cottle, D.L., and Pickett, C.L. (2003). Interactions
of Campylobacter jejuni cytolethal distending toxin subunits CdtA and CdtC
with HeLa cells. Infect Immun 71, 4883-4890.
Lee, S.F., Andrian, E., Rowland, E., and Marquez, I.C. (2009b). Immune
response and alveolar bone resorption in a mouse model of Treponema
denticola infection. Infect Immun 77, 694-698.
Lindhe, J., Meyle, J., and Group, D.o.E.W.o.P. (2008). Peri-implant
diseases: Consensus Report of the Sixth European Workshop on
Periodontology. J Clin Periodontol 35, 282-285.
Lindmark, B., Rompikuntal, P.K., Vaitkevicius, K., Song, T., Mizunoe, Y.,
Uhlin, B.E., Guerry, P., and Wai, S.N. (2009). Outer membrane vesiclemediated release of cytolethal distending toxin (CDT) from Campylobacter
jejuni. BMC Microbiol 9, 220.
Loos, B.G. (2006). Systemic effects of periodontitis. Ann R Australas Coll
Dent Surg 18, 27-29.
Lourbakos, A., Potempa, J., Travis, J., D'Andrea, M.R., Andrade-Gordon, P.,
Santulli, R., Mackie, E.J., and Pike, R.N. (2001). Arginine-specific protease
from Porphyromonas gingivalis activates protease-activated receptors on
human oral epithelial cells and induces interleukin-6 secretion. Infect
Immun 69, 5121-5130.

48

Lowy, F.D. (1998). Staphylococcus aureus infections. N Engl J Med 339,
520-532.
MacDonald, I.A., and Kuehn, M.J. (2012). Offense and defense: microbial
membrane vesicles play both ways. Res Microbiol 163, 607-618.
MacIntyre, D.L., Miyata, S.T., Kitaoka, M., and Pukatzki, S. (2010). The
Vibrio cholerae type VI secretion system displays antimicrobial properties.
Proc Natl Acad Sci U S A 107, 19520-19524.
Manning, A.J., and Kuehn, M.J. (2011). Contribution of bacterial outer
membrane vesicles to innate bacterial defense. BMC Microbiol 11, 258.
Marriott, I., Rati, D.M., McCall, S.H., and Tranguch, S.L. (2005). Induction
of Nod1 and Nod2 intracellular pattern recognition receptors in murine
osteoblasts following bacterial challenge. Infect Immun 73, 2967-2973.
Marsollier, L., Brodin, P., Jackson, M., Kordulakova, J., Tafelmeyer, P.,
Carbonnelle, E., Aubry, J., Milon, G., Legras, P., Andre, J.P., et al. (2007).
Impact of Mycobacterium ulcerans biofilm on transmissibility to ecological
niches and Buruli ulcer pathogenesis. PLoS Pathog 3, e62.
Mattei, P.J., Faudry, E., Job, V., Izore, T., Attree, I., and Dessen, A. (2011).
Membrane targeting and pore formation by the type III secretion system
translocon. FEBS J 278, 414-426.
McBroom, A.J., Johnson, A.P., Vemulapalli, S., and Kuehn, M.J. (2006).
Outer membrane vesicle production by Escherichia coli is independent of
membrane instability. J Bacteriol 188, 5385-5392.
McBroom, A.J., and Kuehn, M.J. (2007). Release of outer membrane vesicles
by Gram-negative bacteria is a novel envelope stress response. Mol Microbiol
63, 545-558.
McLaughlin, B., Chon, J.S., MacGurn, J.A., Carlsson, F., Cheng, T.L., Cox,
J.S., and Brown, E.J. (2007). A mycobacterium ESX-1-secreted virulence
factor with unique requirements for export. PLoS Pathog 3, e105.
McNew, J.A., Sondermann, H., Lee, T., Stern, M., and Brandizzi, F. (2013).
GTP-Dependent Membrane Fusion. Annu Rev Cell Dev Biol 29, 529-550.
McSweeney, L.A., and Dreyfus, L.A. (2005). Carbohydrate-binding
specificity of the Escherichia coli cytolethal distending toxin CdtA-II and
CdtC-II subunits. Infect Immun 73, 2051-2060.

49

Mise, K., Akifusa, S., Watarai, S., Ansai, T., Nishihara, T., and Takehara, T.
(2005). Involvement of ganglioside GM3 in G(2)/M cell cycle arrest of
human monocytic cells induced by Actinobacillus actinomycetemcomitans
cytolethal distending toxin. Infect Immun 73, 4846-4852.
Mougous, J.D., Cuff, M.E., Raunser, S., Shen, A., Zhou, M., Gifford, C.A.,
Goodman, A.L., Joachimiak, G., Ordonez, C.L., Lory, S., et al. (2006). A
virulence locus of Pseudomonas aeruginosa encodes a protein secretion
apparatus. Science 312, 1526-1530.
Munksgaard, P.S., Vorup-Jensen, T., Reinholdt, J., Soderstrom, C.M.,
Poulsen, K., Leipziger, J., Praetorius, H.A., and Skals, M. (2012). Leukotoxin
from Aggregatibacter actinomycetemcomitans causes shrinkage and P2X
receptor-dependent lysis of human erythrocytes. Cell Microbiol 14, 19041920.
Myneni, S.R., Settem, R.P., Connell, T.D., Keegan, A.D., Gaffen, S.L., and
Sharma, A. (2011). TLR2 signaling and Th2 responses drive Tannerella
forsythia-induced periodontal bone loss. J Immunol 187, 501-509.
Nagano, F., Kaneko, T., Yoshinaga, Y., Ukai, T., Kuramoto, A., Nakatsu, S.,
Oshino, K., Ichimura, I., and Hara, Y. (2013). Gram-positive bacteria as an
antigen topically applied into gingival sulcus of immunized rat accelerates
periodontal destruction. J Periodontal Res 48, 420-427.
Nakao, R., Hasegawa, H., Ochiai, K., Takashiba, S., Ainai, A., Ohnishi, M.,
Watanabe, H., and Senpuku, H. (2011). Outer membrane vesicles of
Porphyromonas gingivalis elicit a mucosal immune response. PLoS One 6,
e26163.
Namork, E., and Brandtzaeg, P. (2002). Fatal meningococcal septicaemia
with "blebbing" meningococcus. Lancet 360, 1741.
Negrete-Abascal, E., Garcia, R.M., Reyes, M.E., Godinez, D., and de la Garza,
M.
(2000).
Membrane
vesicles
released
by
Actinobacillus
pleuropneumoniae contain proteases and Apx toxins. FEMS Microbiol Lett
191, 109-113.
Nishikubo, S., Ohara, M., Ueno, Y., Ikura, M., Kurihara, H., Komatsuzawa,
H., Oswald, E., and Sugai, M. (2003). An N-terminal segment of the active
component of the bacterial genotoxin cytolethal distending toxin B (CDTB)
directs CDTB into the nucleus. J Biol Chem 278, 50671-50681.
Nordstrom, T., Blom, A.M., Forsgren, A., and Riesbeck, K. (2004). The
emerging pathogen Moraxella catarrhalis interacts with complement

50

inhibitor C4b binding protein through ubiquitous surface proteins A1 and
A2. J Immunol 173, 4598-4606.
Novak, K.F., Dougherty, B., and Pelaez, M. (2001). Actinobacillus
actinomycetemcomitans harbours type IV secretion system genes on a
plasmid and in the chromosome. Microbiology 147, 3027-3035.
Ohara, M., Miyauchi, M., Tsuruda, K., Takata, T., and Sugai, M. (2011).
Topical application of Aggregatibacter actinomycetemcomitans cytolethal
distending toxin induces cell cycle arrest in the rat gingival epithelium in
vivo. J Periodontal Res 46, 389-395.
Okugawa, T., Kaneko, T., Yoshimura, A., Silverman, N., and Hara, Y. (2010).
NOD1 and NOD2 mediate sensing of periodontal pathogens. J Dent Res 89,
186-191.
Osterloh, A., Kalinke, U., Weiss, S., Fleischer, B., and Breloer, M. (2007).
Synergistic and differential modulation of immune responses by Hsp60 and
lipopolysaccharide. J Biol Chem 282, 4669-4680.
Packard, R.R., and Libby, P. (2008). Inflammation in atherosclerosis: from
vascular biology to biomarker discovery and risk prediction. Clin Chem 54,
24-38.
Page, R.C., Offenbacher, S., Schroeder, H.E., Seymour, G.J., and Kornman,
K.S. (1997). Advances in the pathogenesis of periodontitis: summary of
developments, clinical implications and future directions. Periodontol 2000
14, 216-248.
Paju, S., Goulhen, F., Asikainen, S., Grenier, D., Mayrand, D., and Uitto, V.
(2000). Localization of heat shock proteins in clinical Actinobacillus
actinomycetemcomitans strains and their effects on epithelial cell
proliferation. FEMS Microbiol Lett 182, 231-235.
Parton, R.G., and del Pozo, M.A. (2013). Caveolae as plasma membrane
sensors, protectors and organizers. Nat Rev Mol Cell Biol 14, 98-112.
Paster, B.J., Olsen, I., Aas, J.A., and Dewhirst, F.E. (2006). The breadth of
bacterial diversity in the human periodontal pocket and other oral sites.
Periodontol 2000 42, 80-87.
Patrick, S., McKenna, J.P., O'Hagan, S., and Dermott, E. (1996). A
comparison of the haemagglutinating and enzymic activities of Bacteroides
fragilis whole cells and outer membrane vesicles. Microb Pathog 20, 191202.

51

Pelkmans, L., and Zerial, M. (2005). Kinase-regulated quantal assemblies
and kiss-and-run recycling of caveolae. Nature 436, 128-133.
Pukatzki, S., Ma, A.T., Sturtevant, D., Krastins, B., Sarracino, D., Nelson,
W.C., Heidelberg, J.F., and Mekalanos, J.J. (2006). Identification of a
conserved bacterial protein secretion system in Vibrio cholerae using the
Dictyostelium host model system. Proc Natl Acad Sci U S A 103, 1528-1533.
Rams, T.E., Babalola, O.O., and Slots, J. (1990). Subgingival occurrence of
enteric rods, yeasts and staphylococci after systemic doxycycline therapy.
Oral Microbiol Immunol 5, 166-168.
Ricci, V., Chiozzi, V., Necchi, V., Oldani, A., Romano, M., Solcia, E., and
Ventura, U. (2005). Free-soluble and outer membrane vesicle-associated
VacA from Helicobacter pylori: Two forms of release, a different activity.
Biochem Biophys Res Commun 337, 173-178.
Rivera, J., Cordero, R.J., Nakouzi, A.S., Frases, S., Nicola, A., and Casadevall,
A. (2010). Bacillus anthracis produces membrane-derived vesicles
containing biologically active toxins. Proc Natl Acad Sci U S A 107, 1900219007.
Rosen, G., Naor, R., Rahamim, E., Yishai, R., and Sela, M.N. (1995).
Proteases of Treponema denticola outer sheath and extracellular vesicles.
Infect Immun 63, 3973-3979.
Rosenqvist, E., Hoiby, E.A., Bjune, G., Aase, A., Halstensen, A., Lehmann,
A.K., Paulssen, J., Holst, J., Michaelsen, T.E., Nokleby, H., et al. (1998).
Effect of aluminium hydroxide and meningococcal serogroup C capsular
polysaccharide on the immunogenicity and reactogenicity of a group B
Neisseria meningitidis outer membrane vesicle vaccine. Dev Biol Stand 92,
323-333.
Russell, A.B., LeRoux, M., Hathazi, K., Agnello, D.M., Ishikawa, T., Wiggins,
P.A., Wai, S.N., and Mougous, J.D. (2013). Diverse type VI secretion
phospholipases are functionally plastic antibacterial effectors. Nature 496,
508-512.
Sanders, H., and Feavers, I.M. (2011). Adjuvant properties of meningococcal
outer membrane vesicles and the use of adjuvants in Neisseria meningitidis
protein vaccines. Expert Rev Vaccines 10, 323-334.
Schraidt, O., Lefebre, M.D., Brunner, M.J., Schmied, W.H., Schmidt, A.,
Radics, J., Mechtler, K., Galan, J.E., and Marlovits, T.C. (2010). Topology
and organization of the Salmonella typhimurium type III secretion needle
complex components. PLoS Pathog 6, e1000824.

52

Schutze, S., Tchikov, V., and Schneider-Brachert, W. (2008). Regulation of
TNFR1 and CD95 signalling by receptor compartmentalization. Nat Rev Mol
Cell Biol 9, 655-662.
Settem, R.P., El-Hassan, A.T., Honma, K., Stafford, G.P., and Sharma, A.
(2012). Fusobacterium nucleatum and Tannerella forsythia induce
synergistic alveolar bone loss in a mouse periodontitis model. Infect Immun
80, 2436-2443.
Sharpe, S.W., Kuehn, M.J., and Mason, K.M. (2011). Elicitation of epithelial
cell-derived immune effectors by outer membrane vesicles of nontypeable
Haemophilus influenzae. Infect Immun 79, 4361-4369.
Shen, Y., Torchia, M.L., Lawson, G.W., Karp, C.L., Ashwell, J.D., and
Mazmanian, S.K. (2012). Outer membrane vesicles of a human commensal
mediate immune regulation and disease protection. Cell Host Microbe 12,
509-520.
Shenker, B.J., McKay, T., Datar, S., Miller, M., Chowhan, R., and Demuth, D.
(1999). Actinobacillus actinomycetemcomitans immunosuppressive protein
is a member of the family of cytolethal distending toxins capable of causing a
G2 arrest in human T cells. J Immunol 162, 4773-4780.
Shoberg, R.J., and Thomas, D.D. (1993). Specific adherence of Borrelia
burgdorferi extracellular vesicles to human endothelial cells in culture. Infect
Immun 61, 3892-3900.
Silverman, J.M., Brunet, Y.R., Cascales, E., and Mougous, J.D. (2012).
Structure and regulation of the type VI secretion system. Annu Rev
Microbiol 66, 453-472.
Simpson, D.L., Berthold, P., and Taichman, N.S. (1988). Killing of human
myelomonocytic leukemia and lymphocytic cell lines by Actinobacillus
actinomycetemcomitans leukotoxin. Infect Immun 56, 1162-1166.
Slots, J., and Genco, R.J. (1984). Black-pigmented Bacteroides species,
Capnocytophaga species, and Actinobacillus actinomycetemcomitans in
human periodontal disease: virulence factors in colonization, survival, and
tissue destruction. J Dent Res 63, 412-421.
Smith, J.L., and Bayles, D.O. (2006). The contribution of cytolethal
distending toxin to bacterial pathogenesis. Crit Rev Microbiol 32, 227-248.
Socransky, S.S., and Haffajee, A.D. (1992). The bacterial etiology of
destructive periodontal disease: current concepts. J Periodontol 63, 322-331.

53

Socransky, S.S., Haffajee, A.D., Cugini, M.A., Smith, C., and Kent, R.L., Jr.
(1998). Microbial complexes in subgingival plaque. J Clin Periodontol 25,
134-144.
Song, T., Sabharwal, D., and Wai, S.N. (2010). VrrA mediates Hfq-dependent
regulation of OmpT synthesis in Vibrio cholerae. J Mol Biol 400, 682-688.
Spiess, C., Beil, A., and Ehrmann, M. (1999). A temperature-dependent
switch from chaperone to protease in a widely conserved heat shock protein.
Cell 97, 339-347.
Spreter, T., Yip, C.K., Sanowar, S., Andre, I., Kimbrough, T.G., Vuckovic, M.,
Pfuetzner, R.A., Deng, W., Yu, A.C., Finlay, B.B., et al. (2009). A conserved
structural motif mediates formation of the periplasmic rings in the type III
secretion system. Nat Struct Mol Biol 16, 468-476.
Stingu, C.S., Schaumann, R., Jentsch, H., Eschrich, K., Brosteanu, O., and
Rodloff, A.C. (2013). Association of periodontitis with increased colonization
by Prevotella nigrescens. J Investig Clin Dent 4, 20-25.
Suda, R., Lai, C.H., Yang, H.W., and Hasegawa, K. (2002). Eikenella
corrodens in subgingival plaque: relationship to age and periodontal
condition. J Periodontol 73, 886-891.
Sugai, M., Kawamoto, T., Peres, S.Y., Ueno, Y., Komatsuzawa, H., Fujiwara,
T., Kurihara, H., Suginaka, H., and Oswald, E. (1998). The cell cycle-specific
growth-inhibitory
factor
produced
by
Actinobacillus
actinomycetemcomitans is a cytolethal distending toxin. Infect Immun 66,
5008-5019.
Susin, C., Oppermann, R.V., Haugejorden, O., and Albandar, J.M. (2004).
Periodontal attachment loss attributable to cigarette smoking in an urban
Brazilian population. J Clin Periodontol 31, 951-958.
Tan, K.S., Song, K.P., and Ong, G. (2002). Cytolethal distending toxin of
Actinobacillus actinomycetemcomitans. Occurrence and association with
periodontal disease. J Periodontal Res 37, 268-272.
Tan, T.T., Morgelin, M., Forsgren, A., and Riesbeck, K. (2007). Haemophilus
influenzae survival during complement-mediated attacks is promoted by
Moraxella catarrhalis outer membrane vesicles. J Infect Dis 195, 1661-1670.
Tauschek, M., Gorrell, R.J., Strugnell, R.A., and Robins-Browne, R.M.
(2002). Identification of a protein secretory pathway for the secretion of

54

heat-labile enterotoxin by an enterotoxigenic strain of Escherichia coli. Proc
Natl Acad Sci U S A 99, 7066-7071.
Tjalsma, H., Antelmann, H., Jongbloed, J.D., Braun, P.G., Darmon, E.,
Dorenbos, R., Dubois, J.Y., Westers, H., Zanen, G., Quax, W.J., et al. (2004).
Proteomics of protein secretion by Bacillus subtilis: separating the "secrets"
of the secretome. Microbiol Mol Biol Rev 68, 207-233.
Toren, A., Orr, E., Paitan, Y., Ron, E.Z., and Rosenberg, E. (2002). The active
component of the bioemulsifier alasan from Acinetobacter radioresistens
KA53 is an OmpA-like protein. J Bacteriol 184, 165-170.
Uehara, A., Imamura, T., Potempa, J., Travis, J., and Takada, H. (2008).
Gingipains from Porphyromonas gingivalis synergistically induce the
production of proinflammatory cytokines through protease-activated
receptors with Toll-like receptor and NOD1/2 ligands in human monocytic
cells. Cell Microbiol 10, 1181-1189.
Uhlin, B.E., Oscarsson, J., and Wai, S.N. (2014). Haemolysins. In Pathogenic
Escherichia coli: Molecular and Cellular Microbiology, S. Morabito, ed.
(Norfolk, England: Caister Academic Press), pp. 161-180.
van
Winkelhoff,
A.J.,
and
Slots,
J.
(1999).
Actinobacillus
actinomycetemcomitans and Porphyromonas gingivalis in nonoral
infections. Periodontol 2000 20, 122-135.
Vidakovics, M.L., Jendholm, J., Morgelin, M., Mansson, A., Larsson, C.,
Cardell, L.O., and Riesbeck, K. (2010). B cell activation by outer membrane
vesicles--a novel virulence mechanism. PLoS Pathog 6, e1000724.
Vollmer, W., and Bertsche, U. (2008). Murein (peptidoglycan) structure,
architecture and biosynthesis in Escherichia coli. Biochim Biophys Acta
1778, 1714-1734.
Voth, D.E., Broederdorf, L.J., and Graham, J.G. (2012). Bacterial Type IV
secretion systems: versatile virulence machines. Future Microbiol 7, 241-257.
Wai, S.N., Lindmark, B., Soderblom, T., Takade, A., Westermark, M.,
Oscarsson, J., Jass, J., Richter-Dahlfors, A., Mizunoe, Y., and Uhlin, B.E.
(2003). Vesicle-mediated export and assembly of pore-forming oligomers of
the enterobacterial ClyA cytotoxin. Cell 115, 25-35.
Wang, J., Qi, J., Zhao, H., He, S., Zhang, Y., Wei, S., and Zhao, F. (2013).
Metagenomic sequencing reveals microbiota and its functional potential
associated with periodontal disease. Sci Rep 3, 1843.

55

Whitchurch, C.B., Tolker-Nielsen, T., Ragas, P.C., and Mattick, J.S. (2002).
Extracellular DNA required for bacterial biofilm formation. Science 295,
1487.
Wingrove, J.A., DiScipio, R.G., Chen, Z., Potempa, J., Travis, J., and Hugli,
T.E. (1992). Activation of complement components C3 and C5 by a cysteine
proteinase (gingipain-1) from Porphyromonas (Bacteroides) gingivalis. J
Biol Chem 267, 18902-18907.
Yamano, R., Ohara, M., Nishikubo, S., Fujiwara, T., Kawamoto, T., Ueno, Y.,
Komatsuzawa, H., Okuda, K., Kurihara, H., Suginaka, H., et al. (2003).
Prevalence
of
cytolethal
distending
toxin
production
in
periodontopathogenic bacteria. J Clin Microbiol 41, 1391-1398.
Yoshioka, M., Grenier, D., and Mayrand, D. (2005). Binding of
Actinobacillus
actinomycetemcomitans
lipopolysaccharides
to
Peptostreptococcus micros stimulates tumor necrosis factor alpha
production by macrophage-like cells. Oral Microbiol Immunol 20, 118-121.
Zechner, E.L., Lang, S., and Schildbach, J.F. (2012). Assembly and
mechanisms of bacterial type IV secretion machines. Philos Trans R Soc
Lond B Biol Sci 367, 1073-1087.
Zhou, L., Srisatjaluk, R., Justus, D.E., and Doyle, R.J. (1998). On the origin
of membrane vesicles in gram-negative bacteria. FEMS Microbiol Lett 163,
223-228.

56

57

Articles

58

