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ABSTRACT

Cellular and molecular responses of periodontal connective tissue cells to
Actinobacillus actinomycetemcomitans cytolethal distending toxin

Georgios N. Belibasakis, Divisions of Oral Microbiology and Oral Cell Biology,
Department of Odontology, Faculty of Medicine, Umeå University, Umeå, Sweden

Actinobacillus actinomycetemcomitans is present in elevated proportions and
numbers in dental bacterial biofilms of patients with localized aggressive
periodontitis. This variant of periodontal disease, occurring in adolescents and young
adults, is characterized by rapid and severe destruction of the connective tissues and
bone supporting the teeth, eventually culminating in tooth loss. The cytolethal
distending toxin (Cdt) is a newly discovered bacterial protein toxin, uniquely present
in A. actinomycetemcomitans among all known to-date oral bacterial species. The
Cdt has the capacity to inhibit mammalian cell growth, but its putative role in the
pathogenesis of the disease is unclear. The aim of this in vitro work has been to
study the effects of A. actinomycetemcomitans on periodontal connective tissue cell
cultures, and to evaluate the possible involvement of its Cdt.

A. actinomycetemcomitans inhibited the proliferation of gingival and
periodontal ligament fibroblasts, as a result of a combined arrest at the G1 and G2/M
phases of the cell cycle. This growth inhibition was non-lethal and the cells remained
metabolically active, although their DNA synthesis was reduced. The intoxicated cells
exhibited increased size and irregular structure, characterized by distension and
elongation. This cellular enlargement occurred in both G1 and G2/M phase arrested
cells. The Cdt of A. actinomycetemcomitans was responsible for the observed growth
inhibition, as well as the concomitant morphological alterations.

The possible induction of inflammatory cytokines related to bone resorption
was investigated in response to A. actinomycetemcomitans, and the involvement of
Cdt was evaluated. Extensive focus was given to the study of receptor activator of

resorption. It was demonstrated that A. actinomycetemcomitans induced RANKL
mRNA and protein expression in the cells studied, but did not affect the expression of
its decoy receptor, osteoprotegerin. This induction was solely attributed to its Cdt, as
demonstrated by the use of a cdt-knockout A. actinomycetemcomitans strain, purified
recombinant Cdt, and antibodies blocking the Cdt. In addition, this event was not
mediated by pro-inflammatory cytokines known to stimulate RANKL. Interleukin-6
mRNA and protein expression were also enhanced by A. actinomycetemcomitans,
but Cdt had limited involvement in this enhancement.

In conclusion, two distinct mechanisms by which A. actinomycetemcomitans
Cdt may be involved in the pathogenesis of localized aggressive periodontitis are
proposed. Firstly, the growth arrest of the resident fibroblasts may impair the
physiological connective tissue remodelling equilibrium and lead to connective tissue
attachment loss. Secondly, the induction of RANKL by these cells, residing in the
proximity of the alveolar bone, may locally stimulate osteoclastogenesis and promote
alveolar bone resorption. This work also provides further insights to the
understanding of Cdt mechanisms of action, contributing to the global
characterization of the toxin’s virulence.

Keywords: Actinobacillus actinomycetemcomitans, cytolethal distending toxin
periodontal connective tissue cells, localized aggressive periodontitis, growth arrest,
bone resorption, RANKL, OPG, pro-inflammatory cytokines

progenitors to differentiate and fuse into mature osteoclasts, activating bone 
NF-κB ligand (RANKL) expression, a membrane-bound ligand that signals osteoclast 
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ABBREVIATIONS 
 

Cdk  Cyclin-dependent kinase 

Cdt  Cytolethal distending toxin 

ELISA   Enzyme-linked immunosorbent assay  

FBS   Foetal bovine serum 

FSC   Forward scatter 

GF   Gingival fibroblasts  

IL-1   Interleukin-1 

IL-1R   Interleukin-1 receptor 

IL-6   Interleukin-6 

IL-6R   Interleukin-6 receptor 

IRAP  Interleukin-1 receptor antagonist  

LDH   Lactate-dehydrogenase 

LPS  Lipopolysaccharide 

M-CSF   Macrophage colony-stimulating factor  

MMP  Matrix metalloproteinase 

NRU   Neutral red uptake 

OPG   Osteoprotegerin  

PCR   Polymerase chain reaction 

PDL   Periodontal ligament 

PGE2  Prostaglandin E2 

RANK  Receptor activator of NF-κΒ 

RANKL   Receptor activator of NF-κΒ ligand 

RT-PCR   Reverse transcription polymerase chain reaction  

RTX  Repeats-in-toxin  

SSC   Side scatter 

TNF  Tumor necrosis factor 

TNF-R  Tumor necrosis factor receptor 
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PREFACE 
 

This thesis is comprised of the following four individual papers, which will be referred 

to in the text by their Roman numerals: 

 

 

I. Belibasakis G, Johansson A, Wang Y, Claesson R, Chen C, Asikainen S, 
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fibroblasts by Actinobacillus actinomycetemcomitans : Involvement of the 

cytolethal distending toxin. Eur J Oral Sci 2002; 110:366-373. 

 

 

II. Belibasakis G, Mattsson A, Wang Y, Chen C, Johansson A. Cell cycle arrest of 

human gingival fibroblasts and periodontal ligament cells by Actinobacillus 

actinomycetemcomitans : Involvement of the cytolethal distending toxin. APMIS 

2004; 112: In Press. 

 

 

III. Belibasakis G, Johansson A, Wang Y, Chen C, Kalfas S, Lerner UH. The 

cytolethal distending toxin induces receptor activator of NF-κB ligand expression 

in human gingival fibroblasts and periodontal ligament cells. Infect Immun 2005: 

Accepted for publication. 

 

 

IV. Belibasakis G, Johansson A, Wang Y, Chen C, Kalfas S, Lerner UH. Cytokine 

responses of human gingival fibroblasts to Actinobacillus 

actinomycetemcomitans cytolethal distending toxin. Submitted for publication. 

 

 

 

Reprints of the published articles were made with kind permission from the 

publishers. 
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INTRODUCTION 
 
 
The periodontium 
 

The periodontium is a collective term describing tooth supporting tissues, functionally 

organized in order to provide tooth stability, fixation and adaptation to the mechanical 

and biochemical challenges of the oral cavity. These tissues are namely the gingival 

connective tissue and epithelium, the periodontal ligament, the alveolar bone, and 

the root cementum (Figure 1). The gingival and periodontal ligament connective 

tissues, as well as the alveolar bone have been the interest of this thesis. 

 

Gingival connective tissue 
 

The gingival connective tissue is a fibrous 

tissue underlining the gingival epithelium at 

the basal membrane interface, and 

attaching to the tooth and alveolar bone 

surfaces through fibrous attachments. It 

protects the underlying root surface and 

alveolar bone from the noxious stimuli of 

the oral environment, but it also facilitates 

the fixation of the tooth to the alveolar bone 

socket, and supports the epithelial tissue 

lining. Collagen is the major extracellular 

matrix element and (gingival) fibroblasts are the major cell population. Approximately 

60% of the total tissue protein accounts for collagen, and approximately one tenth of 

the total tissue volume is occupied by fibroblasts. The physiological role of the 

fibroblasts is to produce the extracellular matrix of the tissue, mainly collagen fibrils, 

but also glycoproteins and proteoglycans (Bartold et al., 2000). For the functionally 

uninterrupted remodeling of the gingival tissue, it is required that GF are 

simultaneously involved in tissue formation and degradation processes. The 

fibroblast-mediated degradation processes in the connective tissues occur by the 

synthesis and secretion of a wide range of MMPs (Birkedal-Hansen et al., 1993) and 
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by phagocytosis of collagen fibrils (Everts et al., 1996; ten Cate and Deporter, 1975). 

The activity of the MMPs is controlled by their tissue inhibitors (Overall, 1994). In 

providing protection and maintaining normal tissue remodeling, GF have to be 

responsive to environmental stimuli, either endogenous (such as growth factors, 

cytokines and other inflammatory mediators), or exogenous (such as bacterial 

challenges).  If these stimuli are efficiently controlled by the fibroblasts, a delicate 

balance is attained between connective tissue formation and destruction, establishing 

a healthy tissue. 

 

Periodontal ligament 
 

The PDL is a physically small, but functionally important tissue in tooth support, 

proprioception and regulation of alveolar bone volume. This connective tissue 

mediates the attachment of the tooth to the alveolar bone and is rapidly and 

constantly remodeled, in order to meet the requirements of tooth adaptation to 

mechanical loading (McCulloch et al., 2000). This process requires synchronous 

breakdown and synthesis of the matrix components, in order for PDL fibers to 

become continuously embedded in the alveolar bone, or the cementum, as 

Sharpey’s fibers (Bosshardt and Selvig, 1997; Kurihara and Enlow, 1980a; Kurihara 

and Enlow, 1980b). The extracellular matrix, occupying approximately 30% of the 

tissue’s volume (Beertsen et al., 1978),  is mostly collagenous, but an important 

variety of non-collagenous components and a number of proteoglycans are also 

present. The collagen fibrils are composed of type I collagen, which is covered by 

type III collagen at the Sharpey’s fibers extremities. The PDL is considered to consist 

of a variety of fibroblastic cell populations, with different functional characteristics and 

varying levels of differentiation (Lekic and McCulloch, 1996; McCulloch and Bordin, 

1991). These cells comprise a steady-state renewal system with the remarkable 

capacity to maintain the width of the tissue at constant dimensions (McCulloch and 

Bordin, 1991; McCulloch et al., 1989; McCulloch and Melcher, 1983a; McCulloch and 

Melcher, 1983b). PDL cells reside in a narrow space between two distinct 

mineralized tissues. In this unique environment, they exhibit a rapid turnover rate and 

they express an enhanced osteoblastic phenotype compared to fibroblasts of other 

origins, as demonstrated by the high expression levels of alkaline phosphatase, 

osteopontin and bone sialoprotein, as well as by their ability to form mineralized 
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nodules in vitro (Ivanovski et al., 2001; Lekic et al., 2001; Nohutcu et al., 1997; 

Somerman et al., 1990; Somerman et al., 1989). These specialized phenotypic 

characteristics render PDL cells crucial for the maintenance of homeostasis, but also 

the regeneration of the periodontium (Lekic and McCulloch, 1996; McCulloch and 

Bordin, 1991). PDL cells are responsive to biochemical and molecular stimuli (such 

as cytokines and growth factors) that regulate their phenotype according to the 

functional needs of the tissue, so that its width is constantly maintained at steady 

dimensions. In vivo studies interfering with the homeostatic capacity of the PDL 

tissue indicate that in response to these stimuli, PDL cells become instrumental in 

alveolar bone remodeling (McCulloch et al., 2000). The putative molecular events 

involved in this process are described below. 

 
Alveolar bone 
 

The alveolar bone is the part of the mandible and maxilla that forms the primary 

support structure of the teeth. It undergoes rapid remodeling to meet the functional 

demands of tooth eruption and positional adaptation, as well as mastication (Sodek 

and McKee, 2000). Like all other bone tissues of the human body, it is responsive to 

systemic hormones and locally acting cytokines and growth factors that regulate its 

remodeling. Structurally, the alveolar bone is comparable to any other bone tissue, 

consisting of a mineralized extracellular matrix and cellular components. The 

extracellular matrix is both inorganic and organic. The inorganic matrix consists of 

spindle- or plate-shaped crystals of hydroxyapatite, located between collagen fibers 

of the organic matrix. Collagen comprises approximately 90% of the total organic 

matrix protein, which mainly belongs to type I, but type III, type V and type XII are 

also present. The non-collagenous component of bone comprises of proteins and 

proteoglycans, which are highly anionic and have a high ion-binding capacity. Such 

proteins are osteocalcin, osteopontin, osteonectin and bone sialoprotein, whereas 

representative bone proteoglycans are biglycan, decorin and versican. These non-

collagenous molecules exhibit binding domains to collagen fibrils, cell surface 

molecules, as well as hydroxyapatite crystals, thereby regulating the mineralization 

process (Robey and Boskey, 2003; Sodek et al., 2000). There are three main cell 

populations in bone, namely the bone forming osteoblasts, the osteocytes, and the 

bone resorbing osteoclasts. The osteoblast is of mesenchymal origin and produces 
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the mineralizing extracellular matrix of bone. This cell is also responsible for the 

differentiation, fusion and activation of the osteoclast. Once maturated, it becomes an 

osteocyte, encapsulated in the surrounding mineralized extracellular matrix, and its 

metabolic activity decreases (Ducy et al., 2000). The osteoclast is a multinucleated 

prokaryon of hematopoietic stem cell origin, specialized to resorb bone. It is formed 

by the fusion of mononuclear progenitors of the monocyte/macrophage lineage, 

recruited from the peripheral blood circulation. Once it has completed its bone-

resorbing task, it departs from the resorbed site (Teitelbaum, 2000). 

 

Osteoclast formation (osteoclastogenesis) 
 

As noted during the 1980s, the in vitro maturation of macrophages into osteoclasts 

required the presence of osteoblasts, or marrow stromal cells. It was later discovered 

that these supporting cells produce two molecules essential and sufficient to promote 

osteoclastogenesis, namely M-CSF and RANKL, the former secreted and the latter 

mainly cell-membrane bound (Boyle et al., 2003; Teitelbaum, 2000). M-CSF binds to 

its receptor, c-fms, on early osteoclast precursors, enhancing their proliferation and 

survival (acting as an anti-apoptotic signal) (Teitelbaum and Ross, 2003; Teitelbaum, 

2000). RANKL is a member of the TNF ligand super-family, and it is the factor that 

actually triggers the differentiation of osteoclast precursors into mature osteoclasts 

and activates bone resorption (Kong et al., 1999a; Lacey et al., 1998). Acting via cell-

to-cell contact, it binds to its cognate RANK receptor on the surface of the already M-

CSF-triggered monocytes, establishing their commitment into the osteoclast-lineage 

(Hsu et al., 1999). The action of RANKL can be blocked by OPG, a secreted decoy 

receptor with homology to RANK, which prevents the binding of RANKL to RANK 

(Simonet et al., 1997; Tsuda et al., 1997). OPG is released by stromal cells, 

osteoblasts, fibroblasts and several other cell types (Lerner, 2004). Once a mature 

osteoclast has fully differentiated, it will eventually polarize towards bone and attach, 

in order to degrade its organic and inorganic phases (Boyle et al., 2003; Teitelbaum, 

2000). All RANKL-expressing cells may potentially induce osteoclastogenesis and 

interfere in the bone remodeling process. In addition to osteoblasts and stromal cells, 

activated T- and B- lymphocytes as well as synovial fibroblasts, GF and PDL cells 

may express RANKL (Lerner, 2004). Since PDL cells have been shown to express 

RANKL and OPG both in vitro (Hasegawa et al., 2002a; Hasegawa et al., 2002b; 
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Kanzaki et al., 2001; Wada et al., 2001; Sakata et al., 1999) and in vivo (Ogasawara 

et al., 2004; Kawamoto et al., 2002; Lossdorfer et al., 2002), they may be 

instrumental in inducing osteoclastogenesis via the RANKL/RANK interaction, during 

physiological tooth eruption (Fukushima et al., 2003; Wise et al., 2002), orthodontic 

tooth movement (Kanzaki et al., 2002; Oshiro et al., 2002; Shiotani et al., 2001), or 

periodontitis (Liu et al., 2003). Therefore, on the basis of these observations, there is 

molecular evidence for the involvement of PDL cells in the mediation of alveolar bone 

resorption and the regulation of PDL homeostasis (McCulloch et al., 2000).  

 

Bone remodeling 
 

 
Regulation of bone remodeling: role of the RANKL-RANK-OPG system 
 

The bone remodeling process is tightly regulated by systemic and local stimuli in the 

bone microenvironment that are targeting the molecular interplay of the RANKL-

RANK-OPG system (Lerner, 2004; Boyle et al., 2003; Mundy et al., 2003; Horowitz et 

al., 2001). Systemic modulators include calcitonin, parathyroid hormone, thyroid 

Under physiological conditions, bone is constantly resorbed by osteoclasts and then

replaced by osteoblasts. The coupling of the opposing actions of the osteoblast and

the osteoclast in the bone microenvironment establishes a dynamic balance termed

“bone remodeling” (Mundy et al., 2003). Osteoblasts, lining the surface of the bone to

be resorbed, express RANKL. Through the RANK receptor, RANKL signals the

differentiation of osteoclast precursors into mature osteoclasts. Thereafter,

osteoblasts retract from the bone surface and their place is occupied by the newly

formed osteoclasts. The osteoclasts resorb the underlying bone unit and once they

complete their resorption task, they depart from the newly formed lacuna.

Subsequently, their place is occupied by osteoblast progenitors chemoattracted into

the area, which would then differentiate into mature osteoblasts. The newly formed

osteoblasts would again line the bone surface and build up new bone that is termed a

“bone structural unit”. This process occurs in focal and discrete “packets” throughout

the skeleton. The remodeling of each packet requires a finite period of time (3 to 4

months) and the remodeling within each packet occurs geographically and

chronologically independent from other packets (Mundy et al., 2003).
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hormone, gonadal steroids, vitamin D, glucocorticoids and growth hormone. Local 

modulators include pro-inflammatory cytokines, such as IL-1, TNF-α and IL-6, as well 

as prostanoids (Lerner, 2004). Bacterial products may also interfere with the bone 

remodeling balance by regulating RANKL expression (Lerner, 2004; Henderson and 

Nair, 2003). A variety of Gram-negative species, such as A. actinomycetemcomitans 

(Teng, 2002; Kikuchi et al., 2001; Teng et al., 2000), Porphyromonas gingivalis 

(Okahashi et al., 2004), Treponema denticola (Choi et al., 2003) and Streptococcus 

pyogenes (Okahashi et al., 2003; Sakurai et al., 2003), have been shown to up-

regulate RANKL expression in a variety of cell types. 

The balanced regulation of the RANKL-RANK-OPG system can determine 

health from disease. Deregulation of this system is detrimental for the bone loss 

occurring in rheumatoid or bacterial arthritis and periodontitis (Valverde et al., 2004; 

Firestein, 2003; Sakurai et al., 2003; Teng, 2003; Romas et al., 2002; Taubman and 

Kawai, 2001; Teng et al., 2000; Kong et al., 1999b). Compared to healthy individuals, 

periodontitis patients exhibit an increased RANKL/OPG expression ratio in their 

periodontal tissues (Liu et al., 2003), or gingival crevicular fluid (Mogi et al., 2004). 

 

Periodontal diseases 

Periodontitis is a persistent bacterial infection, which causes chronic inflammation

that destroys the tooth-supporting (periodontal) tissues. The etiological factor is

bacterial species residing in the oral cavity and attaching to tooth surfaces. The

prevalence of periodontitis increases with age, and it is the most common infectious

disease among adults.  However, an aggressive form of periodontitis occasionally

occurs in young individuals (Baer, 1971) and is currently termed “aggressive

periodontitis” (Armitage, 1999). It is characterized by rapid and severe periodontal

connective tissue attachment loss and alveolar bone destruction, often in the

absence of clinically pronounced inflammatory reaction or improper oral hygiene. The

dental bacterial biofilm microflora of patients with aggressive periodontitis is relatively

sparse, with the predominance of a limited number of Gram-negative species

(Haffajee and Socransky, 1994; Moore and Moore, 1994; Slots, 1979; Newman and

Socransky, 1977; Socransky, 1977).



14

 14

Actinobacillus actinomycetemcomitans 
 

Actinobacillus actinomycetemcomitans is a Gram-negative, non-motile, facultative 

anaerobic coccobacillus present in elevated numbers and proportions in dental 

bacterial biofilms of patients with “localized aggressive periodontitis” (Zambon, 1985; 

Slots, 1982; Slots et al., 1982; Baehni et al., 1979; Tanner et al., 1979). This is a 

variant of aggressive periodontitis that particularly affects first molars and incisors. 

The majority of the affected sites harbor A. actinomycetemcomitans, which accounts 

for most of the cultivable microflora of the biofilms (Christersson, 1993; Mandell, 

1984; Zambon et al., 1983a). This bacterium can be transmitted within families 

(Asikainen et al., 1997; Asikainen et al., 1996; Alaluusua et al., 1991; Gunsolley et 

al., 1990). The presence of A. actinomycetemcomitans in dental bacterial biofilms 

has been associated with ongoing periodontal tissue destruction (Mandell et al., 

1987; Slots, 1986; Dzink et al., 1985; Mandell, 1984), and its eradication from the 

diseased sites leads to resolution of the disease (Serino et al., 2001; Mandell et al., 

1986; Christersson et al., 1985; Haffajee et al., 1984; Slots and Rosling, 1983). It has 

been demonstrated that A. actinomycetemcomitans may also localize within the 

periodontal connective tissues (Christersson et al., 1987b; Christersson et al., 1987a; 

Sagle et al., 1984). Patients with localized aggressive periodontitis exhibit serum 

antibody responses to A. actinomycetemcomitans surface antigens (Vilkuna-

Rautiainen et al., 2002; Ebersole et al., 1991; Sims et al., 1991; Haffajee et al., 1984; 

Virulence characteristics of A. actinomycetemcomitans 
 

Studies on the characterization of A. actinomycetemcomitans virulence have 

identified several secreted or cell wall associated components with potential effects 

on a wide variety of cell types. The most thoroughly studied effects elicited by A. 

actinomycetemcomitans upon host cells are cell death, growth arrest and induction of 

inflammatory mediator responses, including bone resorption (Henderson et al., 

Ebersole et al., 1983; Ebersole et al., 1982), the most prominent being its LPS (Page

et al., 1991; Wilson and Schifferle, 1991). Six distinct LPS-associated serotypes (a to

f) are presently recognized (Kaplan et al., 2001; Saarela et al., 1992; Zambon et al.,

1983b; Slots et al., 1982).
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2003). Special attention has been drawn to the unique capacity of A. 

actinomycetemcomitans among all oral bacterial species, to produce a leukotoxin 

and a cytolethal distending toxin (Cdt), which are members of the RTX and Cdt toxin 

families respectively.  

 
A. actinomycetemcomitans and induction inflammatory mediators 

 

A number of studies have shown that A. actinomycetemcomitans components induce 

various cell types to produce pro-inflammatory cytokines and inflammatory mediators 

with relevance to bone resorption. Surface components of A. actinomycetemcomitans 

induce the synthesis of IL-6, IL-8, PGE2 but not IL-1β, or TNF-α by gingival 

fibroblasts (Dongari-Bagtzoglou and Ebersole, 1996a; Dongari-Bagtzoglou and 

Ebersole, 1996b; Noguchi et al., 1996; Reddi et al., 1996b; Reddi et al., 1996a; 

Agarwal et al., 1995; Reddi et al., 1995b; Bartold and Millar, 1988). Gingival epithelial 

cells respond by producing mainly IL-8 (Sfakianakis et al., 2001; Uchida et al., 2001; 

Huang et al., 1998), whereas peripheral blood mononuclear cells can produce IL-1β, 

IL-6 and TNF-α in response to A. actinomycetemcomitans (Reddi et al., 1996a; Reddi 

et al., 1995b). A. actinomycetemcomitans LPS appears to be a weaker stimulator of 

cytokine synthesis compared to A. actinomycetemcomitans surface associated 

proteins, or to LPS from other species such as E. coli (Wilson et al., 1996; Reddi et 

al., 1995b; Meghji et al., 1994). 

 

A. actinomycetemcomitans and induction of bone resorption 
 

Several components of A. actinomycetemcomitans have been implicated in the 

stimulation of bone-resorption or osteoclastogenesis in vitro (Henderson et al., 2003; 

Nair et al., 1996). Such components are secreted outer membrane associated 

material (Reddi et al., 1995a; Meghji et al., 1994; Wilson et al., 1985), lipid-A 

associated protein (Reddi et al., 1995a), chaperonin-60 (Kirby et al., 1995), capsular 

polysaccharide (Nishihara et al., 1995; Ueda et al., 1995) and LPS (Ueda et al., 

1998; Meghji et al., 1994; Ishihara et al., 1991; Iino and Hopps, 1984). It has been 

demonstrated that LPS from this bacterium exhibits significantly less bone resorbing 

activity, compared to its secreted proteins or to LPS from other bacteria (Reddi et al., 

1995a; Meghji et al., 1994; Wilson et al., 1985). 
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Studies on the capacity of A. actinomycetemcomitans to induce bone resorption 

in vivo have mainly focused on the involvement of antigen-activated T-cells in this 

process. It is known that the inflamed gingiva of A. actinomycetemcomitans-

associated periodontitis patients exhibit high numbers of T-cells (Kawai et al., 1998; 

Wikstrom et al., 1996), and that activated T-cells may promote bone resorption, 

playing an instrumental role in the development of periodontitis, as well as other 

diseases involving inflammatory bone destruction (Teng, 2003; Taubman and Kawai, 

2001; Kong et al., 1999b). In experimental periodontitis models, osteoclast formation 

and alveolar bone resorption were induced when A. actinomycetemcomitans-

activated T-cells, or peripheral blood mononuclear cells from patients with localized 

aggressive periodontitis were injected in rats, or mice respectively, followed by 

gingival inoculation of A. actinomycetemcomitans components (Teng, 2002; Kawai et 

al., 2000; Teng et al., 2000). Administration of OPG significantly reduced the number 

of osteoclasts in the periodontium, as well as alveolar bone resorption in vivo 

(Valverde et al., 2004; Teng, 2002; Teng et al., 2000). Activated T-cells isolated from 

diseased sites exhibited higher RANKL mRNA and protein levels, as well as an 

increased RANKL/OPG expression ratio compared to control sites. In addition, when 

cultured in vitro with osteoclast precursors, they could induce osteoclastogenesis 

(Valverde et al., 2004; Teng, 2002; Teng et al., 2000). 

 

A. actinomycetemcomitans leukotoxin 
 

The leukotoxin of A. actinomycetemcomitans has the ability to selectively kill human 

leukocytes, either by lysis or apoptosis (Lally et al., 1999; Baehni et al., 1981; Tsai et 

al., 1979). The cytotoxicity elicited by the leukotoxin may impair local defence 

mechanisms in the periodontium and therefore, it is considered an important 

mechanism for the pathogenesis of localized aggressive periodontitis. The leukotoxin 

belongs to the RTX family of toxins, which are produced by a number of Gram-

negative bacterial species, and are encoded by four genes organized in a single 

operon (Lally et al., 1999; Lally et al., 1989). It is associated to, or secreted from the 

bacterial cell membrane (Johansson et al., 2003; Kato et al., 2002; Ohta et al., 1993; 

Berthold et al., 1992; Ohta et al., 1991). The lysis of the host cells caused by the 

leukotoxin is suggested to be mediated by the β2-integrin receptor LFA-1 (Lally et al., 

1997), and Caspase-1 is involved in the lytic process (Kelk et al., 2003). The effects 
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of leukotoxin are largely dependent on the cell type, as well as the concentration of 

the toxin. Human monocytes are more sensitive to cell lysis than polymorphonuclear 

leukocytes, or lymphocytes (Kelk et al., 2003). High concentrations of the toxin 

induce cell lysis (Karakelian et al., 1998), whereas lower concentrations may induce 

apoptosis (Korostoff et al., 2000; Korostoff et al., 1998). In addition, leukotoxin 

induces degranulation (Johansson et al., 2000) resulting in MMP-8 (collagenase-2) 

secretion by polymorphonuclear leukocytes (Claesson et al.

IL-1β synthesis in human macrophages (Kelk et al., 2005). Different A. 

actinomycetemcomitans strains exhibit variable leukotoxin-producing capacities 

(Kaplan et al., 2002; Kolodrubetz et al., 1996). Localized aggressive periodontitis, as 

well as other forms of A. actinomycetemcomitans-associated periodontitis are 

primarily associated with highly leukotoxic clones of the bacterium (Haubek et al., 

2004; Haraszthy et al., 2000). Patients with localized aggressive periodontitis exhibit 

serum antibody responses to the leukotoxin (Tsai et al., 1981). 

 

A. actinomycetemcomitans Cdt and general Cdt features 
 

The ability of A. actinomycetemcomitans to cause growth arrest upon host cells has 

been thoroughly studied, and a number of cell-surface components of the bacterium 

have been implicated in this aspect (Henderson et al., 2001; Ohguchi et al., 1998; 

White et al., 1998; White et al., 1995; Helgeland and Nordby, 1993; Meghji et al., 

1992; Kamin et al., 1986; Shenker et al., 1982). However, its recently identified Cdt 

(Mayer et al., 1999; Shenker et al., 1999; Sugai et al., 1998) is its most definite 

component with this capacity, and thus, special attention has been drawn to the 

study of its structure and function. 

The action of Cdt was initially described in host cells intoxicated by bacterial 

culture supernatants of E. coli (Johnson and Lior, 1988b), as well as Campylobacter 

species (Johnson and Lior, 1988a). The cytotoxic effects included distension and 

growth arrest of the cells, eventually leading to their death. Due to the described 

effects, the toxin was assigned the name “cytolethal distending toxin”. The Cdt was 

later identified in Haemophilus ducreyi, Shigella species, Helicobacter species and A. 

actinomycetemcomitans and there is now consensus that Cdts are a new family of 

protein toxins prevalent among a number of unrelated to each other Gram-negative 

species, with the ability to cause growth arrest in a wide variety of mammalian cells 

, 2002), and stimulates
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(Thelestam and Frisan, 2004; Dreyfus, 2003; Frisan et al., 2002; Lara-Tejero and 

Galan, 2002; Cortes-Bratti et al., 2001a). Cloning of the Cdt revealed that it is 

encoded by three linked genes, namely cdtA, cdtB and cdtC, organized in a single 

operon (Shenker et al., 2000; Mayer et al., 1999; Sugai et al., 1998; Peres et al., 

1997; Pickett et al., 1994; Scott and Kaper, 1994). These genes are homologous 

among the different Gram-negative species and encode for the respective subunits of 

the toxin, namely CdtA, CdtB and CdtC, which form the tripartite protein toxin 

complex (Nesic et al., 2004; Shenker et al., 2004; Lara-Tejero and Galan, 2001). All 

three protein subunits posses signal peptide sequences consistent with the secretion 

across the bacterial cell membrane (Dreyfus, 2003). The closest homology among 

Cdts from various species is found between A. actinomycetemcomitans and H. 

ducreyi, which exhibit 95% amino acid sequence identity (Shenker et al., 1999). 

The action of Cdt appears to be caused by the CdtB subunit, whose endpoint 

target appears to be the nucleus of the cell (McSweeney and Dreyfus, 2004; Frisan 

et al., 2003; Nishikubo et al., 2003; Cortes-Bratti et al., 2000). CdtB exhibits DNase I 

homology and activity (Elwell and Dreyfus, 2000; Lara-Tejero and Galan, 2000) 

causing double strand breaks in DNA (Frisan et al., 2003; Hassane et al., 2001). 

These double strand breaks evoke DNA damage checkpoint cascades (Hassane et 

al., 2003; Li et al., 2002; Cortes-Bratti et al., 2001a), in a manner resembling the 

effects of ionizing irradiation upon host cells (Cortes-Bratti et al., 2001b). The cellular 

responses to DNA damage lead to a characteristic G2/M cell cycle arrest, hindering 

the cells from entering mitosis (Cortes-Bratti et al., 2001b; De Rycke et al., 2000; 

Lara-Tejero and Galan, 2000; Cortes-Bratti et al., 1999), although it has also been 

suggested that this cell cycle arrest may occur independently of DNA damage (Sert 

et al., 1999). However, there is now evidence that the nature of cell cycle inhibition is 

cell type specific, with human fibroblasts responding with a combined G1 and G2/M 

phase arrest (Thelestam and Frisan, 2004; Hassane et al., 2003; Cortes-Bratti et al., 

2001b). A number of intracellular events are associated with the DNA-damage 

induced cell cycle arrest, such as the accumulation of Cdk1 in its inactive 

phosphorylated form (De Rycke et al., 2000; Cortes-Bratti et al., 1999; Sert et al., 

1999; Comayras et al., 1997; Peres et al., 1997), activation of the Cdk inhibitor p21 

(Sato et al., 2002; Cortes-Bratti et al., 2001b), activation of ATM (ataxia-

telangiectasia mutated) protein kinases (Frisan et al., 2003), as well as early 

activation of p53 in fibroblasts (Cortes-Bratti et al., 2001b). Moreover, with the 
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exception of T-cells, all Cdt-intoxicated cells become enlarged (Thelestam and 

Frisan, 2004; Lara-Tejero and Galan, 2002). It is suggested that the growth arrested 

cells will eventually proceed to apoptotic cell death, in a manner similar to genotoxic 

stresses (Dreyfus, 2003; Frisan et al., 2003; Nishikubo et al., 2003; Hassane et al., 

2001; De Rycke et al., 2000). The apoptotic cell death is suggested to be a 

consequence of the cell cycle arrest in T-cells (Shenker et al., 2001), induced by the 

activation of a series of caspase enzymes (Ohara et al., 2004; Shenker et al., 2001). 

However, there is evidence that cell cycle arrest is not necessary for the induction of 

apoptosis, since non-proliferating dendritic cells may also become apoptotic upon 

Cdt-intoxication (Li et al., 2002).  

The role of CdtA and CdtC subunits is less clear, but it is postulated that they 

may facilitate the delivery of the CdtB subunit into its endpoint target in the host cell 

(Thelestam and Frisan, 2004; Lee et al., 2003; Mao and DiRienzo, 2002). There is a 

general consensus that all three subunits are required for maximal intoxication of the 

various cell types (Thelestam and Frisan, 2004; Dreyfus, 2003; Lee et al., 2003; 

Lara-Tejero and Galan, 2002; Lara-Tejero and Galan, 2000), although it has been 

demonstrated that the CdtB subunit alone is sufficient to cause growth arrest and 

apoptosis in T-cells (Shenker et al., 2004; Shenker et al., 2000), as well as gingival 

squamous carcinoma cells (Yamamoto et al., 2004). 

A. actinomycetemcomitans is the only known oral bacterial species with the 

capacity to express a Cdt, and approximately 85% of the isolates posses cdt genes, 

although there may be variations in the level of toxin production (Mbwana et al., 

2003; Yamano et al., 2003; Fabris et al., 2002; Ahmed et al., 2001). To date, no clear 

correlation has been established between Cdt activity, or the occurrence of the cdt 

gene, and clinical periodontal status (Fabris et al., 2002; Tan et al., 2002), although 

patients with localized aggressive periodontitis may exhibit serum antibody 

responses to the Cdt (Mbwana et al., 2003). Finally, it should be noted that A. 

actinomycetemcomitans Cdt may also have cytokine stimulatory activities, since it 

induces the production of IL-1β, IL-6 and IL-8, but not TNF-α, IL-12 or M-CSF by 

human peripheral blood mononuclear cells (Akifusa et al., 2001). 

 
Cell proliferation and cell cycle 

Since a major feature of Cdt action is the induction of growth arrest in mammalian 

cells, it is important to define the concepts of cell proliferation and cell cycle, in the 
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context of the present work. This information is elegantly detailed in the textbook 

“Molecular Biology of the Cell” (Alberts et al., 2002). Cell proliferation is defined as 

the dividing capacity of the cells. The ability of the cells to divide and multiply is 

essential for the development and growth of living organisms, but also for the 

replacement of senile or injured cells. The objective of cell division is to duplicate the 

chromosomes and distribute them equally to daughter cells, giving rise to progeny 

carrying identical genetic material. The orderly sequence of cell division events is 

called cell cycle. The events involved in the cell cycle process are clustered in four 

distinct phases. These are named G1 (first gap) phase, S (DNA synthesis) phase, G2 

(second gap) phase, and M (mitotic) phase, the latter being the actual cell division 

phase. The period between two mitoses is called interphase. During the G1 phase 

the cells prepare for DNA synthesis, followed by the S phase, during which the DNA 

of the cell is duplicated once. Next comes the G2 phase, which is a preparatory stage 

for cell division. Finally, the M phase is the culmination of cell division and includes 

the nuclear division (mitosis) as well as the cytoplasmic division (cytokinesis).  

A network of regulatory proteins known as the “cell-cycle control system” 

governs the progression of the cell cycle. The central proteins of this system are the 

Cdks. Their activity rises and falls throughout the progression of the cell cycle, 

leading to cyclical changes in the phosphorylation of intracellular proteins that initiate 

or regulate the major events, such as DNA synthesis, mitosis, and cytokinesis. Cdk 

activity is controlled mainly by the cyclins, a group of proteins undergoing synthesis 

and degradation throughout the cell cycle. The cyclins form complexes with the Cdks, 

and these complexes provide Cdks their protein kinase activity, which in turn triggers 

the respective cell cycle events. 

The cell cycle can be arrested at several points throughout its progression, 

termed “checkpoints”, if previous events have not been efficiently completed. For 

instance, progression through the G1 and G2 phases is delayed at the “DNA damage 

checkpoints”, if the DNA is damaged or incompletely replicated. This provides time 

for repair of the damaged DNA, preventing the generation of genetically abnormal 

cells. Defects in cell cycle regulation are a common cause of abnormal proliferation, 

such as in cancer cells. In addition, at these checkpoints the cells become responsive 

to extracellular stimuli that will promote or inhibit their proliferation. Therefore, the cell 

cycle must be carefully regulated and coordinated, in order to ensure the formation of 

healthy progeny cells that would promote the physiological function of the tissue. 
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AIMS OF THE THESIS 
 

The general aim of the thesis was to characterize in vitro cellular and molecular 

responses of human periodontal connective tissue cells to A. 

actinomycetemcomitans, and to evaluate the putative involvement of its Cdt. The 

more specific aims of this thesis were: 

 

• To characterize the growth arrest of periodontal connective tissue cells by A. 

actinomycetemcomitans, and to evaluate the involvement of its Cdt. The 

investigations included proliferation and cytotoxicity studies (Paper I), cell cycle 

phase analyses (Paper II), as well as assessment of morphological alterations 

(Papers I and II). 

 

• To investigate if A. actinomycetemcomitans can regulate the RANKL-OPG 

expression system (Paper III), as well as the expression of pro-inflammatory 

cytokines capable of regulating this system (Paper IV), in periodontal connective 

tissue cells, and to evaluate the involvement of the Cdt. 

 

The in vitro characterization of A. actinomycetemcomitans Cdt virulence may provide 

insights into the pathogenesis of the periodontal connective tissues, in forms of 

periodontal diseases where A. actinomycetemcomitans is implicated. 
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METHODS 
 
Cell cultures 
 

This thesis has dealt with human periodontal connective tissue cells, namely GF and 

PDL cells, which both exhibit a fibroblastic phenotype. The detailed methodology for 

the establishment of the GF and PDL cell lines is described in the individual papers of 

the thesis. In brief, gingival and PDL tissue biopsies were obtained from four young 

healthy individuals who had their premolars removed in the course of orthodontic 

treatment. Informed consent was given by all subjects and approval was granted by 

the Human Studies Ethical Committee of Umeå University, Sweden (§68/03, dnr 03-

029). The primary cell cultures obtained from these biopsies were sub-cultured in 

order to establish GF and PDL cell lines. The cells were cultured in Dulbecco’s 

Modified Eagle Medium, supplemented with 10% FBS and antibiotics, at  37°C  in the 

presence of 5% CO2. All cell lines were confirmed to be free of mycoplasma 

infections. The cell cultures used in the experiments were between passages 4 and 

10, and during the experiments the cultures maintained  subconfluent status. For the 

experiments, the cells were cultured in the absence (controls) or presence of 

bacterial components, at various concentrations and for various time periods. 

 

Bacterial challenge 
 

The main bacterial challenge used in this thesis was outer-membrane extracts of A. 

actinomycetemcomitans strains HK 1519 and D7SS. These strains were originally 

isolated from patients with localized aggressive periodontitis. The HK1519 strain 

belongs to serotype b (JP2-like clone) and is highly leukotoxic, whereas D7SS 

belongs to serotype a and exhibits low leukotoxic activity. The extract preparation 

procedure is described in the methodology of the individual papers. Briefly, bacteria 

were harvested from cultures, grown on blood agar plates (Hunt et al., 1986) for 2 

days at 37°C  in the presence of 5% CO2. The bacteria were suspended in 

phosphate-buffered saline containing 30% FBS,  to a final concentration of 6 x 109 

bacteria/mL. This suspension was gently agitated at 4°C for 1 h to extract bacterial 

components, and thereafter centrifugated. The collected supernatant comprised the 

bacterial extract preparation. Before the initiation of each experiment, this preparation 
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was diluted in the cell culture medium. The extract concenration used in each 

experiment is expressed as a percenatge of the above described stock-extract 

dilution (v/v) in the culture medium.  

To investigate the role of Cdt in the bacterial extracts, a cdt-deletion mutant 

(D7SS-∆cdtABC) was constructed from the parental D7SS wild-type strain. The 

deletion of the cdt operon from the D7SS-∆cdtABC was confirmed by PCR analysis 

(PAPER I), and the absence of the Cdt protein subunits from the respective bacterial 

extract was confirmed by immunoblot analysis (PAPER II). The two D7SS strains 

produced equal amounts of LPS and leukotoxin (described in PAPER III). In this text, 

the D7SS-∆cdtABC strain is designated as “D7SS cdt-mutant”, and its parental strain 

as “D7SS wild-type”. Purified recombinant Cdt holotoxin from H. ducreyi (Wising et 

al., 2002), as well as purified LPS (Kelk et al., 2005) and leukotoxin (Johansson et 

al., 2003) from A. actinomycetemcomitans were used in some of the experiments. 

The Cdts of H. ducreyi and A. actinomycetemcomitans exhibit 95% amino acid 

sequence identity (Shenker et al., 1999). Finally, antiserum raised against the H. 

ducreyi Cdt holotoxin (Wising et al., 2002) has occasionally been used to block the 

activity of the toxin in the Cdt-containing bacterial extracts. 

 

Methodology 
 

A series of methods were employed to study the various responses of GF and PDL 

cells to the bacterial challenge. The methods aimed to determine cell viability, 

metabolic activity, proliferation, cell cycle distribution, cell morphology, as well as 

gene and protein expression. 

Possible cell lysis or apoptosis in the A. actinomycetemcomitans challenged 

cells were determined by activity measurements of extracellularely released LDH, or 

intracellular Caspase-3, respectively. In addition, the viability of the cells was also 

determined by the uptake of neutral red viable dye by the viable cells (NRU assay). 

The proliferation of the cells was measured either by direct cell counts, or by a 

quantitative modification of the NRU assay. DNA-sythesis, a measure that reflects 

active cell proliferation, was determined by the incorporation of 3H-labeled thymidine 

by the cells. Protein synthesis, a measure that reflects cell metabolic activity, was 

determined by the incorporation of 3H-labeled proline by the cells. Cell cycle phase 

distribution of the cultured cells was measured by propidium iodide staining, followed 
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by flow cytometric analysis of their DNA content. Flow cytometry was also used to 

analyse the FSC and SSC of the cells, measures that correspond to cell size and cell 

granularity/structure irregularity respectively. The morphological alterations of the 

challenged cells were also studied by light microscopy. 

A large proportion of this thesis has dealt with the investigation of mRNA and 

protein expression of the bacterially challenged periodontal connective tissue cells. 

For the investigation of mRNA expression, total RNA was extracted from the cells, 

reverse-transcribed into cDNA, and the analyses were performed by semi-

quantitative RT-PCR. The studied mRNAs encode for RANKL, OPG, IL-1β, IL-6, 

TNF-α, M-CSF, IL-1R I, IL-1R II, TNF-R1, TNF-R2, IL-6, and pro-collagen type I (α1). 

The mRNA expression of OPG was also studied by quantitative real-time PCR. 

Concerning protein expression, the presence of RANKL on the surface of the 

cells was studied by flow cytometry. The cells were fixed and primarily stained with 

anti-human RANKL antibodies, or OPG-tagged Fc. The former approach is based on 

the antibody-epitope binding, whereas the latter on the ligand-receptor interaction. A 

secondary fluorescent-labeled antibody was used to detect the anti-RANKL antibody, 

or the OPG-Fc bound on the surface of the cells. The secreted or intracellular 

cytokine concentrations were determined with commercially available ELISA kits. 

Finally, to determine if RANKL induction in the cells studied is mediated by IL-

6, TNF-α, or IL-1 (all known to up-regulate RANKL), antibodies neutralizing IL-6, or 

TNF-α, or IRAP were added to the cultures, along with the bacterial extract. To 

investigate the possible involvement of PGE2, the cell cultures were pre-treated with 

indomethacin (an inhibitor of cyclooxygenase synthesis), before challenge with A. 

actinomycetemcomitans extract. 
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RESULTS AND DISCUSSION 
 

Growth arrest of periodontal connective tissue cells by A. 

actinomycetemcomitans: the role of Cdt 
 

The first part of this work characterizes the growth arrest and cytotoxicity of 

periodontal connective tissue cells elicited by A. actinomycetemcomitans and 

investigates the involvement of its Cdt in these effects. 

 

Effect of A. actinomycetemcomitans on cell death, DNA and protein synthesis  
 

Gingival fibroblasts and PDL cells were challenged with A. actinomycetemcomitans. 

After 6 h of bacterial challenge, the cells showed no signs of lysis or apoptosis 

(PAPER I, Table 1). Within this period of time, the A. actinomycetemcomitans-

challenged cells remained metabolically active, since their protein synthesis rate was 

similar to that of the unchallenged controls (PAPER I, Figure 1B), but their DNA 

synthesis rate was almost totally inhibited (PAPER I, Figure 1A). These findings are 

in accordance with previous investigations indicating that A. actinomycetemcomitans 

inhibits DNA synthesis in fibroblasts within a range of 3 h to 24 h post-intoxication, 

although during this time the cells maintain viable with unimpaired protein metabolic 

activity (White et al., 1995; Helgeland and Nordby, 1993; Kamin et al., 1986; Stevens 

et al., 1983; Shenker et al., 1982). 

 

Effect of A. actinomycetemcomitans on cell proliferation 
 

Since DNA synthesis of the challenged cells was inhibited, it was anticipated that 

their proliferation rate would decrease. Indeed, direct cell count measurements for 

up-to 72 h indicated that the bacterially challenged cells were not proliferating, in 

contrast to the controls (PAPER I, Figure 2). Assessment of cell viability using NRU 

dye confirmed that although growth-inhibited, the cells maintained viability during this 

time (PAPER I, Table 2). The inhibition of proliferation was dependant on the 

concentration of bacterial extract used (PAPER I, Figure 4). Moreover, this effect 

proved to be irreversible, since 5 min of exposure to bacterial challenge were 
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sufficient to inhibit cell proliferation over a period of 72 h (PAPER I, Figure 5). 

However, it has been reported that the cells may recover after 10 min of bacterial 

exposure (Stevens et al., 1983), or that the effect is reversible within the initial 3 h, 

but only partially reversible after 24 h and irreversible after 48 h of intoxication 

(Shenker et al., 1982). 

 

Involvement of A. actinomycetemcomitans Cdt in the inhibition of proliferation  
 

Since the antiproliferative properties of A. actinomycetemcomitans have been 

attributed to a variety of unspecific, or specific extractable components (White et al., 

1998; White et al., 1995; Helgeland and Nordby, 1993; Kamin et al., 1986; Stevens et 

al., 1983; Shenker et al., 1982), and in light of its recently identified Cdt (Mayer et al., 

1999; Shenker et al., 1999; Sugai et al., 1998), further investigations were 

undertaken to identify the role of the toxin in the observed inhibition of proliferation.   

Extract from a cdt-mutant A. actinomycetemcomitans strain was employed and the 

effects were compared to its parental wild-type strain extract. After 72 h of challenge, 

the number of cells challenged with the wild-type strain extract was 50% of the 

controls, whereas the ones challenged with the cdt-mutant was 90% of the controls 

(PAPER I, Figure 6). Therefore, the Cdt appears to be the predominant component 

responsible for this inhibition. Accordingly, the principle involvement of Cdt in A. 

actinomycetemcomitans-induced growth arrest has also been demonstrated in oral 

epithelial (DiRienzo et al., 2002), as well as in T-cells (Nalbant et al., 2003). 

 

Cell cycle analysis of proliferation inhibited cells by Cdt 
 

It has been suggested that A. actinomycetemcomitans induces growth arrest in the 

G2/M phase of the cell cycle (White et al., 1998; Helgeland and Nordby, 1993). A 

study was undertaken to characterize the cell cycle arrest of the proliferation-inhibited 

GF and PDL cells. Cells challenged with either A. actinomyctetemcomitans wild-type 

extract, or with purified H. ducreyi Cdt were distributed in both G1 and G2/M phases 

of the cell cycle, whereas cells challenged with A. actinomycetemcomitans cdt-

mutant extract showed similar cell cycle distribution to the unchallenged cells, mainly 

in the G1 phase (PAPER II, Table 1, Figures 2, 6A, 7). On the contrary, HeLa cells 

exhibited a monophasic G2/M growth arrest (PAPER II, Figure 8), confirming 
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previous findings (Thelestam and Frisan, 2004; Lara-Tejero and Galan, 2002; De 

Rycke et al., 2000; Sert et al., 1999; Sugai et al., 1998). The accumulation of Cdt-

intoxicated fibroblasts in the G2/M phase was already apparent 24 h after challenge 

and was steadily maintained throughout a 72 h period, at approximately 60% of the 

total cell population (PAPER II, Figure 2). The unchanged cell cycle distribution after 

a prolonged intoxication period (72 h) denotes the biphasic nature of the growth 

arrest, since although the majority of the cells were accumulated in the G2/M phase, 

an important proportion still remained in the G1 phase. The proportion of cells 

accumulated in the G2/M phase was gradually enhanced, by increasing bacterial 

concentrations (PAPER II, Figure 3A). However, a maximal effect was reached with 

1% bacterial concentration, resulting in approximately 60% accumulation in the G2/M 

phase (PAPER II, Figure 3B). A previous report demonstrated that an A. 

actinomycetemcomitans extract caused accumulation of GF in the G2/M phase, 

which was approximately 60% of the total cell population, while the remaining cells 

were mainly distributed in the G1 phase (Helgeland and Nordby, 1993). It is most 

likely that the extracted components used in that work included Cdt. The biphasic G1 

and G2/M growth arrest pattern of periodontal connective tissue cells in response to 

Cdt is in agreement with previous investigations studying the effects of Cdt in 

fibroblasts (Hassane et al., 2003; Cortes-Bratti et al., 2001b). This biphasic growth 

arrest could also indicate that cell cycle progression through the S phase is not 

required for Cdt intoxication, as previously suggested (Alby et al., 2001; Lara-Tejero 

and Galan, 2000; Sert et al., 1999). 

 
Morphological alterations of the cells in response to A. 

actinomycetemcomitans Cdt  
 

The action of Cdt is concomitant to morphological alterations of the intoxicated cells 

(Thelestam and Frisan, 2004; Dreyfus, 2003; Lara-Tejero and Galan, 2002). In the 

present studies, A. actinomycetemcomitans caused morphological alterations to the 

cells. Light microscopy revealed that the challenged cells appeared elongated, 

distended with cytoplasmic protrusions and slightly enlarged nuclear area, whereas 

the controls exhibited the typical spindle shaped fibroblastic morphology (PAPER I, 

Figure 3). All of these morphological alterations are in accordance to the previously 

described effects of A. actinomycetemcomitans extractable components upon 
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fibroblastic cells (White et al., 1995; Helgeland and Nordby, 1993; Kamin et al., 

1986). The size and structure of the cells were further analyzed by FSC and SSC 

flow cytometric measurements respectively. These analyses confirmed the 

morphological alterations observed using light microscopy, and indicated that these 

events were attributable to the Cdt. The wild-type A. actinomycetemcomitans strain 

caused cellular enlargement and structural irregularity. In contrast, cells challenged 

with the cdt-mutant maintained intact cellular morphology, similar to that of the 

controls (PAPER II, Figure 4A). Both G1 and G2/M arrested cells were enlarged 

(PAPER II, Figure 5 and Table 2), indicating that the cellular enlargement does not 

occur solely in the nucleus, because of the double DNA content (4n) of the G2/M 

arrested cells, but it is rather a cytoskeletal event. Finally, the increased cell structure 

irregularity occurring in the Cdt-intoxicated cells may also be attributed to cytoskeletal 

changes. To this extent, it has recently been demonstrated that actin stress fibers are 

induced in the cytoskeleton of Cdt-intoxicated cells (Frisan et al., 2003). 

 
Regulation of osteoclast activating cytokines in periodontal 

connective tissue cells by A. actinomycetemcomitans Cdt 
 

The second part of this work deals with the regulation of inflammatory cytokines in 

periodontal connective tissue cells by A. actinomycetemcomitans, and evaluates the 

involvement of the Cdt. Primary focus is given to the investigation of the expression 

of molecules known to be crucial for the induction of osteoclastogenesis. 

 

Regulation of the RANKL-OPG system in periodontal connective tissue cells by 
A. actinomycetemcomitans 
 

The cells constitutively expressed OPG, but not RANKL, under the experimental 

conditions studied. The possibility of A. actinomycetemcomitans regulating the 

expression of the RANKL-OPG system was investigated. After 24 h of bacterial 

challenge, RANKL mRNA was clearly induced in all GF and PDL cell lines studied, as 

indicated by semi-quantitative RT-PCR (PAPER III, Figure 1). The expression of 

OPG remained unaffected, as indicated by both semi-quantitative RT-PCR and 

quantitative real time PCR (PAPER III, Figure 1 and Table 3A). Induction of RANKL 
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mRNA was already apparent 6 h after bacterial challenge (PAPER III, Figure 2A), 

and proved to be concentration-dependent (PAPER III, Figure 2B). The enhanced 

RANKL mRNA expression resulted in higher levels of cell surface RANKL protein, 

documented in flow cytometric analysis, by use of either anti-RANKL antibody or 

OPG-tagged Fc (PAPER III, Figure 3). The secreted OPG protein levels were 

unaffected by A. actinomycetemcomitans challenge, in line with the mRNA 

expression data (PAPER III, Table 2B). It has been previously demonstrated that 

CD4+ T-cells express RANKL in response to A. actinomycetemcomitans (Teng, 

2002; Teng et al., 2000). The present work indicates that periodontal connective 

tissue cells are also responsive to A. actinomycetemcomitans, in terms of RANKL 

induction. 

 
The crucial role of Cdt in RANKL induction by A. actinomycetemcomitans 
 

The next step was to identify the responsible A. actinomycetemcomitans component 

for the induction of RANKL. At first, the D7SS cdt-mutant A. actinomycetemcomitans 

strain extract was employed to challenge the cells and the elicited responses were 

compared to its parental wild-type strain. The wild-type strain, but not the cdt-mutant, 

induced both mRNA and protein RANKL expression (PAPER III, Figure 4), 

implicating Cdt as the responsible component for this induction. OPG mRNA 

expression was unaffected (PAPER III, Figure 4A and Table 3C). Further on, purified 

recombinant H. ducreyi Cdt was used to challenge the cells. It was demonstrated that 

this toxin alone could induce RANKL expression in a concentration-dependent 

manner (PAPER III, Figure 5A), indicating that synergism with other components in 

the extract is not required. In addition, at high concentrations, Cdt could down-

regulate OPG mRNA expression (PAPER III, Figure 5B). It is noteworthy that 

reconstitution of the A. actinomycetemcomitans wild-type strain extract by adding 

purified Cdt protein in the cdt-mutant strain extract, could re-establish RANKL 

induction in the challenged cells (PAPER III, Figure 5B). Another way to demonstrate 

the involvement of Cdt was by pre-treating A. actinomycetemcomitans wild-type 

extract with polyclonal antiserum raised against the H. ducreyi Cdt holotoxin. Pre-

treatment with this antiserum abolished the extract’s capacity to induce RANKL 

mRNA expression (PAPER III, Figure 6B, 6C). Finally, the possibility that the other 

two most well characterized A. actinomycetemcomitans virulence factors (leukotoxin 
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and LPS) could alone induce RANKL expression was investigated. Cells exposed to 

the purified form of these molecules did not express RANKL, in contrast to cells 

exposed to Cdt alone (PAPER III, Figure 7). Therefore, it appears that Cdt is the 

responsible component for the induction of RANKL in periodontal connective tissue 

cells by A. actinomycetemcomitans. This event is likely to increase the RANKL/OPG 

expression ratio of the challenged cells, enhancing their capacity to induce 

osteoclastogenesis by cell-to-cell interaction with osteoclast progenitor cells, via the 

RANKL-RANK pathway.  

Previous studies have shown that the gingipains of P. gingivalis (Okahashi et 

al., 2004) and the LPS of A. actinomycetemcomitans (Kikuchi et al., 2001), T. 

denticola (Choi et al., 2003), or E.coli (Kikuchi et al., 2001; Sakuma et al., 2000) 

induce RANKL expression in murine osteoblasts. E. coli LPS was shown to induce 

RANKL expression in PDL cells (Wada et al., 2004), although according to another 

report the same LPS failed to elicit this effect in GF (Nagasawa et al., 2002). Both 

reports indicated that E. coli LPS induces OPG expression in the studied periodontal 

connective tissue cells (Wada et al., 2004; Nagasawa et al., 2002). A. 

actinomycetemcomitans LPS, at concentrations used in the present work, failed to 

induce RANKL expression in GF and PDL cells, as opposed to the Cdt (PAPER III, 

Figure 7). This is not surprising, since it has been shown that outer membrane 

proteinacous components of A. actinomycetemcomitans are more potent inducers of 

cytokine production and bone resorption compared to its LPS, which is also less 

potent than E. coli LPS in these aspects (Reddi et al., 1995a; Reddi et al., 1995b; 

Wilson et al., 1985). 

 

Involvement of secondary mediators in RANKL induction by A. 

actinomycetemcomitans 
 

Once it was established that A. actinomycetemcomitans induces RANKL expression 

by periodontal connective tissue cells, the question of whether this is a secondary 

event to the enhancement of the expression of other inflammatory mediators was 

addressed. Inflammation-related molecules known to enhance RANKL expression 

are the cytokines IL-1, IL-6 and TNF-α, as well as the prostanoid PGE2 (Lerner, 

2004). Therefore, the activity of these molecules was blocked using various 

strategies, in order to investigate if RANKL would still be induced in response to A. 
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actinomycetemcomitans challenge. The action of IL-1 was blocked by addition of its 

soluble receptor antagonist IRAP, whereas TNF-α and IL-6 were neutralized with 

their respective antibodies. PGE2 synthesis was inhibited by pre-treatment of the 

cells with indomethacin, a potent inhibitor of cyclooxygenases crucial for PGE2 

biosynthesis. None of these treatments decreased or abolished the A. 

actinomycetemcomitans-induced expression of RANKL (PAPER IV, Figure 4), 

indicating that this event is not dependent on the suggested inflammatory mediators. 

E. coli LPS was shown to induce RANKL expression in human PDL cells mediated by 

IL-1β and TNF-α (Wada et al., 2004). However, studies in mouse osteoblasts 

demonstrated that the same LPS induces RANKL expression independently of TNF-

α or PGE2 (Kikuchi et al., 2001), whereas others claim that this induction may occur 

both dependently and independently of PGE2 synthesis (Sakuma et al., 2000). In light 

of the previous investigations demonstrating a putative involvement of inflammatory 

mediators in LPS-induced RANKL expression, the present finding denotes a unique 

mechanism of RANKL induction by the Cdt, independent of such mediators. 

 
Regulation of pro-inflammatory osteolytic cytokines and their cognate 
receptors by A. actinomycetemcomitans and the role of Cdt 
 

The possibility that A. actinomycetemcomitans regulates the expression of pro-

inflammatory cytokines or their cognate receptors in GF, was also investigated. The 

studied cytokines, IL-1β, TNF-α, IL-6 and M-CSF, are implicated in the enhancement 

of osteoclastogenesis and bone resorption (Teitelbaum and Ross, 2003). A. 

actinomycetemcomitans up-regulated IL-6, IL-1β and to a minimal extent TNF-α, but 

did not affect M-CSF mRNA expression. Both the D7SS wild-type and cdt-mutant 

strains enhanced the mRNA expression of these cytokines to a similar level, 

indicating that Cdt was not involved in these up-regulations (PAPER IV, Figure 1). 

The mRNA expressions of their cognate receptors IL-1RI, IL-1RII, IL-6R, TNF-R1 and 

TNF-R2 were not affected (PAPER IV, Figure 2). At the protein level, only IL-6 was 

secreted in response to both A. actinomycetemcomitans wild-type and cdt-mutant 

strains, whereas the concentration of secreted or intracellular IL-1β and TNF-α were 

below detection limits (PAPER IV, Table 2). This indicates that A. 

actinomycetemcomitans induces IL-6, but not IL-1β or TNF-α protein synthesis in GF, 

a finding which is in line with previous reports (Uchida et al., 2001; Dongari-
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Bagtzoglou and Ebersole, 1998; Dongari-Bagtzoglou and Ebersole, 1996a; Dongari-

Bagtzoglou and Ebersole, 1996b; Reddi et al., 1996b; Reddi et al., 1996a; Reddi et 

al., 1995b). In contrast to GF, it has been shown that peripheral blood mononuclear 

cells can produce all three cytokines in response to A. actinomycetemcomitans 

(Reddi et al., 1996a; Reddi et al., 1995b), whereas gingival epithelial cells respond 

mainly by producing IL-8 (Sfakianakis et al., 2001; Uchida et al., 2001; Huang et al., 

1998). A limited difference in secreted IL-6 concentration was observed between 

D7SS wild-type and D7SS cdt-mutant challenged cells, which did not prove to be 

statistically significant (PAPER IV, Table 2). A previous study indicated that 

Campylobacter jejuni stimulates IL-1β, TNF-α and IL-6 protein production in a human 

monocytic cell line, most likely independent of its Cdt (Jones et al., 2003). 

Nevertheless, the possibility that Cdt alone induces cytokine production by the cells 

was further investigated. When GF were exposed to purified H. ducreyi Cdt IL-6, but 

not IL-1β or TNF-α protein secretion was enhanced (PAPER IV, Figure 3B). Heat 

treatment of the toxin preparation abolished its capacity to stimulate IL-6 production, 

excluding the possibility that contaminant LPS was responsible for this effect. 

However, the amount of IL-6 produced in response to purified Cdt was considerably 

lower than that induced by the bacterial extracts (2-fold by Cdt, versus 8- to 10-fold 

by the extracts; PAPER IV, Table 2 and Figure 3B). This indicates that components 

other than Cdt, present in the bacterial extracts are the most potent inducers of IL-6 

synthesis.  The observation that Cdt alone can regulate IL-6 protein production is in 

accordance with a previous report demonstrating that recombinant A. 

actinomycetemcomitans Cdt stimulates IL-1β and IL-6, but not TNF-α protein in 

human peripheral blood mononuclear cells (Akifusa et al., 2001). 
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CONCLUSIONS AND GENERAL DISCUSSION 
 

A. actinomycetemcomitans is found at elevated proportions in subgingival bacterial 

biofilms and occasionally in the periodontal connective tissues of patients with 

localized aggressive periodontitis. Its toxins can be released from the bacterial 

surface and are likely to diffuse into the deeper periodontal tissues, a possibility 

supported by the serum antibody responses of periodontitis patients to LPS, 

leukotoxin and Cdt. This evidence supports the notion that diffused A. 

actinomycetemcomitans components may directly interact with cells of the 

periodontal tissues in vivo.  The Cdt of A. actinomycetemcomitans is a recently 

identified putative virulence factor of the bacterium that may increase its arsenal 

against the host target. The significance of this thesis relates to the identification of 

cellular and molecular responses of periodontal connective tissue cells to A. 

actinomycetemcomitans, with special focus on the role of Cdt. The results revealed 

two major responses attributed to A. actinomycetemcomitans Cdt: 

 

a) Growth arrest: Cdt is responsible for inhibiting the proliferation of periodontal 

connective tissue cells, which maintain their viability and metabolic activity. This 

inhibition is a result of a biphasic cell cycle arrest, and is accompanied by 

morphological alterations of the cells. 

 

b) Induction of RANKL: Cdt is responsible for inducing RANKL but not OPG in 

periodontal connective tissue cells, in a manner that increases the RANKL/OPG 

ratio. This event occurs independently of the induction of other inflammatory 

mediators associated with bone resorption. 

 

Cell growth is a crucial feature for the physiological remodeling of a tissue. Tissue 

homeostasis is maintained by the uninterrupted and equilibrated regulation of growth 

and breakdown of its cellular and molecular components, according to the functional 

needs. Therefore, inadequate growth may shift this homeostatic equilibrium towards 

breakdown, due to impeded formation, rather than enhanced destruction. It can be 

postulated that interference of the Cdt with fibroblast proliferation may hamper the 

overall capacity of the gingival and PDL tissues for growth and renewal of their 

cellular and extracellular content. The proliferation and turnover rate of periodontal 
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tissues in adolescents is higher than in adults. Therefore, inhibition of proliferation 

could potentially be more detrimental to young than adult periodontal tissues, 

mirroring the nature of aggressive periodontitis. Clinically, these events may reflect 

connective tissue attachment loss.  

The second Cdt-related event identified in this thesis, is the induction of RANKL 

by the studied cells, with a potential increase in the RANKL/OPG expression ratio. It 

is important to emphasize that this event occurs independently of other inflammatory 

mediators related to bone resorption, indicating a unique mechanism of action by the 

Cdt. RANKL is the key osteoclast differentiation factor. Most factors capable of 

 
expression ratio is decisive for the occurrence of osteoclastogenesis and bone 

resorption. A large proportion of resident periodontal connective tissue cells are 

anatomically located at the alveolar bone front. In addition, the periodontal 

connective tissues are encountered by pre-osteoclasts (monocyte/macrophage 

lineage) through blood microcirculation. Taken together, it could be hypothesized that 

RANKL induction in connective tissue cells residing at the alveolar bone resorption 

front may locally activate incoming osteoclast precursors to differentiate into mature 

osteoclasts (Figure 2). This sequence of events may be instrumental to the initiation 

of alveolar bone resorption, a major histopathologic trait of aggressive periodontitis. 

All of the proposed host responses to the Cdt indicate that the induced effects 

are potentially associated to tissue pathology, implying that the toxin is a potential 

virulence factor of the Gram-negative species that express it. The differential 

responses elicited by the toxin may denote different roles of the cells involved in the 

pathogenesis of diseases where Cdt-producing bacteria are implicated, such as A. 

actinomycetemcomitans in localized aggressive periodontitis. Growth arrest and 

morphological alterations of the constantly renewing gingival epithelial cells may 

compromise bacterial clearance and facilitate bacterial invasion and multiplication in 

the deeper periodontal tissues. Impeded remodeling of the periodontal connective 

tissues may result in connective tissue attachment loss, and growth arrested 

lymphocytes in the periodontium may result in impaired local host immunity to 

bacterial challenge. Finally, induction of RANKL in the resident periodontal 

fibroblasts, and potentially in lymphocytes present in the periodontal tissues, may 

locally activate bone resorption, leading to alveolar bone loss. 

stimulating bone resorption act via enhancing its expression. The RANKL/OPG
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Figure 2: Putative involvement A. actinomycetemcomitans Cdt in periodontal 

connective tissue pathogenesis. The Cdt-intoxicated fibroblasts are growth arrested, 

distended and induced to express RANKL on their cell membrane, but continue to 

produce rather high levels of OPG. The resulting increase in the RANKL/OPG 

expression ratio may denote an enhanced osteoclastogenic capacity: osteoclast 

precursors, coming from the blood circulation into the periodontal connective tissues, 

encounter the RANKL expressing fibroblasts. This event could potentially trigger their 

differentiation and fusion into mature osteoclasts, through the RANK receptor on their 

surface. Subsequently, osteoclasts developed on the surface of the alveolar bone 

ridge start to resorb bone, resulting in alveolar bone destruction, and eventually tooth 

loss. 
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