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Abstract
Periodontitis is a common dental disease which results in irreversible alveolar bone loss around
teeth, and subsequent tooth loss. Previous studies have focused on bacteria that damage the host
and the roles of commensals to facilitate their colonization. Although some immune responses
targeting oral bacteria protect the host from alveolar bone loss, recent studies show that particular
host defense responses to oral bacteria can induce alveolar bone loss. Host damaging and
immunostimulatory oral bacteria cooperatively induce bone loss by inducing gingival damage
followed by immunostimulation. In mouse models of experimental periodontitis induced by either
Porphyromonas gingivalis or ligature, γ-proteobacteria accumulate and stimulate host immune
responses to induce host damage. Here we review the differential roles of individual bacterial
groups in promoting bone loss through the induction of host damage and immunostimulation.

Keywords
periodontitis; NOD1; pathobiont; innate immunity; alveolar bone absorption; neutrophil
recruitment

Periodontitis is an oral disease associated with outgrowth of multiple
bacteria and activation of host immunity

There is a paradox in the way our body handles microbes that live in the oral cavity. Most
immune responses are beneficial in that they protect the host against invading pathogens.
However, some immune responses to bacteria such as those associated with periodontitis
can also damage the host by inducing significant pathology in the oral cavity. Periodontitis
is a dental disease affecting billions of patients worldwide that is characterized by chronic
gingival inflammation and subsequent alveolar bone loss around the teeth [1,2]. Although
colonization of a single bacterium Aggregatibacter actinomycetemcomitans is highly
associated with aggressive periodontitis in young individuals and adults [3], multiple
bacteria are typically involved in the development of chronic periodontitis that affect adult
patients [4–7]. Culture-based studies in the last century showed marked changes of the oral
bacterial populations during the development of periodontal disease and the important role
of ‘red complex’ bacteria that include Porphyromonas gingivalis, Tannerella forsythia and
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Treponema denticola [4,7]. The difference in the oral bacterial community between healthy
and periodontitis patients has been confirmed and characterized in more detail by non-
culture based techniques [8–10]. The keystone bacteria that are recently found to be
associated with periodontitis also include Filifactor alocis, Treponema, Prevotella,
Selenomonas, Peptostreptococcus, Anaeroglobus, Desulfobulbus species, Lachnospiraceae,
Synergistetes and TM7 species in addition to red complex bacteria [9,10]. Although these
newly identified keystone pathogens have not been well characterized, a main feature of the
red complex bacteria is the presence of a high level of protease activity. The proteases
including P. gingivalis gingipains, T. forsythia PrtH and T. denticola dentilisin proteases are
important for virulence [11–14]. The degradation of host extracellular matrix proteins by the
bacterial proteases can result in loss of the epithelial barrier in the oral cavity [15,16] and a
P. gingivalis strain lacking gingipains is impaired in its ability to induce loss of epithelial
barrier [16]. Besides these red complex bacteria, other oral commensals play a significant
role in periodontitis development. Previous studies with in vivo and in silico interaction
assays focused extensively on metabolic and physical interactions of non-red complex and
red complex bacteria and elucidated its importance for dysbiosis in eliciting periodontitis
development [5,6,17,18].

Animal models reveal protective responses against periodontitis
development

To determine the importance of individual oral bacteria in disease development,
experimental animals including mice were infected with individual bacteria isolated from
patients with periodontitis, and the sequence of host responses that result in alveolar bone
loss [19,20]. Importantly, these animals possess their own commensals that can affect the
infection. For example, when specific pathogen-free (SPF) mice are pre-treated with
antibiotics such as sulphamethoxazole and trimethoprim which modify the composition of
the murine oral microbiota, P. gingivalis can reproducibly colonize the oral cavity resulting
in alveolar bone loss [21]. Likewise, animal models were used to analyze the interactions
among bacteria by combinatory infection which revealed their functional interaction in
inducing bone loss [22–24]. These infection models have also shown that host immune
responses to oral bacteria are important for periodontitis development. For example, pre-
immunization of SPF mice with P. gingivalis decreases P. gingivalis load and the level of
alveolar bone loss after infection [13,25]. These observations suggest that adaptive host
immunity is important for the elimination of harmful bacteria involved in periodontitis
development and protective against alveolar bone loss. The finding that mice deficient in
inducible nitric oxide synthase (iNOS), P-selectin or intercellular adhesion molecule 1
(ICAM1)-depleted mice are susceptible to P. gingivalis -induced alveolar bone loss [26,27]
(Figure 1), suggests that innate immune responses are also important for prevention of
alveolar bone loss. Since innate immune systems including complement are critical for host
resistance against various pathogens [28], it would be expected that host innate and adaptive
immunity prevent periodontitis development through the elimination or control of host-
damaging bacteria. However, recent studies have revealed that the mechanisms involved in
periodontitis development are much more complex and that host immunity acts like a double
edged sword as described below.

Induction of inflammatory responses results in alveolar bone loss
In addition to protective immune responses that limit bacterial infection, immune responses
that target oral bacteria can also result in local loss of alveolar bone. Alveolar bone loss in
periodontitis is primarily due to increased bone resorption by osteoclasts that are activated
by immunostimulation from oral bacterial components [29]. Differentiation of osteoclasts is
also induced by RANK activation following sequential immune responses to oral bacterial
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components [30] (Figure 1). The importance of immune responses to bacterial components
in alveolar bone loss is further supported by the requirement of interferon-γ (IFN-γ) and
interleukin-6 (IL-6), inflammatory molecules that are induced by bacterial stimuli and
enhances inflammatory responses [31, 32]. RANK activation is controlled by two critical
factors, the RANK ligand (RANKL) and the RANK inhibitor, osteoprotegerin (OPG),
whose expression levels in activated CD4+ T cells, B cells and osteoblasts are regulated by
the inflammatory cytokines tumor necrosis factor (TNF) and IL-1 [31,33–36]. The dominant
source of RANKL may appear to be activated T and B cells, because SCID, β2-
macrogloblin and RAG-1 deficient mice show a marked decrease of alveolar bone loss in
the ligature model [31, 37]. The main sources of the inflammatory cytokines TNF and IL-1,
in response to stimulatory bacterial molecules which are recognized by pattern-recognition
receptors (PRR), are neutrophils and monocytes/macrophages (see Glossary) [38]. These
phagocytic cells express innate immune receptors Toll-like receptor 2 (TLR2), C3aR and
C5aR at high levels and mice lacking these proteins exhibit reduction of alveolar bone loss
in experimental periodontitis models [39–42]. C3aR and C5aR are the receptors for
processed complement factors that are produced through activation of bacteria-stimulated
classical and alternative complement pathways as well as the lectin-dependent pathway [28].
In addition, P. gingivalis can induce C3 and C5 processing by gingipains [43]. Activation of
C3aR and C5aR in immune cells induces chemotactic migration of phagocytes similar to
that induced via the receptors for CXCL and CCL chemokines that are secreted from
gingival tissues in response to bacterial stimulation [28]. The migration of neutrophils from
blood to stimulated gingival tissues also requires several adhesive molecules including
ICAM-1 and lymphocyte function-associated antigen 1 (LFA-1) whose interaction is
controlled by Del-1, an IL-17 regulated protein [44]. Neutrophil recruitment to damaged
gingival sites is also triggered by bacterial stimulation of NOD1 [37]. NOD1 is an innate
immune receptor that mediates neutrophil recruitment by inducing the secretion of
chemokines from non-hematopoietic cells [45,46]. Mice lacking NOD1 show decreased
chemokine CXCL1 secretion from the gingival epithelium in a ligature-induced model of
periodontitis [37]. Thus, signaling via the innate immune receptors TLR2, NOD1, C3aR and
C5aR connect oral bacteria to alveolar bone loss. While these innate immune receptors are
important for elimination of invasive pathogens, their role in protective immune responses
during inflammation-induced bone loss is still unknown. As stimulation of either NOD1 or
C3aR/C5aR induces the recruitment of phagocytic immune cells, they might play synergistic
and cooperative roles in the recruitment of cells. Indeed, C3a and C5a enhance TLR-
dependent cytokine production in vivo [40]. Because stimulation of TLR2, but not NOD1,
C3aR and C5aR alone, induces TNF and IL-1 production from immune cells, TLR2 might
be important for the induction of the inflammatory cytokines downstream of NOD1, C3aR
and C5aR. Clearly, additional studies are needed to understand the role of individual host
factors in periodontitis.

Experimental periodontitis models have dissected the distinct roles of
individual bacterial groups in periodontitis development

P. gingivalis-monocolonized mice, unlike P. gingivalis-colonized SPF mice, do not develop
periodontitis phenotypes [47]. This indicates that P. gingivalis alone is insufficient to induce
periodontitis and induction of alveolar bone loss requires additional oral bacteria. Moreover,
the studies suggest that beside their impact on facilitating the colonization of host damaging
bacteria such as P. gingivalis, other bacteria play synergistic roles with keystone pathogens
to induce alveolar bone loss. Bacteria-independent gingival damage induced by ligature
placement around or between the molars of SPF mice results in alveolar bone loss, whereas
germ-free rodents do not develop bone loss when their teeth are ligated [37, 48]. So bone
loss induced by ligature placement is also dependent on the oral bacteria and this model
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allows dissecting two different roles of oral bacteria in the induction of bone loss: a direct
role through the immunostimulation [37] and an indirect role through the colonization of
host damaging bacteria. Further analyses with mice lacking PRRs have elucidated
differential immunostimulation by individual bacteria.

Individual oral bacteria possess different immunostimulatory activity
Recent studies have revealed that oral bacterial species possess different levels of
immunostimulatory activities that can explained by distinct structure, amounts and
localization of the bacterial immunostimulatory molecules [37,46,49–50] (Table 1). A.
actinomycetemcomitans, a causal agent of aggressive periodontitis, is a γ-proteobacterium
that produces lipopolysaccharide (LPS) with the highly TLR4-stimulatory moiety,
diphospho-type lipid A [49,51]. TLR4 is critical for elimination of A.
actinomycetemcomitans [52]. Although practically all bacteria express di-acyl and tri-acyl
lipoproteins which are the ligands of TLR2/TLR6 and TLR2/TLR1, respectively [53],
NOD1 ligands are quite unique in that they are small molecules that are released from
particular bacteria [46,54] and stimulate non-hematopoietic cells upon loss of the epithelial
barrier in the intestine and oral cavity [37,55]. Because NOD1 ligands are related to meso-
diaminopimelic acid (mDAP)-type peptidoglycan that does not exist in many oral bacteria
including Fusobacterium and Streptococcus, only particular groups of bacteria stimulate
NOD1 [46,56]. Bacteroidetes species including P. gingivalis possesses low level of NOD1-
stimulatory activity, although they produce mDAP-type peptidoglycan [37,46,57]. However,
Pasturellaceae species A. actinomycetemcomitans and the related mouse commensal NI1060
possess and release peptidoglycan with high NOD1-stimulatory activity which is critical for
induction of alveolar bone loss [37]. The different levels of NOD1-stimulatory activity
released from individual bacteria is dependent on recycling and degradation pathways of
peptidoglycan, because dominant NOD1 ligands are produced by peptidoglycan-cleaving
enzymes [46,58–60].

Bacteria produce multiple immunostimulatory molecules that may function as redundant
stimuli. Injection of LPS preparations including γ-proteobacteria and P. gingivalis into the
gingival tissue induces alveolar bone loss [61,62]. However, TLR4 is dispensable for
induction of alveolar bone loss in the ligature-induced periodontitis model, although the
dominant bacterium NI1060 is one γ-proteobacteria that possesses highly TLR4-stimulatory
diphospho lipid A LPS (Table 1) [37,49]. This might be explained by the relatively low
sensitivity of gingival cells to LPS in vivo and in situ [37]. However, LPS preparations of
Bacteroidetes species including P. gingivalis that effectively induce alveolar bone loss
[61,62], possess LPS molecules that contain the monophospho-type lipid A motif that poorly
stimulate TLR4 ascompared with diphospho-type lipid A LPS [49, 63]. Indeed, TLR4-
deficient and wild-type mice show similar levels of P. gingivalis load after subcutaneous
infection [64]. Purified LPS preparations are often contaminated with other
immunostimulatory molecules such as lipoproteins and peptidoglycan fragments that serve
as ligands of TLR2 and NOD1, respectively [65,66]. Thus, the ability of LPS preparations to
induce bone loss should be verified by the use of synthetic molecules that are free from
contamination with other PRR ligands [63,66]. By infecting SPF mice with P. gingivalis,
TLR2, C3aR and C5aR were shown to be important for immune responses that results in
alveolar bone loss [39–42]. However, P. gingivalis-infected mice contain multiple γ-
proteobacteria in the oral cavity [47]. Because P. gingivalis can induce alveolar bone loss by
promoting synergistic interactions between complement and TLRs in vivo [40], it is possible
that stimulation of other PRRs such as NOD1 is triggered by coexisting mouse commensals.
Further analyses using germ-free mice lacking specific PRRs colonized with individual oral
bacteria are required to understand the role of individual PRRs in periodontitis. It is also
known that bacteria have different sensitivity to complement-mediated immunity [67]. For
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example, capsular polysaccharides and O structures of LPS confer resistance against both
classical and alternative complement pathways. Moreover, many oral bacteria including P.
gingivalis possess the ability to interfere with complement systems [28,67]. Therefore, it is
possible that the bacterial composition affects activation of C3a- and C5a-mediated
pathways in the oral cavity.

The distinct roles of host-damaging and immunostimulatory bacteria in
periodontitis

The low NOD1-immunostimulatory activity of red complex bacteria led to the hypothesis
that periodontitis development requires both host damage and immunostimulation. In this
model, translocation of bacterial components such as NOD1 ligands is triggered by loss of
the epithelial barrier that is caused by host damaging red complex (Figure 1). Accumulation
of bacteria that possess a high potential to stimulate host immune responses during or after
the loss of the epithelial barrier appear to be important for alveolar bone loss. Healthy adult
mice have no significant NOD1-stimulatory activity in the oral cavity as the dominant
bacteria are largely non-NOD1-stimulatory [57]. Subversion of host immunity by keystone
pathogens and other members of the oral microbiota promotes the accumulation of
immunostimulatory pathobionts and establishment of dysbiosis that results in alveolar bone
loss [2,6,47] (Figure 2). Thus, keystone pathogens can avoid host immune responses and by
doing so they promote the accumulation of pathobionts that induce host immune responses
that are responsible for pathological alveolar bone loss. Accumulation of NOD1-stimulatory
NI1060 by bacteria-independent gingival damage is critical for alveolar bone loss in the
mouse ligature-induce periodontitis model [37]. NI1060 is a species related to A.
actinomycetemcomitans - and A. actinomycetemcomitans also possesses high NOD1
stimulatory activity, suggesting that A. actinomycetemcomitans-mediated alveolar bone loss
in humans is also mediated by NOD1. Therefore, microbiota transition induced by host
damage is also important and results in accumulation of NOD1-stimulatory activity in the
oral cavity. However, the kinetics of NOD1-stimulatory activity in the oral cavity of
periodontitis patients is unknown. Taxonomic classification of oral bacteria suggests that
particular bacteria in the non-red color complex might possess high immunostimulatory
activity which is important for alveolar bone loss (Table 1). The importance of the pre-
existence of immunostimulatory bacteria before colonization of host damaging bacteria has
been reported in other disease models. For example, the intestinal microbiota already
contains high numbers of γ-proteobacterial commensals that possess immunostimulatory
activity, and loss of epithelial barrier by a host damaging bacterium triggers the
translocation of immunostimulatory commensals [55]. Therefore, it is possible that
immunostimulatory bacteria might preexist prior to accumulation of host damaging red
complex bacteria in humans during periodontitis development.

Importantly, recent studies suggest a model in which two bacterial functions, namely host
damage and immunostimulation act synergistically to induce periodontitis. In this model, the
role of host damaging bacteria is to promote the translocation of immunostimulatory
bacteria or bacterial components that result in alveolar bone loss. In the hypothesis, A.
actinomycetemcomitans is a unique bacterium. Inoculation of A. actinomycetemcomitans
alone induces alveolar bone loss in the SPF mouse model, whereas mouse NI1060 requires
host damage to induce alveolar bone loss [37,52,68]. A. actinomycetemcomitans produces
leukotoxin that damages host cells [3,69]. Therefore, A. actinomycetemcomitans is capable
of inducing tissue damage in the oral cavity and providing immunostimulation via NOD1,
although further investigation using A. actinomycetemcomitans-monoclonized mice is
required to conclude that these two distinct functions of A. actinomycetemcomitans are
sufficient to induce alveolar bone loss. This dual function of A. actinomycetemcomitans
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might explain why accumulation of A. actinomycetemcomitans alone is sufficient to induce
aggressive periodontitis [3]. The latter notion is also supported by the fact that particular
strains (e.g. JP2) which produce high amounts of host cell-damaging leukotoxin are more
tightly associated with aggressive periodontitis [69]. Importantly, culture and non-culture
based studies demonstrate that Aggregatibacter species are also preferentially found in some
chronic periodontitis patients [4,9]. Therefore, in the presence of host damaging red complex
bacteria, A. actinomycetemcomitans strains that secrete lower amounts of leukotoxin are
possible sources of NOD1 ligands and may stimulate host immunity. It will be interesting to
test if Aggregatibacter strains are involved in the development of chronic periodontitis and
whether strains isolated from patients with chronic and aggressive periodontitis have
different levels of leukotoxin that correlate with disease severity.

Concluding remarks
As described above, several innate immune receptors including TLR2, TLR4, NOD1, C3aR,
and C5aR have been identified to be important for alveolar bone loss in mouse models.
However, the etiology of human periodontitis is more complex and the roles of these innate
immunity genes in human periodontal disease have not been addressed yet (Box 1). Host
damaging bacteria that produce high levels of proteases and gingival damage are
taxonomically diverse (Bacteroidetes and Spirochaetes). Likewise, bacteria that possess high
levels of NOD1-stimulatory activity as well as bacteria that are resistant against complement
are diverse [46, 55, 67]. A better understanding of the roles of individual bacteria in human
periodontitis and their immunostimulatory functions should lead to better therapies for
periodontitis patients. In particular, identification of NOD1-stimulatory bacteria in the
human oral cavity would be helpful in understanding the role of immunostimulatory activity
in patients with periodontitis. Although NOD1 is a cytosolic protein, NOD1-stimulatory
bacteria in the oral cavity are not necessarily intracellular pathogens or pathobionts.
Previous studies showed that NOD1 signaling can be initiated by extracellular
administration of ligands or by mutant strains of Listeria monocytogenes that cannot enter
the host cytosol [46]. Comprehensive analyses of PRR-specific immunostimulatory activity
in individual oral bacteria should provide insight into how individual bacteria affect and
modulate host responses that result in alveolar bone loss.

Box 1

Outstanding questions

• How do host immune responses to oral bacteria induce alveolar bone loss in
periodontitis?

• What is the molecular basis by which individual oral bacteria stimulate different
host immune receptors?

• Why are another type of pathobionts that stimulate host immunity required for
periodontitis development?

Finally, colonization and accumulation of immunostimulatory bacteria that cause alveolar
bone loss may depend, at least in part, on the presence of non-red complex commensals in
addition to red complex bacteria. Therefore, investigation of the interactions between
immunostimulatory bacteria and other commensals in the oral cavity should provide novel
insight into the mechanism by which microbiota transition affects periodontitis
development.
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Glossary

Alveolar bone is a specialized type of bone which is designed to accommodate teeth.
This type of bone is found in the lower and upper part of the jaw.
Alveolar bone is thick and dense so that it can provide adequate support
for the teeth

Commensals microbes that can colonize hosts without the induction of tissue damage
or disease. Humans harbor trillions of commensals with >10,000
bacterial species of which about 700 bacterial species are residents in the
oral cavity. Many commensals live in a mutually beneficial relationship
with the host and benefit the host through several mechanisms including
digestion of complex carbohydrates, immumomodulation, and resistance
to pathogen colonization

Pathobionts some commensals can induce disease under particular conditions and are
referred as pathobionts

Pattern
recognition
receptors
(PRRs)

are proteins that recognize unique and conserved molecular patterns,
which are expressed by microbes. PRRs include membrane located Toll-
like receptors (TLRs), C-type lectin-like receptors (CLRs), intracellular
NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs). For
example, NOD1 recognizes the iE-DAP moiety of peptidoglycan-related
small molecules and TLR4 recognizes the diphospho-type lipid A
moiety in lipopolysaccharide (LPS). Stimulation of PRRs results in the
activation of inflammatory transcription factors such as NF-κB and
AP-1 through IKK and ERK/p38 MAPK, respectively, which induces
the expression of many inflammatory proteins including cytokines and
chemokines. In addition, certain PRRs activate interferon regulatory
factors that induce interferon-dependent protective immune responses
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Highlights

• The host mounts beneficial and harmful immune responses to oral bacteria.

• Innate immune receptors have a critical role in alveolar bone resorption.

• Host damaging and immunostimulatory bacteria have different roles in
periodontitis development.

• Individual oral bacteria have different immunostimulatory activity.
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Figure 1. Models for host protective and damaging immune responses to oral bacteria in
periodontitis
Alveolar bone loss in periodontitis is primarily associated with immune responses to oral
bacteria. The immune responses provide protection against translocated bacteria (T) but also
mediate alveolar bone resorption which is harmful to host tissues. Host protective immune
responses include elimination of pathogens by phagocytic cells (P) and production of
antigen-specific immunoglobulin (IGs) which are mediated by antigen presenting
phagocytic cells and activated T cells (actT). Inducible NO synthase (iNOS) is also known
to be involved in host protective immune responses. The number of bone absorbing
osteoclasts increase at sites below the damaged gingiva during periodontitis development. In
the model, host damaging red complex bacteria (R) damage the epithelial barrier function.
The epithelial damage allows the translocation of harmful bacteria or immunostimulatory
bacterial components into the gingival tissue. NOD1 ligands are released from particular
types of oral bacteria (N) which induces recruitment of phagocytotic cells to the damaged
gingiva via induction of chemokines such as CXCLs and CCLs (e.g. IL-8 and CCL3,
respectively). Translocated bacteria (T) are eliminated by phagocytosis and other
mechanisms through recruited immune cells, bacterial opsonization, and complement
activation. A red complex bacterium such as P. gingivalis possesses the ability to process
complement factors. The processed complement factors further induce recruitment of
myelomonocytic cells to the lesion. IL-17 inhibits expression of Del-1 that interferes with
neutrophil adhesion and molecule-dependent neutrophil recruitment. Some myelomonocytic
cells are major sources of immunostimulatory molecules which facilitate the development of
secondary immune responses to the bacteria. Immunization against P. gingivalis is shown to
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protect hosts from alveolar bone loss. Myelomonocytic cells also release bone loss-inducing
inflammatory cytokines, TNF and IL-1, upon bacterial stimulation of PRRs such as TLR2.
RANKL is expressed on activated T, B cells and osteoblasts that are stimulated by these
inflammatory cytokines, T cells, and is important for alveolar bone loss in experimental
periodontitis models. Therefore, protective immune responses that are activated to eliminate
translocated bacteria can also damage the host by the induction of alveolar bone loss.
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Figure 2. Distinct roles of host damaging and immunostimulatory bacteria in the development of
periodonditis
As shown in Figure 1, host immune responses to oral bacteria are critical for periodontitis
development. A particular group of periodontitis-associated keystone pathogens possess the
ability to subvert and escape recognition by the host immune system via several mechanisms
including intracellular invasion and blockage of host immune signaling [70]. The latter
events are likely important for keystone pathogens to establish a dysbiotic bacterial
community by avoiding their elimination in the oral cavity. In addition, another type of
commensal bacteria is recognized by the host innate immune system to elicit inflammatory
responses that result in bone loss. NOD1 ligands are immunostimulatory molecules that are
released from bacteria and therefore they can stimulate immune responses remotely from the
bacteria. Thus, a model is proposed by which two distinct bacterial groups, namely host
damaging (keystone pathogens) and immunostimulatory such as NOD1-stimulatory bacteria
act synergistically to induce periodontitis. In the model, keystone pathogens possess the
ability to induce damage to the epithelial barrier via virulence factors such as proteases (red
complex bacteria) and/or toxins (A. actinomycetemcomitans) which enable
immunostimulatory bacterial molecules such as NOD1 ligands and/or bacteria to translocate
deeper into the tissue and to elicit inflammatory responses and bone loss.
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