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Abstract

The pathogenesis of periodontitis involves the interplay of
microbiota present in the subgingival plague and the host
responses. Inflammation and destruction of periodontal
tissues are considered to result from the response of a
susceptible host to a microbial biofilm containing gram-
negative pathogens. Antimicrobial peptides are important
contributors to maintaining the balance between health
and disease in this complex environment. These include
several salivary antimicrobial peptides such as (3- defensins
expressed in the epithelium and LL-37 expressed in
both epithelium and neutrophils. Among gram-negative
bacteria implicated in periodontal diseases, Fusobacterium
nucleatum, is one of the most interesting. This review will
focus on expression, function, regulation and functional
efficacy of antimicrobial peptides against F. nucleatum. We
are looking for how the presence of F. nucleatum induces
secretion of peptides which have an impact on host cells
and modulate immune response.

Introduction

Mucosal epithelial cells play an important role in the innate
immune defense system by sensing signals from their
environment, generating numerous molecules which affect
growth, development and function not only of themselves
but of other cells too, and maintaining the balance between
health and disease (Kagnoff et al., 1997). Gingival epithelium
is a stratified squamous epithelium surrounding the tooth
and forming an attachment_to the tooth surface. It functions
as a protective barrier against pathogenic microorganisms
in dental plaque. Epithelial cells are in constant contact
with bacteria or bacterial products from supra- and sub-
gingival biofilms on the tooth surface. Before recent studies,
the oral epithelium was considered as a passive covering
that becomes damaged during the disease. Recently, the
view has changed and the gingival epithelium is seen as
providing not only a physical barrier to infection but playing
an active role in innate host defense.

Epithelial cells respond to bacteria in an interactive way:
they produce antimicrobial peptides, as chemokines that
attract monocytes and neutrophils, cytokines that activate
the adaptive immune system. Antimicrobial peptides
are important contributors to maintaining the balance

*Corresponding author: Email: signat.benoit@free.fr

Horizon Scientific Press. http://www.horizonpress.com

between health and disease in this complex environment.
These include several salivary antimicrobial peptides, the
B-defensines expressed in the epithelium, a-defensines
expressed in neutrophils, and the cathelicidine LL-37,
expressed in both epithelium and neutrophils.

One of the most studied bacteria implicated in
periodontal disease is F. nucleatum. It belongs to the
Bacteroidaceae family and is a dominant micro-organism
within the periodonticum. It is a gram-negative anaerobic
species of the phylum Fusobacteria, numerically dominant
in dental plaque biofilms, and important in biofilm ecology
and human infectious diseases. Dental plaque is a complex
and dynamic microbial community that forms a biofilm on
teeth, and harbors more that 400 distinct species in vivo. F.
nucleatum is a prominent component quantitatively and is
one of the first Gram-negative species to become established
in plaque biofilms. It is a central species in physical
interactions between Gram-positive and Gram-negative
species that are likely to be important in biofilm colonization,
and contributes to the reducing conditions necessary for the
emergence of oxygen-intolerant anaerobes: it is considered
as an intermediate colonizer bridging the attachment of
commensals that colonize the tooth and epithelial surface
with true pathogens (Kolenbrander, 2000 and 2002). F.
nucleatum is also one of a small number of oral species that
is consistently associated with, and increased in number at,
sites of periodontitis, one of the most common infections
in humans. F. nucleatum is not responsible for destructive
periodontal disease, which is a major cause of tooth loss.

It is one of the most common oral species isolated from
extra-oral infections, including blood, brain, chest, lung, liver,
joint, abdominal, obstetrical and gynecological infections and
abscesses. Further, F. nucleatum is a common anaerobic
isolate from intrauterine infections and has been associated
with pregnancy complications including the delivery of
premature low birth weight infants. Thus, F. nucleatum is a
significant pathogen in human infections, including several
infections with real societal impact.

Antimicrobial peptides implicated in host response
F.nucleatum reacts on inflammatory response during
periodontal disease. Within the gingival epithelium exposed
to the bacterial biofilm, which forms at the surface of the
tooth, some antimicrobial peptides have a crucial role in the
maintenance of periodontal health.

Among these peptides, defensins seem to be the most
studied. It was the first antimicrobial peptide identified in
oral epithelium, described in bovine tongue (Zasloff et al.,
1995).

Defensins constitute a family of antimicrobial peptides
largely implicated in innate immunity. They possess a
broad-spectrum activity and play not only a role in infectious
diseases, but also modulate the inflammatory response.
They are present in gingival epihelia, saliva, and gingival
crevicular fluid, placing them as a first line of defense in the
oral cavity.
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Defensins participate in the awakening of the acquired
immune response through chemotaxis of immature
dendritic cells and memory T cells (by interacting with
chemokine receptor CCR6). The hD-2 gene responds to
nuclear transcription factor NF-kB, which in turn is activated
in response to lipopolysaccharide and proinflammatory
cytokines, such as tumor necrosis factor alpha (TNFa) and
interleukin 1B(IL-1B). B-defensins could be a link between
innate and adaptive immune responses.

These peptides are constituted from 41 to 50 amino
acids, with 3 disulfide bonds localized at cysteine residues
1-5, 2-4 and 3-6. B-defensins are found as four different
types in human (hBD 1-4) and it is believed, based on
genomic targeting, that 28 other human B-defensins may
exist. Within the gingival epithelium, keratinocytes are able
to secrete these peptides.

Therefore, B-defensins elicit intracellular Ca?*
mobilization, and increased keratinocyte migration and
proliferation (Niyonsaba et al., 2006). These peptides
induced phosphorylation of EGFR, signal transducer and
activator of transcription (STAT1), and STAT3, which are
intracellular signalling molecules involved in keranitocyte
migration and proliferation.

In most epithelia, including healthy gingival epithelium,
hBD-1 is constitutively expressed, whereas hpD-2 and
hBD-3 appear to be highly inducible by cytokines or after
exposure to microorganisms.

Activities of these peptides against oral bacteria
Activity of hpD-2 against periodontopathogenic bacteria
seems to be very important because this peptide was
found to be 10-fold more potent than hD-1 and exhibited
activity against Pseudomonas aeruginosa at physiological
concentrations (100 ng/ml) (Joly et al., 2003). In contrast,
hBD-3 has shown broad-spectrum activity against both gram-
negative and gram-positive bacteria at concentrations much
lower than those for other members of the B-defensin family.
In addition, its activity appears to be less salt-sensitive than
those of hBD-1, -2, and -4. Therefore, hBD-3 is considered
as the most potent B-defensin peptide described thus far.
This is because hBD-3 is the most basic and positively
charged peptide among those tested.

Several studies have shown susceptibility of bacteria
to B-defensins. Some results showed that early microbial
colonizers, even if they are very sensitive to these peptides,
don’t upregulate them. For hD-2 and hD-3, in vitro studies
show that aerobes (Streptococcus sanguis, Streptococcus
mutans, Actinomyces naeslundii, Actinomyces israelii, and
Escherichia coli) were more susceptible to hfD-2 and hBD-3
than anaerobes (Actinobacillus actinomycetemcomitans,
F. nucleatum, Porphyromonas gingivalis, and
Peptostreptococcus micros). Therefore, small quantities
are sufficient to inhibit growth of these aerobic bacteria;
this could allow the organism to limit colonization by early
colonizers. Results for anaerobic bacteria, as F. nucleatum,
are different; important concentrations are necessary to
inhibit growth of some F. nucleatum strains: in the study by
Joly et al., concentrations of 250 ug/ml are not sufficient
to inhibit growth of some strains, but other strains are
very sensitive (with the same concentration of commensal
aerobic bacteria). This could be explained by the fact that
aerobic and anaerobic bacteria demonstrated strain rather
than species specificity in their susceptibilities to hD-2 and

hBD-3. Both peptides were active against selected gram-
positive and gram-negative bacteria. Therefore, hBD-3
demonstrated greater activity against a broader array of
organisms than hpBD-2 and greater antimicrobial activity
than h3D-2: this difference could be due to the capacity of
hBD-3 to interact with different targets, while hBD-2 seems
to interact preferentially with LPS.

However, the activities of hfD-2 and hpD-3 still
appeared to be associated. This suggests that while hgD-2
and -3 may share a similar target, they may also possess
very specific mechanisms of action. This hypothesis is
supported by the fact that the antimicrobial activity of
hBD-3 is not affected by increased ionic strength (unlike
that of hpD-2), suggesting that binding of hpD-3 to a
negatively charged bacterial membrane may not be its
only mechanism of action. Starner et al. demonstrated that
unlike that of hBD-2, the activity of hBD-3 was not mediated
by binding to the lipopoligosaccharide of Haemophilus
influenzae, suggesting that hBD-3 interacts with different
binding sites or possesses a different mechanism of action
than hBD-2. It has been theorized that hBD-3 could be more
active in part due to a higher net cationic charge than that
observed for hBD-2 or that it has the ability to form dimers.
To explain the difference of susceptibility of different F.n
strains, some authors say that p-defensins targets may
be absent or modified in anaerobes. The resistance to
antimicrobial B-defensins and other peptides may also
be due to altered outer membrane proteins or altered
lipopolysaccharide (LPS) structures. Recently, Brissette
and Lukehart demonstrated that Treponema denticola,
which lacks a traditional LPS, was naturally resistant to
hBD-2. The fact that LPS or lipooligosaccharide can be
variable between strains of the same species could partially
explain the variable susceptibility pattern observed within
a species, where, for example, F. nucleatum 49256 was
very susceptible to the defensins tested compared to F.
nucleatum 1594. Modification of such molecules by bacteria
may be part of their strategy to evade the activities of
antimicrobial peptides. Starner et al. demonstrated that the
susceptibility of H. influenzae to hD-2 was influenced by
lipooligosaccharide acylation of the membrane, which has
been associated with P. aeruginosa resistance to cationic
antimicrobial peptides. Interestingly, P. gingivalis, one of the
most resistant species in this study, and to a lesser extent
F. nucleatum, are notorious for their production of a wide
variety of proteolytic enzymes, which have been implicated
in the inactivation of several known antimicrobial peptides.
In conclusion, susceptibility to B-defensins doesn’t seem
to be specific to the species. For F. nucleatum, there is, in
vitro, a strain specific rather than species specific activity.

Susceptibilities of Fusobacterium nucleatum to
antimicrobial peptides

Numerous results show a great susceptibility of F.nucleatum
to hD-3. Ouhara et al. showed in 2005 that, compared with
Gram-positive bacteria, Gram-negative bacteria, except F.
nucleatum, tended to show low susceptibility to antimicrobial
peptides. The strain £ nucleatum 21 had a remarkable
susceptibility tohfD-3 (and LL37), having 100% susceptibility
in the presence of 1 mg/L of the peptides. The MICs of
hBD3 and LL37 for almost all P. gingivalis, P. intermedia
and A. actinomycetemcomitans strains were 100 or 200
mg/L, whereas the MICs of the peptides for F. nucleatum



showed lowvalues (12.5 or 25 mg/L). As for Gram-positive
bacteria, the MICs of the peptides were relatively lower than
those for Gram-negative bacteria except for F. nucleatum.
Comparison among the strains of the antibacterial effect
of growing (microdilution method) and non-growing (PB)
conditions revealed that there was no difference in terms of
antimicrobial activity. The susceptibility of all £ nucleatum
strains to hD-3 and LL37 was higher than those of other
species ((A. actinomycetemcomitans (20 strains), P
gingivalis (6), Prevotella intermedia (7), F. nucleatum (7),
S. mutans (5), Streptococcus sobrinus (5), Streptococcus
salivarius (5), S. sanguis (4), Streptococcus mitis (2) and
Lactobacillus casei (1)). Among periodontopathogenic
bacteria, all F. nucleatum strains tested in this study showed
the highest sensitivity to hBD-3 and LL37 when compared
with those of other bacteria. Authors measured the Zeta-
potential, representing the net charge of whole bacteria,
to study the relationship between susceptibility to cationic
peptide and the net charge of the bacteria. Although they
found some correlation in A. actinomycetemcomitans strains,
they did not find a definite correlation with all the bacterial
species. However, the net charge (negative charge) of F.
nucleatum was not so strong compared with those of other
Gram-negative bacteria. Therefore, the high susceptibility
of F. nucleatum is not only due to the net charge, but also
involves other factors (maybe chemical composition of LPS
and/or the membrane in F. nucleatum).

These results are confirmed by other studies, F
nucleatum being the most sensitive of all bacteria tested.

Impact of F. nucleatum on defensin production
It is interesting to observe differences in susceptibility
to B-defensins, but knowing if F. nucleatum can induce
production of these peptides is very important too.

Generally, B-defensins are found in greater quantities in
healthy than in inflamed tissues. Interestingly, some studies
show significantly higher levels of hBD-3 expression in the
healthy tissues as compared to the diseased ones. There
was also a suggestion of higher expression of HBD-2 in the
healthy tissues. Levels of hD-1, hfD-2 and hD-3 mRNA
expression were correlated with one another. No difference
was observed between levels of hBD-1 mRNA expression
in healthy and diseased tissue samples. Furthermore, a
study showed that hBD-1 mRNA is constitutively expressed
in keratinocyte cell cultures and is not up-regulated when
exposed to inflammatory mediators. These data from clinical
samples confirm the constitutive or basal nature of hBD-1
mRNA expression, as the majority of samples in both the
healthy and diseased categories demonstrated a low level
expression with semi-quantitative PCR.

High levels of hBD-3 mRNA expression in healthy
tissues suggest a potentially important protective role for
defensins in the host immune response to infection by
periodontal pathogens.

Localization studies (Bissel et al., Lu et al.) have shown
that mRNA for hBD-1 and hD-2 is most strongly expressed
in the spinous layers of normal gingiva, whereas the peptides
are present in more superficial epithelial layers, placing
them in optimal defense position against bacterial infection.
Dale and Krisanaprakornkit reported that mMRNA expression
for hBD-1 and hpBD-2 was strongest at the gingival margin,
adjacent to plaque formation, and in inflamed sulcular
epithelium. Lu et al. showed that both hBD-1 and -2 peptides
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were detected (immunohistochemistry and quantitative
analyze) in all periodontally healthy subjects, while hBD-1
was detected in all patients (healthy and patients with
unresolved chronic periodontitis) and hBD-2 was found in
most of the patients. Their expression was mainly confined
to the granular and spinous layers of gingival epithelium,
in which hBD-1 was detected in both intercellular spaces
and cytoplasm, whereas h3D-2 was mainly observed in the
cytoplasm.

These results are unexpected because the induction
of defensins by periodontopathogenic bacteria seem to
increase levels of these peptides. Many reports have shown
an induction of these defensins in cell culture models with
various inflammatory mediators (IL-13, TNF-a, IFN-y) and
LPS, as well as increased expression in inflamed tissues.
Taggart in 2003 showed that hD-2 and -3 were degraded
by the cysteine proteases cathepsins B, L and S: this study
suggested that during infection, enhanced expression of
cathepsins may increase degradation of hBD-2 and -3, with
resultant bacterial colonization and infection. This would
support the finding of diminished expression in periodontally
diseased tissues.

F. nucleatum could have the capacity to induce a down-
regulation of hBD-1 and LL-37: this down-regulation of the
host defense may be another bacteria- mediated virulence
mechanism.

Levels of mMRNA are not necessarily correlated with
increased or diminished amounts of functional peptides.
Previous studies indicated that hpD-1 -2 and -3 showed
poor antimicrobial activity against anaerobic periodontopath-
ogenic organisms. Their primary activity may be directed
against the earlier colonizers or commensal flora.

Regarding protein expression, hD-2 is known to be
upregulated after exposure to 2 periodontal bacteria (F.
nucleatum and A. actinomycetemcomitans) which can
also upregulate hD-3. In this state, oral epithelium could
be partially stimulated, giving the host the capacity to limit
bacterial growth.

Some studies show that F. nucleatum doesn’t stimulate
hBD-1 production but has a stimulating effect on hD-2
production. For hBD-3, a low but significant effect was seen
for this bacteria. We could hypothesize that commsensal
bacteria activate or keep the innate immune response in
a limited activated state without being affected by it. By
not stimulating hDs or only to a low extent, these oral
commensals seem to evade the innate host defense system
and are able to maintain the colonization. From the host's
point of view, by not upregulating hfDs the epithelium
seems to be able to maintain these presumed protective
commensals. On the other hand, high induction of other
peptides as IL-8 can serve as a continuous stimulus to attract
polymorphonuclear cells to the periodontal area where they
are needed to protect the environment for new colonizing
pathogens or to prevent the outgrowth of pathogens.

These conclusions confirm the hypothesis that
stratified epithelia are able to develop a steady state and
control innate immune response in presence of commensal
bacteria, and expression of hD-2 is the first step. These
results are confirmed by other studies showing a high
induction of hpD-2 production. hpD-2 expression was
induced by cell wall extract of F. nucleatum but not by those
of periodontal pathogens as P. gingivalis (bacteria of the red
complex) or P. intermedia (bacteria of the orange complex).
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hBD-2 peptide was inducted by TNFa and Phorbol myristate
acetate (PMA), an epithelial cell activator (Krisanaprakornkit
et al., 2000). Kinetic analysis indicates involvement of
multiple distinct signaling pathways in the regulation of
hpD-2 mRNA. TNF-a and F. nucleatum cell wall induced
hBD-2 mRNA rapidly, while PMA stimulation was slower.
However, the role of TNFa as intermediary in F. nucleatum
signaling was ruled out by addition of anti-TNFa that did not
inhibit hBD-2 induction. Indeed, inhibitor studies show that
F. nucleatum stimulation of hBD-2 mRNA requires both new
gene transcription and new protein synthesis.

These hypotheses are confirmed: according to Chung
and Dale in 2004 and Krisanaprakornkit in 2002, hBD-2 up-
regulation in response to oral commensal bacteria does not
seem to utilize the NF-kB intracellular signaling cascade
typically associated with recognition of bacterial products,
but instead utilizes the JNK and p38 mitogen activated
protein kinase (MAPK) pathways that are associated
with cytokine and stress responses. Intracellular calcium
signaling is also involved (Krisanaprakornkit et al., 2003).
Utilization of this signaling pattern has now been extended
to show that commensal organisms from both oral and
skin sites do not utilize the NF-kB pathway for hD-2 up-
regulation, in contrast to pathogens which use an NF-kB
pathway (Chung and Dale, 2004). This may be due to the
presence of commensal bacteria or to hBD-2 itself, which
has been shown to act in a cytokine-like manner toward
dendritic cells and peripheral blood mononuclear cells
(Boniotto et al. 2006, Durr and Peschel, 2002, Niyonsaba et
al., 2005, Yang et al., 1999).

Induction of immune response due to F. nucleatum

F. nucleatum induces significant changes in the expression
of genes associated with immune defence responses.
Studies show that F nucleatum wall extracts induce
significant changes in the expression of genes associated
with immune and defence responses. The 20 most highly
up-regulated genes include CCL20, S100A7, SKALP, IL8,
IL1F9, CXCL5, C3, IL32, SAA1, SPRR2C and CXCL1.
Fourteen out of twenty were cytokines, innate immune or
inflammatory markers, antimicrobials, or protease inhibitors,
while two additional strongly up-regulated genes (SPRR2B,
SPRR2C, small proline-rich proteins) are related to structural
aspects of the epithelial layer. The most down-regulated
genes included cell cycle regulatory genes (CDC20, SKP2,
PCNA, POLE2) and ubiquitine-proteasome-associated
genes (UBAP2L, PSMD11).

Genes up-regulated by F. nucleatum included those
encoding antimicrobial peptides and proteins; additional
genes of defence responses include chemokines IL8 and
CXCLA1, 3,5 and 10, which attract neutrophils, monocytes
and macrophages, or lymphocytes and CSF2 and -3 that
stimulate neutrophil development.

Neutrophils are part of the continuous surveillance
of the gingival sulcus. However, proteases released by
neutrophils contribute to inflammation and tissue damage.
Multiple protease inhibitors were strongly up-regulated
in response to F. nucleatum cell wall extracts but not to
hBD-2. These inhibitors are expected to target proteases
released by neutrophils and therefore control potential
tissue damage (Magert et al., 2005), and represent a
protective response in the presence of commensal bacteria.
Therefore, these protease inhibitors may protect against

bacteria proteases secreted by pathogens. Periodontal
pathogens, P. gingivalis, T. denticola and Tannerella
forsythensis, have serine or cysteine proteases that are
important virulence factors (Curtis 2001, Fenno, 2001, Van
der Reijden, 2006). Cysteine proteases (gingipains) of P.
gingivalis stimulate protease-activated receptors (Chung,
2004, Uehara, 2002) and this family of receptors has been
implicated in periodontal disease (Holzhausen et al. 2005,
2006). In conclusion, up-regulation of protease inhibitor
genes by commensal bacteria may specifically block effects
of pathogenic bacteria, such as P. gingivalis, as well as
limiting inflammatory tissue damage caused by neutrophil
proteases.

Moreover, multiple genes that reduce NF-kB function
were up-regulated with F. nucleatum cell wall extracts. NF-
kB is a critical transcription factor involved in inflammatory
responses such as IL-8 up-regulation.

In summary, F. nucleatum not only induces hBD-2
peptide, but influences immune response through the
induction of cytokines and chemokines and probably
suppression of NF-kB function, consistent with its expression
in uninflamed oral tissue. F. nucleatum contributes to the
maintenance of a healthy mucosal surface by increasing
transcription of many protease inhibitors whose translation
as active inhibitors may block tissue damage by proteases
from neutrophils, which are continually migrating into the
oral cavity via the gingival sulcus.

Interaction between LL-37 and Fusobacterium
nucleatum

In mammalian skin, the other major class of anti-microbial
peptides identified are cathelicidins. The sole cathelicidin
in humans is LL-37/hCAP18 (human cationic peptid 18
-18 kDa-), and is expressed in leukocytes and in a kind of
epithelial surface. LL-37 was also detected directly in human
skin keratinocytes, but only where inflammation was present,
suggesting this class of anti-microbial peptides functions
primarily in response to injury rather than in modulating
the surface colonization of the skin (Frohm et al., 1997).
F. nucleatum is highly susceptible to LL-37, contrary to P.
gingivalis, S. sanguinis and Candida species.

LL-37 has the property to link to and to neutralize
LPS of bacteria, preventing a strong stimulation of cells,
like macrophages. They have affinity for LPS, and these
peptides can suppress cytokine production in response to
endotoxic LPS and to varying extents can prevent lethal
endotoxemia. In addition to its bactericidal activity, LL-37
is a chemoattractant for immune and inflammation cells,
including T cells, neutrophils, monocytes and mast cells.
It appears that LL-37 may serve not only as a bactericidal
substance but also as an alarm signal when pathogens
invade. The cathelin-like domain of LL-37 has antiproteasic
properties which inhibits bacterial growth and limits tissue
damage. This cathelicidin can stimulate the liberation of
inflammation mediators as IL-8, MCP-1, IL-18 and TNFa.

LL-37 also causes functional changes in mast cells.
Mast cells in the skin are involved in the innate immune
system response against microbial infections via Toll-like
receptors, such as TLR4, which is known to recognize
LPS. They observed that LL-37 increased the level of TLR4
mRNA and TLR4 protein, and that LL-37 induced the release
of IL-4, IL-5 and IL-1B from mast cells. Studies show that,
although the up-regulation of LL-37-inducible Th2 cytokines



was cancelled by LPS, the increase of pro-inflammatory
cytokine production was still observed. Theses findings
indicate that LL-37 co- existing with the bacterial component
switches mast cell function and directs human mast cells
toward innate immunity. LL-37 may be a candidate modifier
of the host defense against bacterial entry by serving as an
alarm for sentinels such as mast cells.

These peptides possess bactericidal activity against a
broad spectrum of microbes, including Gram-positive and
negative bacteria, fungi and certain viruses.

LL-37, as human B-defensins, stimulates keratinocytes
to increase their gene expression and protein production
of IL-6, IL-10, IP-10, monocyte chemoattractant protein-1,
macrophage inflammatory protein-3a, and RANTES. This
stimulatory effect was markedly suppressed by pertussis
toxin and U-73122, inhibitors of G protein and phospholipase
C, respectively.

A genetic form of periodontal disease in young people,
Morbus Kostmann syndrome, was shown to have a
deficiency in the a-defensins, and a near absence of LL-
37 (Putsep et al. 2002). This led to the suggestion that LL-
37 may be particularly important for its effects vs. Gram-
negative bacteria, especially A. actinomycetemcomitans,
an organism associated with rapidly progressive periodontal
disease especially in young people.

Impact of Fusobacterium nucleatum on IL-8 secretion
Regarding IL-8, results are often contradictory. Gursoy et
al. studied the capacity of different strains of F. nucleatum
to stimulate IL-8: they show that F.n bacteria increase IL-8
secretion by epithelial cells, and stimulate IL-8 liberation via
LL-37. Other studies confirm this hypothesis.

However, other studies seem to show that F.n doesn’t
induce IL-8 secretion by not activating NF-kB signaling
pathways, but MAP kinase signaling. Studies showed that
hBD-2 was induced by F. nucleatum cell wall extracts without
the involvement of transcriptional factor NF-kB, typically
associated with innate immunity and inflammation. They
showed that cell wall preparations of F.n were particularly
effective in up-regulating hBD-2 mRNA expression but this
up-regulation is not coupled with general signaling of other
aspectsoftheinnateimmune system, suchasIL-8 expression.
Furthermore, it does not utilize the NF-kB intracellular
signaling cascade typically used by proinflammatory stimuli,
but instead utilizes a mitogen activated protein (MAP) kinase
signaling cascade (F. nucleatum involves MAP kinases JNK
and p38 preferentially) that is associated with cytokine and
stress responses.

Fusobacterium nucleatum: a protective or an aggressive
bacterium?
Theses results seem to classify F. nucleatum as a
commensal bacteria: poor inducer of an immune response,
important susceptibility to cytokines (B-defensins, LL-37)
and to phagocytosis: the minimum inhibitory concentrations
of LL-37 and human beta-defensin-3, and the susceptibility
to phagocytosis, were converted to a susceptibility index with
scores ranging from + to ++++, in a study of “Susceptibility
of various oral bacteria”. F nucleatum was the most
susceptible bacterium, having a total score of 12+; whereas
S. gordonii and T. forsythia were the most resistant, having
a total score of 4+.

However, F. nucleatum can induce an inflammatory
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response by upregulating pro-inflammatory cytokines as
well as metalloproteases. All F. nucleatum strains induce
secretion by activated epithelial cells of a number of
proteolytic enzymes, including metalloproteases (MMPs)
that modify inflammatory reactions and facilitates cell
migration. F. nucleatum has been shown to be a potent
inducer of collagenase 3 (MMP-13) production. Both MMP-
13 and IL-8 production is at least partly regulated by p38
MAP kinase signaling in the epithelial cells infected by F.
nucleatum. F. simiae, and to a lesser extent F. nucleatum
and F. necrophorum increased epithelial MMP-2 secretion.
MMP-2 (gelatinase A) has several functions in the control
of inflammation. We can conclude that the pathogenic
potential of fusobacteria may partly result from their ability
to stimulate secretion of MMP-9, MMP-13 and IL-8 from
epithelial cell.

Moreover, F. nucleatum increased levels of 12 protein
kinases involved in cell migration, proliferation, and cell
survival. Of the 13 anaerobic oral bacterial species,
F. nucleatum and necrophorum were among the best
inducers of collagenase 3 mRNA levels, a powerful matrix
metalloproteinase. This suggests that £ nucleatum may
be involved in the pathogenesis of periodontal diseases
by activating multiple cell signaling systems that lead to
stimulation of collagenase 3 expression and increased
migration and survival of the infected epithelial cells (Uitto
et al., 2005). A crucial part of the epithelial defense system
is the efficient recruitment of professional defense cells,
especially of neutrophils, to the infection site. IL-8 is a key
cytokine in this process. Studies about the amount of IL-8 in
a medium of fusobacteria-treated epithelial cells show that
all Fusobacterium species were able to induce IL-8 in vitro.
The best inducers were F. necrophorum, F. nucleatum AHN
9500 and F. varium.

F. nucleatum can also secrete serine proteases.
Proteases are considered as virulence factors employed by
several periodontal pathogens including P. gingivalis and
T. denticola. While supplying the nutritional requirements
of these oral microorganisms, proteases were found to
degrade elements of the periodontal connective tissue and
the host defense systems such as immunoglobulins and
complement. Proteases can inactivate key components of
the plasma proteinase cascade and blood clotting systems,
and degrade serum protease inhibitors. The F. nucleatum
protease was found to degrade the extracellular matrix
proteins fibrinogen and fibronectin as well as collagen | and
collagen IV. The 65 kDa protease is also able to digest the
a-chains of immunoglobulin A but not immunoglobulin G.
This protease, able to degrade native proteins, may play
an important role in both the nutrition and pathogenicity
of these periodontal microorganisms. The degradation
of extracellular matrix proteins by bacterial enzymes
may contribute to the damage of periodontal tissues, and
degradation of IgA may help the evasion of the immune
system of the host by the bacteria. In comparison with the
proteolytic activity of other periodontal bacteria, the specific
activity of this protease is very low. The purified F. nucleatum
65 kDa protease required overnight incubation to reach
the same proteolytic activity obtained by the Treponema
denticola phenylalanine protease after 2 hours. The fact
that F. nucleatum coaggregates, and is most often found
together with other highly proteolytic microorganisms, might
reduce the necessity for F. nucleatum to possess a strong
proteolytic activity.
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One of the last properties showing a potential pathogen
role for F. nucleatum is his immunosuppressive role, a
property of periodontopathogenic bacteria ofthe red complex.
Studies show that this role is largely due to the ability of this
organism to induce apoptotic cell death in peripheral blood
mononuclear cells (PBMCs) and in polymorphonuclear cells
(PMNSs). The ability of F. nucleatum to induce apoptosis was
abolished by either heat treatment or proteinase digestion
but was retained after formaldehyde treatment, suggesting
that a heat-labile surface protein component is responsible
for bacterium-mediated cell apoptosis. Data also indicated
that F. nucleatum-induced cell apoptosis requires activation
of caspases, or cysteine-aspartic acid proteases - caspases
are a family of cysteine proteases, which play essential roles
in apoptosis, necrosis and inflammation - and is protected
by NF-kB.

The immunosuppressive nature of certain invasive
pathogenic oral bacteria, like F. nucleatum, has been
reported previously. Inhibition of both B- and T- cell functions
have also been reported in the presence of F. nucleatum.
However, the detailed mechanisms of F nucleatum-
mediated immunosuppression have yet to be established.
NF-kB and interleukin- converting enzyme (ICE) pathways
seem to be involved in F. nucleatum- mediated lymphocyte
death.

Initial observations by Shenker and Dirienzo indicated
significant inhibition of peripheral blood lymphocyte function
by cytoplasmic extracts obtained from F. nucleatum. Since
then, the authors have purified and characterized FIP
(F. nucleatum inhibitory protein) as the putative protein
responsible for the immunosuppressive effect mediated by
F. nucleatum. FIP was shown to elicit arrest at the G0/G1
phase of the cell cycle.

Preceding the induction of apoptotic cell death by F.
nucleatum, significant aggregation of PBMCs was observed
within a few minutes of the addition of that oral bacterium
and not the other oral bacterial species tested (P. gingivalis,
Pintermedia, T. denticola). Only viable or formaldehyde-
treated F. nucleatum cells were able to induce aggregation
and the induction of death in PBMCs. The ability of F.
nucleatum to induce aggregation and apoptotic cell death
was lost when the bacterium was killed by heat treatment.
A close relationship was observed between the ability of
F. nucleatum to induce aggregation of the PBMCs and its
ability to cause apoptotic cell death.

It is possible that aggregation is a necessary step for

the induction of death in PBMCs. F. nucleatum-mediated
aggregation of peripheral blood lymphocytes has also
been observed by Kinder Haake and Lindemann. The
aggregation of PBMCs was inhibited by L-arginine, L-lysine,
and heat treatment. Phytohemagglutinin-stimulated DNA
synthesis and interleukin 2Ra expression of PBMCs were
also inhibited in the presence of F. nucleatum.
F. nucleatum directly delivers death signals to PBMCs
through the binding of a putative surface protein. It is likely
that £ nucleatum delivers a direct death signal through its
surface component as well as aiding in the upregulation
of cell death machinery (Fas- and TNF receptor-mediated
signaling) in PBMCs.

One possible explanation for bacterium-induced
apoptosis is that bacterial lipopolysaccharide mediates
the induction of cell death by triggering TNF-a release by
PBMCs. However, these preliminary data are inconsistent

with this hypothesis because LPS is heat stable, while the
putative bacterial apoptosis-inducing mocelule(s) is(are)
heat labile. Moreover, other bacteria were tested and, while
all were able to induce the production of TNF-a at similar
levels, only A. actinomycetemcomitans and F. nucleatum
were able to induce apoptosis of PBMCs. Therefore, the
rate of apoptosis of lymphocytes induced by the addition of
exogenous TNF-a was much less than that induced by the
bacteria.

F. nucleatum induced significantly higher levels of death
in PMNs than in PBMCs when they were cocultured in the
presence of similar numbers of the oral bacteria. PMNs are
important effector cells in first-line defense against bacterial
pathogens. Indeed, induction of death in both PMNs and
PBMCs by F. nucleatum indicates the ability of this organism
to mediate a generalized paralysis of the immune system.
Although any significant induction of death by F. nucleatum
on Cal 27 and SCC4 oral keratinocyte cell lines, the effect
of this bacterium on normal human keratinocytes remains
to be elucidated. Sonicated extracts from F. nucleatum
and A. actinomycetemcomitans have been shown to have
cytotoxic effects on human gingival fibroblasts. The overall
paralysis of immune function by F. nucleatum might play an
important role in initiation and progression of periodontal
disease. We could emit one hypothesis regarding the role of
F. nucleatum: initial colonization and increase in the number
of F. nucleatum cells can cause depletion of immune cells at
the site of the infection due to the induction of apoptotic cell
death. This immunosuppression will lead to the recruitment
and the binding of other pathogenic microorganisms to the
sites previously colonized by F. nucleatum.

Is this immunosuppression positive or negative for the
evolution of the periodontal disease? By eliminating immune
cells that are important for immune defense against oral
bacteria, F. nucleatum can contribute to the recruitment of
other pathogenic bacteria and subsequently to the initiation
and the progression of periodontal disease.

Indeed, positive association between F. nucleatum,
P. gingivalis and P. intermedia and Bacteroides forsythus
in sub-gingival plaque samples have been reported
previously.

More importantly, colonization by P intermedia was
found to be due to F. nucleatum, since P. intermedia was
never detected in a site unless F nucleatum was also
present. Combinations of F. nucleatum, B. forsythus, and
Campylobacter rectus were also found in periodontal sites
that had the most attachment loss and the deepest pockets.
Complexes formed by F. nucleatum, B. forsythus and C.
rectus were also found in sites refractory to treatment.

Increase in the number of bacteria associated with
F. nucleatum might later serve to recruit and activate
local immune cells, resulting in tissue destruction and the
progression of periodontal disease. Indeed, colonization
by other oral bacteria can serve to either compete with or
cover the sites on F. nucleatum which are responsible for
the induction of death in PBMCs.

Conclusion

All these results show the complexity of the immune defense
in the oral cavity in order to ensure a balanced state of
oral health. It is very difficult to determine, considering
F. nucleatum’s properties, if this bacteria is commensal
or pathogenic. F. nucleatum has periodontopathogenic



properties but the susceptibility of this bacteria seems to
show that it is a very sensitive microorganism. However, F.
nucleatum has coaggregration properties which allows it to
transport periodontopathogenic bacteria.

Acknowledgements

We thank Kevin Montagne from the Institute of Industrial
Science, University of Tokyo, Tokyo, Japan for his assistance
in the elaboration of this article.

References

Acheson DW, Luccioli S. Microbial-gut interactions in health
and disease (2004). Mucosal immune responses. Best
Pract Res Clin Gastroenterol. 18: 387-404.

Ali RS, Falconer A, lkram M, Bissett CE, Cerio R, Quinn AG.
(2001). Expression of the peptide antibiotics human beta
defensin-1 and human beta defensin-2 in normal human
skin. J Invest Dermatol. 117: 106- 11.

Bachrach G, Rosen G, Bellalou M, Naor R, Sela MN.
(2004). Identification of a Fusobacterium nucleatum 65
kDa serine protease. Oral Microbiol Immunol. 19: 155-9.

Birkedal-Hansen H. (1993). Role of cytokines and
inflammatory mediators in tissue destruction. J Periodontal
Res. 28(6 Pt 2): 500-10.

Bissell J, Joly S, Johnson GK, Organ CC, Dawson D,
McCray PB Jr, Guthmiller JM. (2004). Expression of beta-
defensins in gingival health and in periodontal disease. J
Oral Pathol Med. 2004 May;33: 278- 85.

Bolstad Al, Jensen HB, Bakken V. (1996). Taxonomy, biology,
and periodontal aspects of Fusobacterium nucleatum.
Clin Microbiol Rev. 9: 55-71.

Boman HG. (2000). Innate immunity and the normal
microflora. Immunol Rev. 173: 5-16.

Boniotto M, Jordan WJ, Eskdale J, Tossi A, Antcheva N,
Crovella S, Connell ND, Gallagher G. (2006). Human
beta-defensin 2 induces a vigorous cytokine response in
peripheral blood mononuclear cells. Antimicrob Agents
Chemother. 50: 1433- 41.

Brissette CA, Lukehart SA. (2002). Treponema denticola
is resistant to human beta- defensins. Infect Immun. 70:
3982-4.

Brissette CA, Lukehart SA. (2007). Mechanisms of
decreased susceptibility to beta- defensins by Treponema
denticola. Infect Immun. 75: 2307- 15.

Chung WO, Dommisch H, Yin L, Dale BA. (2007). Expression
of defensins in gingiva and their role in periodontal health
and disease. Curr Pharm Des. 13: 3073-83.

Chung WO, Dale BA. (2004). Innate immune response of
oral and foreskin keratinocytes: utilization of different
signaling pathways by various bacterial species. Infect
Immun. 72: 352-8.

Chung WO, Hansen SR, Rao D, Dale BA. (2004).
Protease-activated receptor signaling increases epithelial
antimicrobial peptide expression. J Immunol. 2004
15;173: 5165-70.

Curtis MA, Aduse-Opoku J, Rangarajan M. (2001). Cysteine
proteases of Porphyromonas gingivalis. Crit Rev Oral Biol
Med. 12: 192-216.

D'Aiuto F, Parkar M, Andreou G, Suvan J, Brett PM,
Ready D, Tonetti MS. (2004). Periodontitis and systemic
inflammation: control of the local infection is associated
with a reduction in serum inflammatory markers. J Dent
Res. 83: 156-60.

Fusobacterium nucleatum 31

Dale BA, Fredericks LP. (2005). Antimicrobial peptides in
the oral environment: expression and function in health
and disease. Curr Issues Mol Biol. 7: 119-33.

Dale BA, Krisanaprakornkit S. (2001). Defensin antimicrobial
peptides in the oral cavity. J Oral Pathol Med. 30: 321-7.
Dale BA, Kimball JR, Krisanaprakornkit S, Roberts F,

Robinovitch M, O'Neal R, Valore EV, Ganz T, Anderson
GM, Weinberg A. (2001). Localized antimicrobial peptide
expression in human gingiva. J Periodontal Res. 36: 285-

94.

Dale BA. (2002). Periodontal epithelium: a newly recognized
role in health and disease. Periodontol 2000. 30: 70-8.
Darby IB, Mooney J, Kinane DF. (2001). Changes in
subgingival microflora and humoral immune response
following periodontal therapy. J Clin Periodontol. 28: 796-

805.

Darveau RP, Tanner A, Page RC. (1997). The microbial
challenge in periodontitis. Periodontol 2000. 14: 12-32.
De Smet K, Contreras R. (2005). Human antimicrobial
peptides: defensins, cathelicidins and histatins. Biotechnol

Lett. 27: 1337-47.

Delima AJ, Karatzas S, Amar S, Graves DT. (2002).
Inflammation and tissue loss caused by periodontal
pathogens is reduced by interleukin-1 antagonists. J
Infect Dis. 2002 Aug 15;186: 511-6.

Delima AJ, Oates T, Assuma R, Schwartz Z, Cochran D,
Amar S, Graves DT. (2001). Soluble antagonists to
interleukin-1 (IL-1) and tumor necrosis factor (TNF) inhibits
loss of tissue attachment in experimental periodontitis. J
Clin Periodontol. 28: 233-40.

Demuth DR, Savary R, Golub E, Shenker BJ. (1996).
Identification and analysis of fipA, a Fusobacterium
nucleatumimmunosuppressive factor gene. Infect Immun.
64: 1335-41.

Diamond G, Bevins CL. (1998). beta-Defensins: endogenous
antibiotics of the innate host defense response. Clin
Immunol Immunopathol. 88: 221- 5.

Diamond DL, Kimball JR, Krisanaprakornkit S, Ganz T,
Dale BA. (2001). Detection of beta- defensins secreted
by human oral epithelial cells. J Immunol Methods. 256(1-
2): 65-76.

Dinulos JG, Mentele L, Fredericks LP, Dale BA, Darmstadt
GL. (2003). Keratinocyte expression of human beta
defensin 2 following bacterial infection: role in cutaneous
host defense. Clin Diagn Lab Immunol. 10: 161-6.

Dixon DR, Bainbridge BW, Darveau RP. (2004). Modulation
of the innate immune response within the periodontium.
Periodontol 2000. 35: 53- 74.

Dommisch H, Agil Y, Dunsche A, Winter J, Jepsen S. (2005).
Differential gene expression of human beta-defensins
(hBD-1, -2, -3) in inflammatory gingival diseases. Oral
Microbiol Immunol. 20: 186-90.

Dongari-Bagtzoglou Al, Ebersole JL. (1996). Production of
inflammatory mediators and cytokines by human gingival
fibroblasts following bacterial challenge. J Periodontal
Res. 31: 90-8.

Dunsche A, Agil Y, Siebert R, Harder J, Schréder JM,
Jepsen S. (2001). Expression profile of human defensins
and antimicrobial proteins in oral tissues. J Oral Pathol
Med. 30: 154-8.

Durr M, Peschel A. (2002). Chemokines meet defensins: the
merging concepts of chemoattractants and antimicrobial
peptides in host defense. Infect Immun. 70: 6515-7.



32 Signat et al.

Dye BA, Choudhary K, Shea S, Papapanou PN. (2005).
Serum antibodies to periodontal pathogens and markers
of systemic inflammation. J Clin Periodontol. 32: 1189-
99.

Dzink JL, Socransky SS, Haffajee AD. (1988). The
predominant cultivable microbiota of active and inactive
lesions of destructive periodontal diseases. J Clin
Periodontol. 15: 316-23.

Feng Z, Weinberg A. (2006). Role of bacteria in health and
disease of periodontal tissues. Periodontol 2000. 40: 50-
76.

Fenno JC, Lee SY, Bayer CH, Ning Y. (2001). The opdB
locus encodes the trypsin- like peptidase activity of
Treponema denticola. Infect Immun. 69: 6193-200.

Frohm M, Agerberth B, Ahangari G, Stahle-Backdahl M,
Lidén S, Wigzell H, Gudmundsson GH. (1997). The
expression of the gene coding for the antibacterial
peptide LL- 37 is induced in human keratinocytes during
inflammatory disorders. J Biol Chem. 272: 15258-63.

Frye M, Bargon J, Gropp R. (2001). Expression of human
beta-defensin-1 promotes differentiation of keratinocytes.
J Mol Med. 79(5-6): 275-82.

Ganz T. (2003). Defensins: antimicrobial peptides of innate
immunity. Nat Rev Immunol. 3: 710-20.

Ganz T, Lehrer RI. (1995). Defensins. Pharmacol Ther. 66:
191-205.

Gemmell E, Carter CL, Seymour GJ. (2001). Chemokines
in human periodontal disease tissues. Clin Exp Immunol.
125: 134-41.

Gibbons RJ, van Houte J. (1971). Selective Bacterial
Adherence to Oral Epithelial Surfaces and Its Role as an
Ecological Determinant. Infect Immun. 3: 567-573.

Gursoy UK, Koénonen E, Uitto VJ. (2008). Stimulation of
epithelial cell matrix metalloproteinase (MMP-2, -9, -13)
and interleukin-8 secretion by fusobacteria. Oral Microbiol
Immunol. 23: 432-4.

Haffajee AD, Socransky SS, Patel MR, Song X. (2008).
Microbial complexes in supragingival plaque. Oral
Microbiol Immunol. 2008 Jun: 196-205.

Haffajee AD, Socransky SS. (1994). Microbial etiological
agents of destructive periodontal diseases. Periodontol
2000. 5: 78-111.

Han YW, Shi W, Huang GT, Kinder Haake S, Park NH,
Kuramitsu H, Genco RJ. (2000). Interactions between
periodontal bacteria and human oral epithelial cells:
Fusobacterium nucleatum adheres to and invades
epithelial cells. Infect Immun. 68: 3140-6.

Hanazawa S, Kawata Y, Takeshita A, Kumada H, Okithu M,
Tanaka S, Yamamoto Y, Masuda T, Umemoto T, Kitano
S. (1993). Expression of monocyte chemoattractant
protein 1 (MCP-1) in adult periodontal disease: increased
monocyte chemotactic activity in crevicular fluids and
induction of MCP-1 expression in gingival tissues. Infect
Immun.61: 5219-24.

Hancock RE. (1997). Peptide antibiotics. Lancet.349: 418-
22.

Harder J, Bartels J, Christophers E, Schroder JM. (1997).
A peptide antibiotic from human skin. Nature. 387(6636):
861.

Harder J, Bartels J, Christophers E, Schroder JM. (2001).
Isolation and characterization of human beta -defensin-3,
a novel human inducible peptide antibiotic. J Biol Chem.
276: 5707-13.

Harder J, Meyer-Hoffert U, Wehkamp K, Schwichtenberg L,
Schrdéder JM. (2004). Differential gene induction of human
beta-defensins (hBD-1, -2, -3, and -4) in keratinocytes is
inhibited by retinoic acid. J Invest Dermatol. 123: 522-9.

Hasegawa Y, Mans JJ, Mao S, Lopez MC, Baker HV,
Handfield M, Lamont RJ. (2007). Gingival epithelial cell
transcriptional responses to commensal and opportunistic
oral microbial species. Infect Immun. 75: 2540-7.

Holzhausen M, Spolidorio LC, Ellen RP, Jobin MC, Steinhoff
M, Andrade-Gordon P, Vergnolle N. (2006). Protease-
activated receptor-2 activation: a major role in the
pathogenesis of Porphyromonas gingivalis infection. Am
J Pathol. 168: 1189-99.

Holzhausen M, Spolidorio LC, Vergnolle N. (2005). Role
of protease-activated receptor-2 in inflammation, and
its possible implications as a putative mediator of
periodontitis. Mem Inst Oswaldo Cruz. 100 Suppl 1: 177-
80.

Huang GT, Zhang HB, Dang HN, Haake SK. (2004).
Differential regulation of cytokine genes in gingival
epithelial cells challenged by Fusobacterium nucleatum
and Porphyromonas gingivalis. Microb Pathog. 37: 303-
12.

Ishikawa I. (2007). Host responses in periodontal diseases:
a preview. Periodontol 2000. 43: 9-13.

Izadpanah A, Gallo RL. (2005). Antimicrobial peptides. J Am
Acad Dermatol. 52(3 Pt 1): 381-90

Jewett A, Hume WR, Le H, Huynh TN, Han YW, Cheng
G, Shi W. (2000). Induction of apoptotic cell death in
peripheral blood mononuclear and polymorphonuclear
cells by an oral bacterium, Fusobacterium nucleatum.
Infect Immun. 68: 1893-8.

Ji S, Kim Y, Min BM, Han SH, Choi Y. (2007). Innate
immune responses of gingival epithelial cells to
nonperiodontopathic and periodontopathic bacteria. J
Periodontal Res. 42: 503-10.

Ji S, Hyun J, Park E, Lee BL, Kim KK, Choi Y. (2007).
Susceptibility of various oral bacteria to antimicrobial
peptides and phagocytosis by neutrophils J Periodontal
Res. 42: 410-9.

Ji S, Shin JE, Kim YS, Oh JE, Min BM, Choi Y. (2009). Toll-
like receptor 2 and NALP2 mediate induction of human
beta-defensins by Fusobacterium nucleatum in gingival
epithelial cells. Infect Immun. 77: 1044- 52.

Jia HP, Schutte BC, Schudy A, Linzmeier R, Guthmiller JM,
Johnson GK, Tack BF, Mitros JP, Rosenthal A, Ganz T,
McCray PB Jr. (2001). Discovery of new human beta-
defensins using a genomics-based approach. Gene.
263(1-2): 211-8.

Joly S, Maze C, McCray PB Jr, Guthmiller JM. (2004).
Human beta-defensins 2 and 3 demonstrate strain-
selective activity against oral microorganisms. J Clin
Microbiol. 42: 1024-9.

Jonard L., Ban-L., Pressac M., Just J.-and Bahuau M.
(2006). Les défensines en physiopathologie humaine.
Immunoanalyse and Biologie Spécialisée. 342-347

Kagan BL, Ganz T, Lehrer RI. (1994). Defensins: a family of
antimicrobial and cytotoxic peptides. Toxicology. 87(1-3):
131-49.

Kagnoff MF, Eckmann L. (1997). Epithelial cells as sensors
for microbial infection. J Clin Invest. 100: 6-10.

Karpathy SE, Qin X, Gioia J, Jiang H, Liu Y, Petrosino
JF, Yerrapragada S, Fox GE, Haake SK, Weinstock



GM, Highlander SK. (2007). Genome sequence of
Fusobacterium nucleatum subspecies polymorphum - a
genetically tractable fusobacterium. PLoS One. 2: e659.

Kikkert R, Laine ML, Aarden LA, van Winkelhoff AJ. (2007).
Activation of toll-like receptors 2 and 4 by gram-negative
periodontal bacteria. Oral Microbiol Immunol. 22: 145-
51.

Kinder SA, HoltSC. (1993). Localization of the Fusobacterium
nucleatum T18 adhesin activity mediating coaggregation
with Porphyromonas gingivalis T22. J Bacteriol. 175: 840-
50.

Kinder Haake S, Lindemann RA. (1997). Fusobacterium
nucleatum T18 aggregates human mononuclear cells and
inhibits their PHA-stimulated proliferation. J Periodontol.
68: 39-44.

Kolenbrander PE, Andersen RN, Blehert DS, Egland PG,
Foster JS, Palmer RJ Jr. (2002). Communication among
oral bacteria. Microbiol Mol Biol Rev. 2002: 486-505.

Kolenbrander PE. (2000). Oral microbial communities:
biofilms, interactions, and genetic systems. Annu Rev
Microbiol. 54: 413-37.

Kornman KS, Page RC, Tonetti MS. (1997). The host
response to the microbial challenge in periodontitis:
assembling the players. Periodontol 2000. 14: 33-53.

Krisanaprakornkit S, Kimball JR, Weinberg A, Darveau RP,
Bainbridge BW, Dale BA. (2000). Inducible expression
of human beta-defensin 2 by Fusobacterium nucleatum
in oral epithelial cells: multiple signaling pathways and
role of commensal bacteria in innate immunity and the
epithelial barrier. Infect Immun. 68: 2907-15.

Krisanaprakornkit S, Weinberg A, Perez CN, Dale BA.
(1998). Expression of the peptide antibiotic human beta-
defensin 1 in cultured gingival epithelial cells and gingival
tissue. Infect Immun. 66: 4222-8.

Krisanaprakornkit S, Jotikasthira D, Dale BA. (2003).
Intracellular calcium in signaling human beta-defensin-2
expression in oral epithelial cells. J Dent Res. 82: 877-
82.

Krisanaprakornkit S, Kimball JR, Dale BA. (2002). Regulation
of human beta- defensin-2 in gingival epithelial cells:
the involvement of mitogen- activated protein kinase
pathways, but not the NF-kappaB transcription factor
family. J Immunol. 168: 316-24.

Lah TT, Babnik J, Schiffmann E, Turk V, Skaleric U. (1993).
Cysteine proteinases and inhibitors in inflammation: their
role in periodontal disease. J Periodontol. 64(5 Suppl):
485-91.

Lamont RJ, Yilmaz O. (2002). In or out: the invasiveness of
oral bacteria. Periodontol 2000. 30: 61-9.

Li J, Helmerhorst EJ, Leone CW, Troxler RF, Yaskell T,
Haffajee AD, Socransky SS, Oppenheim FG. (2004).
Identification of early microbial colonizers in human dental
biofilm. J Appl Microbiol. 97: 1311- 8.

Liu AY, Destoumieux D, Wong AV, Park CH, Valore EV, Liu
L, Ganz T. (2002). Human beta- defensin-2 production in
keratinocytes is regulated by interleukin-1, bacteria, and
the state of differentiation. J Invest Dermatol. 118: 275-
81.

Liu L, Wang L, Jia HP, Zhao C, Heng HH, Schutte BC,
McCray PB Jr, Ganz T. (1998). Structure and mapping of
the human beta-defensin HBD-2 gene and its expression
at sites of inflammation. Gene. 222: 237-44.

Fusobacterium nucleatum 33

LiuRK, Cao CF,Meng HX, Gao. (2001). Polymorphonuclear
neutrophils and their mediators in gingival tissues from
generalized aggressive periodontitis. J Periodontol. 72:
1545-53.

Lu Q, Samaranayake LP, Darveau RP, Jin L. (2005).
Expression of human beta- defensin-3 in gingival epithelia.
J Periodontal Res. 40: 474-81.

Lu Q, Jin L, Darveau RP, Samaranayake LP. (2004).
Expression of human beta- defensins-1 and -2 peptides in
unresolved chronic periodontitis. J Periodontal Res. 2004
Aug;39: 221-7.

Madianos PN, Bobetsis YA, Kinane DF. (2005). Generation
of inflammatory stimuli: how bacteria set up inflammatory
responses in the gingiva. J Clin Periodontol. 32 Suppl 6:
57-71.

Mahanonda R, Pichyangkul S. (2007). Toll-like receptors and
their role in periodontal health and disease. Periodontol
2000. 43: 41-55.

Maisetta G, Batoni G, Esin S, Luperini F, Pardini M, Bottai
D, Florio W, Giuca MR, Gabriele M, Campa M. (2003).
Activity of human beta-defensin 3 alone or combined
with other antimicrobial agents against oral bacteria.
Antimicrob Agents Chemother. 2003: 3349-51.

Marshall RI. (2004). Gingival defensins: linking the innate
and adaptive immune responses to dental plaque.
Periodontol 2000. 35: 14-20.

Mathews M, Jia HP, Guthmiller JM, Losh G, Graham S,
Johnson GK, Tack BF, McCray PB Jr. (1999). Production
of beta-defensin antimicrobial peptides by the oral mucosa
and salivary glands. Infect Immun. 67: 2740-5.

Mavris M, Sansonetti P. (2004). Microbial-gut interactions in
health and disease. Epithelial cell responses. Best Pract
Res Clin Gastroenterol. 18: 373-86.

Metzger Z, Blasbalg J, Dotan M, Tsesis |, Weiss EI. (2009).
Characterization of coaggregation of Fusobacterium
nucleatum PK1594 with six Porphyromonas gingivalis
strains. J Endod. 35: 50-4.

Metzger Z, Blasbalg J, Dotan M, Weiss EI. (2009). Enhanced
attachment of Porphyromonas gingivalis to human
fibroblasts mediated by Fusobacterium nucleatum. J
Endod. 35: 82-5.

Mineshiba F, Takashiba S, Mineshiba J, Matsuura K,
Kokeguchi S, Murayama Y. (2003). Antibacterial activity
of synthetic human B defensin-2 against periodontal
bacteria. J Int Acad Periodontol. 5: 35-40.

Moore WE, Moore LV. (1994). The bacteria of periodontal
diseases. Periodontol 2000. 5: 66-77.

Murakami M, Ohtake T, Dorschner RA, Schittek B, Garbe
C, Gallo RL. (2002). Cathelicidin anti-microbial peptide
expression in sweat, an innate defense system for the
skin. J Invest Dermatol. 119: 1090-5.

Murakami M, Ohtake T, Dorschner RA, Gallo RL. (2002).
Cathelicidin antimicrobial peptides are expressed in
salivary glands and saliva. J Dent Res. 81: 845-50.

Nishihara T, Koseki T. (2004). Microbial etiology of
periodontitis. Periodontol 2000. 36: 14- 26.

Niyonsaba F, Ushio H, Nakano N, Ng W, Sayama K,
Hashimoto K, Nagaoka I, Okumura K, Ogawa H. (2007).
Antimicrobial peptides human beta-defensins stimulate
epidermal keratinocyte migration, proliferation and
production of proinflammatory cytokines and chemokines.
J Invest Dermatol. 127: 594-604.



34 Signat et al.

Niyonsaba F, Someya A, Hirata M, Ogawa H, Nagaoka |I.
(2001). Evaluation of the effects of peptide antibiotics
human beta-defensins-1/-2 and LL-37 on histamine
release and prostaglandin D production from mast cells.
Eur J Immunol. 31: 1066-75.

Niyonsaba F, Ogawa H, Nagaoka I|. (2004). Human beta-
defensin-2 functions as a chemotactic agent for tumour
necrosis factor-alpha-treated human  neutrophils.
Immunology. 111: 273-81.

Niyonsaba F, Ushio H, Nagaoka |, Okumura K, Ogawa H.
(2005). The human beta- defensins (-1, -2, -3, -4) and
cathelicidin LL-37 induce IL-18 secretion through p38 and
ERK MAPK activation in primary human keratinocytes. J
Immunol. 175: 1776-84.

Niyonsaba F, Iwabuchi K, Matsuda H, Ogawa H, Nagaoka
I. (2002). Epithelial cell- derived human beta-defensin-2
acts as a chemotaxin for mast cells through a pertussis
toxin-sensitive and phospholipase C-dependent pathway.
Int Immunol. 14: 421-6.

Niyonsaba F, lwabuchi K, Someya A, Hirata M, Matsuda
H, Ogawa H, Nagaoka |. (2002). A cathelicidin family
of human antibacterial peptide LL-37 induces mast cell
chemotaxis. Immunology. 106: 20-6.

Nizet V, Ohtake T, Lauth X, Trowbridge J, Rudisill J,
Dorschner RA, Pestonjamasp V, Piraino J, Huttner K,
Gallo RL. (2001). Innate antimicrobial peptide protects the
skin from invasive bacterial infection. Nature. 414(6862):
454-7.

Ogawa AT, Brasil de Souza Tde A, de Uzeda M, Jankevicius
JV, Jankevicius Sl. (2006). Characterization of proteolytic
activities of Fusobacterium nucleatum. J Endod. 32:
521-3.

Okada H, Murakami S. (1998). Cytokine expression in
periodontal health and disease. Crit Rev Oral Biol Med.
9: 248-66.

Oppenheim JJ, Biragyn A, Kwak LW, Yang D. (2003). Roles
of antimicrobial peptides such as defensins in innate and
adaptive immunity. Ann Rheum Dis. 62 Suppl 2: ii17-21.

Ouhara K, Komatsuzawa H, Yamada S, Shiba H, Fujiwara
T, Ohara M, Sayama K, Hashimoto K, Kurihara H, Sugai
M. (2005). Susceptibilities of periodontopathogenic and
cariogenic bacteria to antibacterial peptides, {beta}-
defensins and LL37, produced by human epithelial cells.
J Antimicrob Chemother. 55: 888-96

Page RC, Schroeder HE. (1976). Pathogenesis of
inflammatory periodontal disease. A summary of current
work. Lab Invest. 34: 235-49.

Piltsep K, Carlsson G, Boman HG, Andersson M. (2002).
Deficiency of antibacterial peptides in patients with morbus
Kostmann: an observation study. Lancet. 360(9340):
1144-9.

Raj PA, Dentino AR. (2002). Current status of defensins and
their role in innate and adaptive immunity. FEMS Microbiol
Lett. 206: 9-18.

Sahasrabudhe KS, Kimball JR, Morton TH, Weinberg A,
Dale BA. (2000). Expression of the antimicrobial peptide,
human beta-defensin 1, in duct cells of minor salivary
glands and detection in saliva. J Dent Res. 79: 1669-74.

Saito A, Inagaki S, Kimizuka R, Okuda K, Hosaka Y,
Nakagawa T, Ishihara K. (2008). Fusobacterium
nucleatum enhances invasion of human gingival epithelial
and aortic endothelial cells by Porphyromonas gingivalis.
FEMS Immunol Med Microbiol. 54: 349-55.

Schenkein HA. (2006). Host responses in maintaining
periodontal health and determining periodontal disease.
Periodontol 2000. 40: 77-93.

Schonwetter BS, Stolzenberg ED, Zasloff MA. (1995).
Epithelial antibiotics induced at sites of inflammation.
Science. 267(5204): 1645-8.

Schréder JM. (1999). Epithelial antimicrobial peptides:
innate local host response elements. Cell Mol Life Sci.
56(1-2): 32-46.

Scott MG, Davidson DJ, Gold MR, Bowdish D, Hancock
RE. (2002). The human antimicrobial peptide LL-37 is a
multifunctional modulator of innate immune responses. J
Immunol. 169: 3883-91.

Seymour GJ, Gemmell E. (2001). Cytokines in periodontal
disease: where to from here? Acta Odontol Scand. 59:
167-73.

Shenker BJ, DiRienzo JM. (1984). Suppression of human
peripheral blood Iymphocytes by Fusobacterium
nucleatum. J Immunol. 132: 2357-62.

Serensen OE, Thapa DR, Rosenthal A, Liu L, Roberts AA,
Ganz T. (2005). Differential regulation of beta-defensin
expression in human skin by microbial stimuli. J Immunol.
174: 4870-9.

Starner TD, Swords WE, Apicella MA, McCray PB Jr. (2002).
Susceptibility of nontypeable Haemophilus influenzae to
human beta-defensins is influenced by lipooligosaccharide
acylation. Infect Immun. 70: 5287-9.

Stolzenberg ED, Anderson GM, Ackermann MR, Whitlock
RH, Zasloff M. (1997). Epithelial antibiotic induced in
states of disease. Proc Natl Acad Sci U S A. 94: 8686-
90.

Suchett-Kaye G, Morrier JJ, Barsotti O. (1998). Interactions
between non-immune host cells and the immune
system during periodontal disease: role of the gingival
keratinocyte. Crit Rev Oral Biol Med. 9: 292-305.

Supp DM, Karpinski AC, Boyce ST. (2004). Expression of
human beta-defensins HBD-1, HBD- 2, and HBD-3 in
cultured keratinocytes and skin substitutes. Burns. 30:
643-8.

Taggart CC, Greene CM, Smith SG, Levine RL, McCray
PB Jr, O'Neill S, McElvaney NG. (2003). Inactivation of
human beta-defensins 2 and 3 by elastolytic cathepsins.
J Immunol. 171: 931-7.

Tezal M, Scannapieco FA, Wactawski-Wende J, Grossi
SG, Genco RJ. (2006). Supragingival plaque may modify
the effects of subgingival bacteria on attachment loss. J
Periodontol. 77: 808-13.

Uehara A, Sugawara S, Muramoto K, Takada H. (2002).
Activation of human oral epithelial cells by neutrophil
proteinase 3 through protease-activated receptor-2. J
Immunol. 169: 4594-603.

Uehara A, Sugawara S, Takada H. (2002). Priming of
human oral epithelial cells by interferon-gamma to secrete
cytokines in response to lipopolysaccharides, lipoteichoic
acids and peptidoglycans. J Med Microbiol. 51: 626-34.

Uitto VJ, Baillie D, Wu Q, Gendron R, Grenier D, Putnins EE,
Kanervo A, Firth JD. (2005). Fusobacterium nucleatum
increases collagenase 3 production and migration of
epithelial cells. Infect Immun. 73: 1171-9.

Van der Reijden WA, Bosch-Tijhof CJ, Strooker H, van
Winkelhoff AJ. (2006). prtH in Tannerella forsythensis is
not associated with periodontitis. J Periodontol. 77: 586-
90.



Vankeerberghen A, Nuytten H, Dierickx K, Quirynen M,
Cassiman JJ, Cuppens H. (2005). Differential induction
of human beta-defensin expression by periodontal
commensals and pathogens in periodontal pocket
epithelial cells. J Periodontol. 76: 1293-303.

Vardar-Sengul S, Demirci T, Sen BH, Erkizan V, Kurulgan
E, Baylas H. (2007). Human beta defensin-1 and
-2 expression in the gingiva of patients with specific
periodontal diseases. J Periodontal Res. 42: 429-37.

Weinberg A, Krisanaprakornkit S, Dale BA. (1998). Epithelial
antimicrobial peptides: review and significance for oral
applications. Crit Rev Oral Biol Med. 9: 399-414.

Ximénez-Fyvie LA, Haffajee AD, Socransky SS. (2000).
Comparison of the microbiota of supra- and subgingival
plaque in health and periodontitis. J Clin Periodontol. 27:
648-57.

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ,
Shogan J, Anderson M, Schroder JM, Wang JM, Howard
OM, Oppenheim JJ. (1999). Beta- defensins: linking
innate and adaptive immunity through dendritic and T cell
CCR®6. Science.286(5439): 525-8.

Yang D, Biragyn A, Hoover DM, Lubkowski J, Oppenheim
JJ. (2004). Multiple roles of antimicrobial defensins,
cathelicidins, and eosinophil-derived neurotoxin in host
defense. Annu Rev Immunol. 22: 181-215.

Fusobacterium nucleatum 35

Yin L, Dale BA. (2007). Activation of protective responses
in oral epithelial cells by Fusobacterium nucleatum and
human beta-defensin-2. J Med Microbiol. 56(Pt 7): 976-
87.

Yoshimura A, Hara Y, Kaneko T, Kato I. (1997). Secretion
of IL-1 beta, TNF-alpha, IL-8 and IL-1ra by human
polymorphonuclear leukocytes in  response to
lipopolysaccharides from periodontopathic bacteria. J
Periodontal Res. 1997: 279-86.

Yoshioka M, Fukuishi N, Kubo Y, Yamanobe H, Ohsaki
K, Kawasoe Y, Murata M, Ishizumi A, Nishii Y, Matsui
N, Akagi M. (2008). Human cathelicidin CAP18/LL-37
changes mast cell function toward innate immunity. Biol
Pharm Bull. 31: 212-6.

Zanetti M, Gennaro R, Romeo D. (1995). Cathelicidins:
a novel protein family with a common proregion and a
variable C-terminal antimicrobial domain. FEBS Lett.
1995;374: 1-5.

Zanetti M, Gennaro R, Scocchi M, Skerlavaj B. (2000).
Structure and biology of cathelicidins. Adv Exp Med Biol.
479: 203-18.

Zasloff M. (2002). Antimicrobial peptides of multicellular
organisms. Nature. 415: 389-95.

Zasloff M. (2002). Antimicrobial peptides in health and
disease. N Engl J Med. 347: 1199-200.



Further Reading

Climate Change and

Microbial Ecology “ 'E: g
L8

Caister Academic Press is a leading academic publisher of
advanced texts in microbiology, molecular biology and medical

research. Full details of all our publications at caister.com

MALDI-TOF Mass Spectrometry in Microbiology
Edited by: M Kostrzewa, S Schubert (2016)
www.caister.com/malditof

Aspergillus and Penicillium in the Post-genomic Era
Edited by: RP Vries, IB Gelber, MR Andersen (2016)
www.caister.com/aspergillus2

The Bacteriocins: Current Knowledge and Future Prospects

Edited by: RL Dorit, SM Roy, MA Riley (2016)
www.caister.com/bacteriocins

Omics in Plant Disease Resistance
Edited by: V Bhadauria (2016)
www.caister.com/opdr

Acidophiles: Life in Extremely Acidic Environments
Edited by: R Quatrini, DB Johnson (2016)
www.caister.com/acidophiles

Climate Change and Microbial Ecology: Current Research

and Future Trends
Edited by: J Marxsen (2016)
www.caister.com/climate

Biofilms in Bioremediation: Current Research and Emerging
Technologies

Edited by: G Lear (2016)
www.caister.com/biorem

Microalgae: Current Research and Applications
Edited by: MN Tsaloglou (2016)
www.caister.com/microalgae

Gas Plasma Sterilization in Microbiology: Theory,
Applications, Pitfalls and New Perspectives

Edited by: H Shintani, A Sakudo (2016)
www.caister.com/gasplasma

Virus Evolution: Current Research and Future Directions

Edited by: SC Weaver, M Denison, M Roossinck, et al. (2016)
www.caister.com/virusevol

Arboviruses: Molecular Biology, Evolution and Control
Edited by: N Vasilakis, DJ Gubler (2016)
www.caister.com/arbo

Shigella: Molecular and Cellular Biology
Edited by: WD Picking, WL Picking (2016)
www.caister.com/shigella

Aquatic Biofilms: Ecology, Water Quality and Wastewater
Treatment

Edited by: AM Romani, H Guasch, MD Balaguer (2016)
www.caister.com/aquaticbiofilms

Alphaviruses: Current Biology
Edited by: S Mahalingam, L Herrero, B Herring (2016)
www.caister.com/alpha

Thermophilic Microorganisms
Edited by: F Li (2015)
www.caister.com/thermophile

Omics in Plant
Disease Resistance

Virus Evolution

Current Research and Future Directions

Biofilms in
+ - Bioremediation

§ wmwiawm
’9& ; -

# A

1 and Future Trendss

Alphaviruses

MICROALGAE

Current Research and Applications

Edited by Maria-Nefeli Tsaloglou

* Flow Cytometry in Microbiology: Technology and Applications

Edited by: MG Wilkinson (2015)
www.caister.com/flow

* Probiotics and Prebiotics: Current Research and Future Trends
Edited by: K Venema, AP Carmo (2015)
www.caister.com/probiotics

Epigenetics: Current Research and Emerging Trends
Edited by: BP Chadwick (2015)
www.caister.com/epigenetics2015

Corynebacterium glutamicum: From Systems Biology to
Biotechnological Applications

Edited by: A Burkovski (2015)

www.caister.com/cory2

Advanced Vaccine Research Methods for the Decade of

Vaccines

Edited by: F Bagnoli, R Rappuoli (2015)
www.caister.com/vaccines

Antifungals: From Genomics to Resistance and the Development of Novel
Agents

Edited by: AT Coste, P Vandeputte (2015)

www.caister.com/antifungals

Bacteria-Plant Interactions: Advanced Research and Future Trends

Edited by: J Murillo, BA Vinatzer, RW Jackson, et al. (2015)
www.caister.com/bacteria-plant

Aeromonas

Edited by: J Graf (2015)
www.caister.com/aeromonas

Antibiotics: Current Innovations and Future Trends
Edited by: S Sanchez, AL Demain (2015)
www.caister.com/antibiotics

Leishmania: Current Biology and Control

Edited by: S Adak, R Datta (2015)
www.caister.com/leish2

Acanthamoeba: Biology and Pathogenesis (2nd edition)
Author: NA Khan (2015)
www.caister.com/acanthamoeba?2

Microarrays: Current Technology, Innovations and Applications
Edited by: Z He (2014)
www.caister.com/microarrays2

Metagenomics of the Microbial Nitrogen Cycle: Theory, Methods
and Applications

Edited by: D Marco (2014)
www.caister.com/n2

Order from caister.com/order



