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Abstract

Aim: Capsular polysaccharides play an important role in the virulence of Gram-
positive and Gram-negative bacteria. In Porphyromonas gingivalis, six serotypes have
been described based on capsular antigenicity and its pathogenicity has been correlated
both in vitro and in animal models. This study aimed to investigate the differential
response of human dendritic cells (DCs) when stimulated with different P. gingivalis
capsular serotypes.

Materials and Methods: Using different multiplicity of infection (MOI) of the
encapsulated strains K1-K6 and the non-encapsulated K~ strain of P. gingivalis, the
mRNA expression levels for interleukin (IL)-1p, IL-2, IL-5, IL-6, IL-10, IL-12, IL-13,
interferon (IFN)-y, tumour necrosis factor (TNF)-«, and TNF-f in stimulated DCs
were quantified by real-time reverse transcription-polymerase chain reaction.
Results: All P. gingivalis capsular serotypes induced a T-helper type 1 (Thl) pattern
of cytokine expression. K1- and K2-stimulated DCs expressed higher levels of IL-1,
IL-6, IL-12p35, IL-12p40, and IFN-y and at lower MOI than DCs stimulated with the
other strains.

Conclusions: These results demonstrate a differential potential of P. gingivalis
capsular serotypes to induce DC responses and a higher capacity of strains K1 W83
and K2 HG184 than other K serotypes to trigger cytokine expression.
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Periodontitis is a chronic infection eli-
cited by bacteria residing at the subgin-
gival biofilm. Although bacteria may
cause direct tissue destruction, their
pathogenicity relies mainly on the acti-
vation of host immuno-inflammatory
mechanisms. These bacterial-host inter-
actions at the biofilm—periodontium
interface trigger the synthesis of cyto-
kines and inflammatory mediators that
promote the release of enzymes and
bone-associated molecules that finally
induce the alterations of the connective
tissue metabolism and the destruction of
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the tooth-supporting alveolar bone char-
acteristic of periodontitis (Offenbacher
1996). Only a limited number of bacter-
ial species, from > 500 identified in the
subgingival biofilm, have been asso-
ciated with periodontitis (Socransky &
Haffajee 1994, van Winkelhoff et al.
2002, Curtis et al. 2005). Among these,
Porphyromonas gingivalis, a strict anae-
robic Gram-negative pathogen, has been
strongly associated with periodontitis,
playing an important role in its aetiology
(van Winkelhoff et al. 1988, Slots &
Ting 1999, Herrera et al. 2008).
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P. gingivalis expresses a number of
virulence factors that may contribute to
periodontitis pathogenesis (Curtis et al.
2005). Similar to other Gram-negative
bacteria, P. gingivalis can synthesize an
extracellular capsule, composed of nega-
tively charged polysaccharides, which
enables this bacteria to withstand phago-
cytosis (Schifferle et al. 1989, Farquhar-
son et al. 2000). Six different serotypes
based on capsular (K) antigens have been
described for P. gingivalis and designated
K1 (strain W83), K2 (strain HG184), K3
(strain A7A1-28), K4 (strain ATCC-
49417), KS (strain HG1690), and K6
(strain HG1691) (van Winkelhoff et al.
1993, Laine et al. 1996). When subcuta-
neously inoculated in experimental ani-
mals, all six K serotypes were highly
virulent, causing a phlegmonous infec-
tion, often accompanied by ulceration
and/or necrosis, whereas the non-encap-
sulated (K ™) strain 381 was less virulent,
causing localized abscesses (Laine &
van Winkelhoff 1998). On murine macro-
phages, P. gingivalis strains K1 W50
and W83 elicited, in a dose- and
time-dependent manner, a more potent
chemokine expression than the other K
serotypes (d’Empaire et al. 2006).

The type of capsule present might
have a significant influence on the host—
pathogen interactions during infection.
Because the serotype K1 of P. gingivalis
plays a role in inflammatory cell activa-
tion and recruitment during the innate
immune response (d’Empaire et al
2006), it can be speculated that it might
also play a relevant role in the induction
of adaptive immune responses leading to
connective tissue and bone destruction
during periodontal disease. Dendritic
cells (DCs) link the innate and adaptive
immune responses and, as specialized
antigen-presenting cells, are able to
prime naive T-cells, polarizing them
towards T-helper type 1 (Thl), Th2, or
Th17 phenotypes, and thus might be able
to influence the periodontitis phenotype
(Cutler & Jotwani 2006). Hence, we
hypothesized that P. gingivalis K sero-
types trigger differential DCs responses
and distinct cytokine expression profiles.

Materials and Methods
Bacterial growth conditions and curves

The encapsulated strains W83 (K1),
HG184 (K2), A7A1-28 (K3), ATCC-
49417 (K4), HG1690 (K5), and HG1691
(K6) and the non-encapsulated strain
ATCC-33277 (K™) of P. gingivalis were

cultured on 5% horse blood agar (Oxoid
N°2; Oxoid Ltd., Basingstoke, UK),
supplemented with haemin (5 mg/l) and
menadione (1mg/l), under anaerobic
conditions (80% N,, 10% CO,, and
10% H,) at 37°C. In order to obtain
a reliable number of colony-form-
ing units for the stimulation of DCs,
growth curves were obtained in liquid
brain-heart infusion medium (Becton
Dickinson, Le Pont de Claix, France),
supplemented with haemin and mena-
dione, as described previously (Vernal
et al. 2008a).

DCs’ differentiation and activation

Purified DCs were obtained and stimu-
lated as described previously (Vernal
et al. 2008a). Briefly, peripheral blood
mononuclear cells (PBMCs) were iso-
lated from buffy coats from 12 healthy
donors following a Ficoll gradient
(Ficoll-Paque Plus; Amersham Pharma-
cia Biotech, Uppsala, Sweden). For gen-
erating DCs, monocytes were purified
from PBMCs by magnetic-cell-sorting
(MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany) and cultured at
10%cells/ml in RPMI-1640 containing
10% foetal calf serum (Gibco Invitrogen
Corp., Grand Island, NY, USA) and
1000 U/ml of rhGM-CSF and rhIL-4
(Immunotools, Friesoythe, Germany)
for 6 days at 37°C. The DCs were then
stimulated with increasing multiplicity
of infection (MOI) of 0.1, 1, 10, 102, or
10% (bacteria/DCs ratio) of P. gingivalis
strains K1-K6 for 2 days. DCs stimu-
lated with increasing MOI of the K™
strain of P. gingivalis or 10 ng/ml of the

Escherichia coli 0111:B4 lipopolysac-
charide (LPS) (Fluka, Sigma-Aldrich
Chemie, Buchs, Switzerland) were
used for comparison. Non-induced DCs
served as the control.

Flow cytometry analysis

The efficiency of monocyte purification,
their differentiation towards DCs, and
their subsequent activation were ana-
lysed by flow cytometry as described
previously (Vernal et al. 2006). Briefly,
cells were stained with 10 ul of phycoer-
ythrin (PE)-, fluorescein isothiocyarate
(FITC)- or PE/cyanine 5 (Cy5)-conju-
gated anti-CD14, CDl1a, CD80, CD83,
and CD86 monoclonal antibodies (BD
Biosciences Pharmingen, San José, CA,
USA) for 30min. at 4°C in the dark.
Then, cells were washed and resus-
pended in 300 ul of PBS to be analysed
using flow cytometry (EPICS XL, Beck-
man Coulter, Fullerton, CA, USA).

RNA isolation and real-time polymerase
chain reaction (PCR)

Cytoplasmic RNA was isolated from
DCs using the Nonidet-P40 method as
described previously (Vernal et al.
2008b). Reverse transcription was per-
formed using a Transcriptor First Strand
cDNA synthesis kit following the man-
ufacturer’s recommendations (Roche
Applied Science, Mannheim, Germany).
To examine the mRNA expression for
the cytokines interleukin (IL)-18, IL-2,
IL-5, IL-6, IL-10, IL-12, IL-13, inter-
feron (IFN)-y, tumour necrosis factor
(TNF)-, and TNF-$ and for the major

Table 1. Forward primers, reverse primers and PCR probes used for cytokine and HLA-DRA
mRNA and 18S rRNA amplifications by quantitative real-time PCR

Cytokine Forward primer Reverse primer PCR probe™
IL-1p ctgtectgegtgttgaaaga ttgggtaatttttgggatctaca 78
IL-2 aagttttacatgcccaagaagg aagtgaaagtttttgctttgage 65
IL-5 ctctgaggattcetgttectgt cagtacccccttgcacagtt 47
IL-6 gcccagetatgaactecttct gaaggcagcaggceaacac 45
IL-10 tgggggagaacctgaagac ccttgetettgttttcacagg 30
IL-12p35 cactcccaaaacctgetgag tctcttcagaagtgcaagggta 50
IL-12p40 ccctgacattctgegttca aggtcttgtccgtgaagactcta 37
IL-13 agccctcagggagceteat ctccataccatgetgcecatt 17
TNF-a cagcctcttctcetteetgat gccagagggctgattagaga 29
TNF-f ctaccgcccagceagtgte gtggtgtcatggggaga 13
IFN-y ggcattttgaagaattggaaag tttggatgetetggtcatctt 21
HLA-DRA actatactccgatcaccaatgaca tgcggaaaaggtggtett 4
18S rRNA ctcaacacgggaaacctcac cgctcecaccaactaagaacg 77

*Number of the specific FAM dye-labelled probe selected from the quantitative real-time PCR

system (Roche).

IL, interleukin; TNF, tumour necrosis factor; IFN, interferon; PCR, polymerase chain reaction;
HLA-DRA, major histocompatibility complex class IT DRo.

© 2009 John Wiley & Sons A/S



histocompatibility complex class II DRa
(HLA-DRA), 50ng of cDNA were
amplified by quantitative real-time
PCR in 384-well plates, using the appro-
priate primers and probes (Table 1) and
the FastStart Tagman Probe Master
(Roche Applied Science), in an ABI
PRISM 7900 Sequence Detector System
(Applied Biosystems, Foster City, CA,
USA) as described previously (Vernal
et al. 2008b). As an endogenous control,
18S rRNA expression levels were deter-
mined. A sample of each reaction was
run in a 2% agarose gel, stained with
0.5 pg/ml ethidium bromide for 30 min.,
and de-stained with 1 mM MgSO, for
20 min. at room temperature.

Data analysis

The flow cytometry data were analysed
using the WinMDi 2.9 software (The
Scripps Research Institute, La Jolla, CA,
USA), represented as histograms and
expressed as the percentage of positive
cells over the total. The quantitative
PCR data were analysed using the ABI
PRISM software (Applied Biosystems),
and the relative quantification was
obtained using the 2722¢% method
(Livak & Schmittgen 2001). Data were
statistically analysed using the SPSS
15.0 software (Lead Technologies Inc.,
Charlote, NC, USA). The normality of
data distribution was determined using
the Shapiro-Wilk test. Differences
regarding CD-expression levels were
determined using the % test, and the
differences between groups and within
each group regarding the cytokine and
HLA-DRA mRNA expression were
determined using the unpaired Krus-
kal-Wallis and one-way analysis of
variance tests and the Tukey post hoc
test. Statistical significance was assumed
when p<0.05.

Results

A highly purified (>97%) monocyte
population (CD14-positive cells) was
isolated from buffy coats (Fig. 1). A
high percentage (>96%) of DCs differ-
entiated from these monocytes following
rhGM-CSF/rhIL-4 stimulation was ob-
tained, as demonstrated by the ap-
pearance of CDla antigen, loss of the
monocyte—-macrophage marker CDI14,
and the increase in CD86-positive cells
(Fig. 1). DC activation by P. gingivalis
was confirmed by the increased ex-
pression of CD83 and CD80 (Fig. 1).

© 2009 John Wiley & Sons A/S
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Dendritic cell response to P. gingivalis K-serotypes
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Fig. 1. Monocyte purification, differentiation, and dendritic cell activation. Flow cytometry
analyses demonstrating the efficiency of monocyte purification from peripheral blood
mononuclear cells previously isolated from buffy coats (CD14-positive cells), their differ-
entiation towards dendritic cells (CDla- and CD86-positive cells), and their subsequent
activation (CD80- and CD83-positive cells) from a representative experiment, after a 48-h
stimulation with Porphyromonas gingivalis strain K1 W83 (MOI 10%). The data from each
experiment were expressed as percentage of positive cells and represented as mean + SD
from 12 independent experiments. Pg, Porphyromonas gingivalis; CD, cluster of differentia-
tion; PE, phycoerythrin; Cy5, PE/cyanine 5; FITC, fluorescein isothiocyarate.
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The different P. gingivalis K serotypes
induced DC maturation to a similar
extent (>94%) as demonstrated by
the expression levels of CDS83 and
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Fig. 2. Dendritic cell activation following stimulation with Porphyromonas gingivalis capsular
serotypes. (a) Flow cytometry analyses comparing dendritic cell activation (CD80- and CD83-
positive cells) from a representative experiment, after a 48-h stimulation with the encapsulated
strains K1-K6 or the non-encapsulated (K ™) strain of Porphyromonas gingivalis (MOI 10°).
The data from each experiment were expressed as percentage of positive cells and represented
as mean + SD from 12 independent experiments. (b) major Histocompatibility complex class
II DR (HLA-DRA) mRNA expression determined by quantitative real-time polymerase chain
reaction in the samples described in (a). For relative expression, the HLA-DRA mRNA
expression in non-induced dendritic cells (n.i.) was considered as 1, as a reference for fold-
change in expression. Data are represented as fold change for 12 independent experiments. The
box plots show the medians, first, and third quartiles as boxes and 10th and 90th percentiles as
whiskers. CD, cluster of differentiation.
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Fig. 3. Cytokine mRNA expression determined by quantitative real-time polymerase chain
reaction. The relative expressions for the cytokines IL-1f3, IL-6, IL-10, IL-12p35, IL-12p40,
IFN-y, TNF-o, and TNF-f mRNAs in dendritic cells stimulated with increasing MOI (0.1, 1,
10, 10%, or 10%) of the encapsulated strains KI1-K6 of Porphyromonas gingivalis were
represented as fold change. Cells stimulated with Escherichia coli lipopolysaccharide (LPS,
filled squares) or increasing MOI of the non-encapsulated (K ™) strain of P. gingivalis (filled
circles) were used as controls. Cytokine expression in non-induced dendritic cells (not
shown) was considered 1 for relative quantification and used as a reference for the fold
change in cytokine expression. Data from 12 independent experiments are expressed as mean.
IFN, interferon; IL, interleukin; TNF, tumour necrosis factor; MOI, multiplicity of infection
(bacteria/dendritic cells ratio).
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Fig. 4. Polymerase chain reaction analysis of cytokine mRNA expression. The expression for
the cytokines IL-1f, IL-2, IL-5, IL-6, IL-10, IL-12p35, 1L-12p40, IL-13, IFN-y, TNF-¢, and
TNF-f mRNAs was determined in dendritic cells stimulated at MOIs of 10? or 10% of the
Porphyromonas gingivalis-encapsulated strains K1-K6 or the non-encapsulated (K ™) strain
(filled-circles, used as controls). Data are represented as fold-change mean for 12 independent
experiments. Grey area: p<0.05. IFN, interferon; IL, interleukin; TNF, tumour necrosis
factor; MOI, multiplicity of infection (bacteria/dendritic cells ratio).

A dose-dependent increase in the expres-
sion levels for IFN-y, IL-1f, IL-12p35,
IL-12p40, TNF-¢;, TNF-$, IL-6, and IL-
10 was elicited on DC cells following
stimulation with each of the K strains of
P. gingivalis and the observed DC
response was characteristic of a Thl
pattern of cytokine expression (Fig. 3).
P. gingivalis strains K1 and K2 elicited
higher expression levels of IFN-y, IL-1f,
IL-12p35, IL-12£)40, and IL-6 mRNAs
(at MOIs of 10° and 10° p<0.05) on
DC:s than the strains K3—K6 and the K™
strain of P. gingivalis (Fig. 4). The strain
K1 elicited a higher increase in the
expression of TNF-f mRNA (at an
MOI of 10° p<0.05) as compared with
the other P. gingivalis strains (Fig. 4). In
addition, the strain K2 elicited a higher
increase in the expression of TNF-o
mRNA (at MOIs of 10* and 10’
p<0.05) as compared with the strains
K3-K6 and the K™~ strain of P. gingi-
valis (Fig. 4). P. gingivalis strains K3-
K5 induced weak mRNA expression of

© 2009 John Wiley & Sons A/S

IFN-y, IL-18, IL-12p35, IL-12p40 TNF-
p, and IL-10 in stimulated DCs, compar-
able to the levels obtained with the K™
strain of P. gingivalis. Conversely, the
strains K1 and K2 down-regulated
the IL-10 mRNA expression in DCs
as compared with the K™ strain of
P. gingivalis (Figs 3 and 4). In all
experiments, the IL-2, IL-5, and IL-13
mRNA levels remained undetectable for
each condition analysed (Fig. 5).
Furthermore, our data show that while
in DCs stimulated with the strain K1 or
K2 the induction of IFN-y, IL-1f, IL-
12p35, IL-12p40, TNF-«, TNE-f, and
IL-6 mRNAs was detectable after chal-
lenge with an MOI of 0.1, the other K
serotypes required a 10°~10°-fold higher
bacterial challenge for detectable expres-
sion of these cytokines (Fig. 3).

Discussion

In this study, monocytes were purified
and differentiated into DCs to compare
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the cytokine mRNA expression levels
following their challenge with the dif-
ferent K serotypes of P. gingivalis. DCs’
differentiation was associated with an
increase in their cell size, loss of the
monocyte-macrophage marker CD14,
and increased expression of the trans-
membrane glycoproteins CDla and
CD86 (B7.2), known mediators of the
presentation of microbial antigens to T-
lymphocytes (Smyth et al. 2005). DCs’
activation was associated with the
expression of the type-I integral mem-
brane glycoproteins CD80 (B7.1) and
CD83, cell surface markers for fully
matured DCs (Gemmell et al. 2007,
Breloer & Fleischer 2008).

In this investigation, T-cell-depleted
DC cultures were used, evidenced by the
absence of detectable IL-2 expression
levels in each experiment. Stimulation
of DCs with K serotypes of P. gingivalis
induced a predominant Thl cytokine
response, as determined by the high
levels of IL-1f, IL-12p35, IL-12p40,
and IFN-y. The DC response induced
by the serotypes K1 or K2 showed a
significantly higher expression of IL-1,
IL-6, IL-12, IFN-y, TNF-o, and TNF-f
mRNAs in comparison with the strains
K3-K6 and the K™ strain of P. gingi-
valis. In addition, distinct thresholds for
the cytokine expression were detected,
demonstrating that apart from differ-
ences in antigenicity among K sero-
types, cytokine expression is also a
function of the antigenic load.

A virulence increase of the encapsu-
lated P. gingivalis strains, as compared
with the K~ strain, has been proven
when these pathogens were inoculated
in a mouse model of experimental infec-
tion (Laine & van Winkelhoff 1998).
P. gingivalis serotypes were unequally
distributed among periodontitis patients,
the strains K5 and K6 being the pre-
dominant serotypes (Laine et al. 1997).
In addition, differences in cell adhesion
have been reported and it was found that
the serotype K4 had higher adhesion
capacity to human periodontal pocket
epithelial cells than the other serotypes
(Dierickx et al. 2003). Also, a higher
immunogenic capacity of serotype K1
has been evidenced on murine macro-
phages (d’Empaire et al. 2006), and a
higher resistance of the strains K1 and
K2 to phagocytosis and killing by
human polymorphonuclear leucocytes
has been reported (Sundqvist et al.
1991). Our data are consistent with these
results, because significant differences
in cytokine expression induced by
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Fig. 5. Expression of IL-1f, IL-2, IL-5, IL-13, and IFN-y mRNAs and 18S rRNA. The
mRNA expression for the cytokines IL-2, IL-5, IL-13, IFN-y, and IL-1f and for the 18S
rRNA was determined in non-induced dendritic cells (n.i.), dendritic cells stimulated with
Escherichia coli lipopolysaccharide (LPS), and dendritic cells stimulated at an MOI of 10 of
Porphyromonas gingivalis non-encapsulated K~ strain or strains K1-K6. As positive
controls, the cytokine mRNA expressions in non-induced Jurkat E61.2 T-lymphocytes
(J7), in Jurkat E61.2 stimulated with a combination of anti-CD3 and anti-CD28 monoclonal
antibodies (J*), and in human colorectal carcinoma HCT116 cells ATCC-CCL247 (HCT)
were determined. Water (H,O) was used as a negative control. IL, interleukin; IFN,

interferon; TNF, tumour necrosis factor.

different K serotypes of P. gingivalis
were demonstrated and these indicate
that the strains K1 W83 and K2
HG184 are able to induce a more robust
response on DCs, which might lead to
the described increased resistance to
phagocytosis (Sundqvist et al. 1991).

Our data demonstrate that the differ-
ent P. gingivalis K serotypes analysed
induce, rather than a different type of
immune response, qualitative differ-
ences in this response, suggesting a
role of the capsule in the activation of
DCs. The relevance of capsular compo-
nents in virulence has already been
described for other Gram-negative bac-
teria (van Winkelhoff et al. 1986, Taylor
& Roberts 2005, Yeh et al. 2007). In
particular, it has been suggested that the
strains K1 and K5 of E. coli are able to
evade the immune surveillance by struc-
tural similarities of their capsule with
host components, a camouflage used by
the bacteria as a stratagem for virulence
(Jann & Jann 1987, Taylor & Roberts
2005).

The differences in the molecular
composition and structure of P. gingi-
valis capsule among the distinct K ser-
otypes have been poorly defined
(Schifferle et al. 1989), although differ-
ences in polysaccharide composition
between the strains K1 W50 and K3
have been reported, suggesting that

structural differences could be involved
in the differential immuno-stimulatory
potential (Schifferle et al. 1989, Farqu-
harson et al. 2000). Genetic studies have
reported on the serotype K1 of P. gingi-
valis at least four potential capsular
polysaccharide biosynthesis loci (Nel-
son et al. 2003), and the lack of the
cluster of open reading frames PG0106—
PGO0120 in the K™ strain of P. gingiva-
lis has been associated with the lack of
capsule (Chen et al. 2004). In fact,
deletion of PGO0I109-PGOI18 and
PGO116-PG0I120 yielded K1 mutants
that neither synthesized a capsule nor
showed reactivity with anti-K1 antiser-
um (Aduse-Opoku et al. 2006). In
addition, restriction fragment length poly-
morphism analysis of the PGO0I06-
PGOI20 locus demonstrated a signifi-
cant variation among K serotypes,
whereas high conservation within the
serotypes K1 of P. gingivalis was
observed (Aduse-Opoku et al. 2006,
Brunner et al. 2008). These data suggest
that genetic variations in the capsular
polysaccharide loci, which would be
reflected in differences in either the
sugar composition or the capsular struc-
ture, might be associated to differential
resistance to phagocytosis by neutro-
phils and a distinct immuno-stimulatory
capacity, as we have described on the
DCs.

Although the genetic diversity of
P. gingivalis in the population is high
and multiple clones of P. gingivalis per
individual have been reported (Menard &
Mouton 1995, van Winkelhoff et al.
2007), a clonal stability under natural
conditions has also been shown (van
Winkelhoff et al. 2008); however, an
association between a specific clonal
type of P. gingivalis and disease type or
severity has not been established. Gram-
negative bacteria express cell surface
molecules able to influence the pattern
of cytokine expression by host cells,
resulting either in down-regulation of
the host response as a defensive mechan-
ism or in its over-regulation and tissue
destruction (Curtis et al. 2005). The high-
er immuno-stimulatory potential demon-
strated by the encapsulated strains K1
W83 and K2 HG184 of P. gingivalis may
therefore be an important pathogenic
determinant in the initiation, progression,
and/or severity of the periodontitis by
inducing an over-response of the origin-
ally protective host mechanisms.
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Clinical Relevance

Scientific rationale for the study: In
P. gingivalis, a strictly anaerobic
Gram-negative oral pathogen, a dif-
ferential virulence based on capsular
antigen serology has been hypothe-
sized.

Principal findings: A differential
effect was demonstrated when differ-
ent P. gingivalis capsular serotypes

stimulated human DCs. Thus, the
strains K1 W83 and K2 HG184
induced a more robust cytokine
expression than the other K sero-
types.

Practical implications: Not all the
pathogens belonging to the P. gingi-
valis species have the same virulence
and depending on the genetic expres-
sion of the different virulence fac-

tors, the presence of these bacteria
may involve a different pathogeni-
city. The variability in the host
response induced by the different
capsular serotypes of P. gingivalis
in this study should be taken into
account when evaluating the role of
this bacterial species in the pathogen-
esis of periodontitis.
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