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Dendritic cells: arbiters of mucosal immunity and tolerance
Dendritic cells consist of a family of potent antigen-capture and antigen-presenting cells that
infiltrate the mucosa, skin, and most organs of the body. The dendritic cell subsets that comprise
the dendritic cell family and their immune functions have been previously described (28,29,
104); however, we will briefly describe some aspects of dendritic cell plasticity and the
propensity of different dendritic cell subsets to differentiate into osteoclasts. Dendritic cells
play an essential role in resistance to infection, by their ability to sense microbes (‘danger
signals’), and to respond by undergoing directed migration out of the tissues. The dendritic
cells then migrate to the secondary lymphoid organs, where they activate the adaptive immune
system. Dendritic cells are also essential for inducing and maintaining mucosal immune
homeostasis to harmless commensal bacteria and to self-antigens. They do this by migration
in the immature ‘steady-state’ (i.e. in the absence of infection) to lymphoid organs, where they
induce antigen-specific unresponsiveness or tolerance (129) by several mechanisms, including
induction of regulatory T cells (126). The cytokine microenvironment that dendritic cells
encounter in the periphery is critical to the type of adaptive immune response induced by
dendritic cells. For example, interleukin-12 and interleukin-23 favor the induction of an
inflammatory T helper cell type 1 response (96), while interleukin-10, induced by
lipopolysaccharide of the oral pathogen Porphyromonas gingivalis, favors a T helper type 2
effector response (66,111) and transforming growth factor-β favors an immunosuppressive
regulatory T-cell response (97). The consequences of failure to maintain immune homeostasis
are exemplified by Crohn's disease (14) and celiac disease (60) of the small intestine, by asthma
and allergic rhinitis of the respiratory tract (147) and, as we have proposed, by periodontitis of
the supporting soft and hard tissues of the dentition (28–30).

Maintenance of immune homeostasis must be particularly problematic in the oral cavity, which
is exposed to thousands of bacteria and other infectious agents as the host respires, eats, or has
intimate contact with other humans. In most people, the oral mucosa remains in a relative state
of health despite the heavy microbial load (1). Many of these microbes pass into the upper
respiratory (95) and gastrointestinal (114) tracts, where they can be eliminated, can colonize,
or, in an immunocom-promised host, may cause disease (107). Commensal bacteria may
generally protect the host mucosa by preventing colonization by invasive pathogens and by
postnatal stimulation of the mucosa-associated lymphoid tissue via some immunoregulatory
mechanisms that are not yet totally understood (78,143).

Commensals are not all beneficial; some provide an attachment substrate for the colonization
and biofilm accretion by pathogens (26); others can become pathogenic in response to changes
in the host immune status or in the microflora (116). The oral gram-negative anaerobe P.
gingivalis, for example, appears to be a commensal in healthy oral mucosa (144), but an
opportunistic pathogen in diseased gingival tissues (85,92). The pathogenetic transition is
facilitated by the inflamed tissue microenvironment, which provides the proteins (58) and
blood products (71) needed for the bacterial growth and virulence; as well as proinflammatory
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and anti-inflammatory cytokines that instruct dendritic cells to induce strong cell-mediated
and / or humoral type responses (66,111).

Recent studies make a compelling case for the role of dendritic cell infiltration and response
to the oral microbiota in periodontal disease pathogenesis (3,4,13,24,30,33,45,62,63,65,72,73,
90). Accordingly, this review will focus on how dendritic cells can mediate periodontal disease
pathogenesis, including: (i) expression of mediators of recruitment and trafficking of dendritic
cells and other inflammatory cells in and out of the tissues; (ii) pattern recognition by dendritic
cells, leading to activation / maturation of dendritic cells and stimulation of an inflammatory
T-cell response (or inhibition of dendritic cell maturation, leading to immune suppression);
(iii) formation of semi-organized lymphoid aggregates, or oral lymphoid foci in the gingival
lamina propria, first described in 2001 (65); and (iv) the potential ability of some dendritic cell
subsets to directly develop into osteoclasts, thereby serving as osteoclast precursors.

Trafficking of dendritic cell progenitors, dendritic cells, and T cells into and
out of mucosa, towards lymph nodes (Fig. 1)

The proper function of immune surveillance requires well-coordinated mechanisms to guide
patrolling immune cells through the peripheral tissues, including oral mucosa, and into
secondary organs (39). Control of the immune responses in the intestines, in lymph nodes, and
no doubt in the oral mucosa is maintained by differential trafficking patterns of select
lymphoid / myeloid subpopulations. Most notable among the molecular signals that regulate
cell trafficking are the chemokines and their respective receptors (27). For example, the
expression patterns of the chemokines macrophage inflammatory protein-3α (MIP-3α) and
macrophage inflammatory protein-3β (MIP-3β), and their respective receptors CCR6 and
CCR7, suggest that these molecules mediate dendritic cell influx into tissues (Fig. 1A) and
efflux to T-cell-rich regions within human lymph nodes (Fig. 1C;27,34,59). Immature dendritic
cells in vitro express high levels of CCR6 and low levels of CCR7, while mature dendritic cells
express low levels of CCR6 and high levels of CCR7 (59). Of the respective ligand(s),
MIP-3α is predominantly expressed at inflamed tonsillar crypts, while MIP-3β is specifically
expressed in T-cell-rich areas, suggesting a role for MIP-3α / CCR6 in the recruitment of
immature dendritic cells at sites of injury and for MIP-3β / CCR7 in the accumulation of
antigen-loaded mature dendritic cells in T-cell-rich areas (34). The constitutive trafficking to
and from the skin of the epidermal dendritic cells, the Langerhans cells, is coupled to the
differential expression of MIP-3α / CCR6 and MIP-3β / CCR7 (21). Recent human studies
suggest that CCR6 and MIP-3α are expressed in inflamed periodontal tissues and may have an
important regulatory role in specific lymphocyte (and dendritic cells) migration (56).

Failure of migrating dendritic cells to mature en route to the lymph nodes (129) or the ability
of dendritic cells to depolarize cytokine profiles towards a T helper type 2 profile can lead to
immune suppression / tolerance (e.g. towards commensals or self-antigens). P. gingivalis
lipopolysaccharide may promote immunosuppression by this route, inducing weak dendritic
cell maturation and a T helper type 2 bias both in vitro (66) and in vivo (111); moreover, certain
P. gingivalis lipopolysaccharide moieties suppress dendritic cell maturation by
lipopolysaccharide from other species (25). This suggests that P. gingivalis may be the
proverbial ‘wolf in sheep's clothing’ – appearing to the host as a commensal organism, while
invading host tissue and suppressing the immune response towards other species. This
characteristic of P. gingivalis is consistent with the presentation of periodontitis: long-standing,
low-grade inflammation that is difficult to resolve. Resolution of inflammation is generally
favored by migration of fully matured dendritic cells from inflamed sites into lymph nodes,
where a Th1 type cell mediated immune response can be induced (19,98,130).
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After the dendritic cells migrate out of the periphery, monocytic dendritic cell precursors
migrate in from the bloodstream (Fig. 1A) and from the bone marrow. Monocytes are recruited
from bone marrow by CCR2, and are a primary precursor for Langerhans cells in tissues
(122). Dendritic cell precursors are also recruited in elevated numbers to infected sites by
chemokines such as thymus and activation-regulated chemokine and macrophage-derived
chemokine. Thymus and activation-regulated chemokine and macrophage-derived chemokine
are both ligands for CCR4, which is expressed by dendritic cells and T cells. Naive T cells in
asthma, for example, produce both thymus and activation-regulated chemokine and
macrophage-derived chemokine, which contribute to local migration of T helper type 2 cells
into lung and lymphoid tissues (53). These chemokines may have particular relevance to
chronic periodontitis, which shows a T helper type 2 bias in many reports (reviewed in ref.
47). In addition, Langerhans cells and T cells express cutaneous leukocyte antigen, which along
with CCR6, facilitates their recruitment into mucosa by macrophage inflammatory
protein-3α (Fig. 1A). Immature dendritic cells that are activated at the site by pathogen-
associated molecular patterns (e.g. lipopolysaccharide), in turn secrete chemokines that attract
other inflammatory cells, including activated T cells, natural killer cells, and additional
dendritic cells (Fig. 1B). The mediators shown in Fig. 1B have been implicated in rheumatoid
arthritis, allergic asthma, atopic dermatitis, and multiple sclerosis [e.g. CCR1, receptor for the
CC chemokines CCL5 (regulated on activation normal T cell expressed and secreted;
RANTES) and CCL3 (macrophage inflammatory protein-1α)].

The use of receptor antagonists for chemokines is a novel approach to blocking chemokine
actions and has the potential to provide novel therapeutics for inflammatory diseases (119).
Several pre-clinical studies with CCR1-deficient mice, anti-CCR1 antibodies and CCR1
antagonists, for example, suggest that CCR1 or its ligands may be attractive therapeutic targets
for a variety of inflammatory diseases. Publications and patents describing CCR1 antagonists
and their pharmacological effects have recently been disclosed (reviewed in refs 17,50,70,
116,117). Recent studies indicate that chemokines and chemokine receptors are differentially
expressed in different types of periodontal disease and in health. Most notably, macrophage
inflammatory protein-1α, interferon-γ-inducible protein-10, CCR5, and CXCR3 are elevated
in aggressive periodontitis (43). Interestingly, activated dendritic cells are significant sources
of chemokines such as interleukin-8 and growth-related oncogene, which attract
polymorphonuclear leukocytes to the diseased site (121;Fig. 1B). Periodontal disease activity
and its resolution have long been ascribed to the function and number of polymorphonuclear
leukocytes (reviewed in ref. 68).

Pattern recognition by dendritic cells: both immune-activating and immune-
suppressing functions

A valid strategy for dampening immune responses is to interfere with the initial recognition of
microbes by innate immune cells, such as dendritic cells and macrophages (110). Different
Toll-like receptors on innate immune cells serve as transmembrane receptors for different
pathogen-associated molecular patterns (74). Toll-like receptors are transmembrane receptors
that translate critical information about the nature of the pathogen / commensal through nuclear
factor-κB-dependent signaling pathways (2). For many gram-negative bacteria, Toll-like
receptor ligation culminates in increased expression of accessory signals on dendritic cells (e.g.
cytokines, costimulatory molecules), which prepares dendritic cells to activate naive T cells,
thereby initiating the adaptive immune response. Interestingly, recent studies show that the
human gingiva is infiltrated with large numbers of Toll-like receptor 2-positive and Toll-like
receptor 4-positive cells, and that their numbers increase significantly in chronic periodontitis,
relative to periodontal health; however, Toll-like receptor mRNA expression is down-
regulated, probably through a process called endotoxin tolerance (100). This is supported by
evidence that the Src homology 2 molecule containing inositol phosphatase (SHIP-1), the
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mediator of endotoxin tolerance, is up-regulated in situ in chronic periodontitis (99). In vitro,
human monocyte-derived dendritic cells express mRNA for Toll-like receptors 1, 2, 3, 4, and
5 (101). Human immature CD11c+ dendritic cells isolated from peripheral blood express high
levels of mRNA for Toll-like receptors 1, 2 and 3 and low levels of Toll-like receptors 5, 6, 8,
and 10, and undetectable levels of Toll-like receptors 4, 7, and 9 (67). In another study, the
expression of Toll-like receptor proteins on human peripheral blood dendritic cells and
monocyte-derived dendritic cells were analyzed by flow cytometry – both dendritic cell sources
expressed Toll-like receptor 2, but not Toll-like receptor 4; moreover, Toll-like receptor 2
activation resulted in preferential induction of interleukin-12 by dendritic cells (142). Dendritic
cells from human gut mucosa have been shown to express Toll-like receptor 2 and Toll-like
receptor 4, which may be involved in sensing intestinal flora and in induction of Crohn's disease
(84). Expression of specific TLRs by dendritic cells in gingival tissue in situ, however, is
presently unclear.

Recently, the NACHT-LRR (domain present in NAIP, CIITA, HET-E and TP1 with leucine-
rich repeat) proteins, or nucleotide-binding oligomerization domains (NODs) have been
identified on dendritic cells that, like Toll-like receptors, possess the capability to recognize
microbes and convert this information to elicit appropriate downstream signaling events. While
Toll-like receptor 2 was originally thought to be the receptor for gram-positive bacterial
peptidoglycan, nucleotide-binding oligomerization domains 1 and 2 (abbreviated as NOD1
and NOD2) have been reported to recognize specific fragments of peptidoglycan, also known
as muropeptides (48). Nucleotide-binding oligomerization domain 1 senses a naturally
occurring peptidoglycan breakdown product GlcNAc-MurNAc-L-Ala-zγ-D-Glu-meso-
diaminopimelic acid (GMtriDAP), which is found mostly in gram-negative bacteria, while
nucleotide-binding oligomerization domain 2 senses muramyl dipeptide MurNAc-L-Ala-D-
isoGln (MDP) of the gram-positive peptidoglycan (49). Although human oral epithelial cells
have been shown to up-regulate both nucleotide-binding oligomerization domains 1 and 2 in
response to peptidoglycans (145), very little is known about expression of the nucleotide-
binding oligomerization domains 1 and 2 by oral mucosal dendritic cells and their role in
mucosal responsiveness to commensals (reviewed in ref. 133).

Dendritic cells, Langerhans cells and certain tissue macrophages are also equipped to capture
micro-organisms and self-antigens by the expression of distinct sets of C-type lectin receptors
(reviewed in refs 77,148). Many of the C-type lectin receptors are expressed in human gingiva,
including the Langerhans cell-specific marker Langerin (CD207), macrophage mannose
receptor (CD206) and dendritic cell-specific intercellular adhesion molecule-3 grabbing
nonintegrin (DC-SIGN; CD209), with Langerin decreasing in the gingival epithelium in
chronic periodontitis, while macrophage mannose receptor and dendritic cell-specific
intercellular adhesion molecule-3 grabbing nonintegrin increase in the lamina propria in
chronic periodontitis (62,64;Fig. 2). The C-type lectin receptors consist of type I and II
transmembrane receptors, which function primarily to interact with the conserved
carbohydrates shared by a large group of microorganisms, and internalize these pathogens for
processing and antigen-presentation. Accordingly, C-type lectin receptors contain
carbohydrate recognition domains for binding to sugars (e.g. mannose, fucose, galactose and
β-glucans) and glycosylated proteins. C-type lectin receptors appear to lack Toll-interleukin-1-
receptor activation domains, and thus their ligation does not generally lead to dendritic cell
maturation and cytokine secretion, in contrast to the Toll-like receptors (61,76,77,146).
Exceptions include the C-type lectin receptors Dectin-1 (15,42), which appears to collaborate
with Toll-like receptor 2 in responding to its natural ligand β-glucan (i.e. yeast). Moreover,
mannose receptor (CD206) functions in an antagonistic fashion to the Toll-like receptors,
responding to mannosylated lipoarabinomannans (105) by activation of an anti-inflammatory
immunosuppressive program (22) and may induce regulatory T cells (76). The Toll-like
receptor antagonism of C-type lectin receptors may be mediated by immunoreceptor tyrosine-
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based activation motifs (ITAMS) or immunoreceptor tyrosine-based inhibitory motifs
(ITIMS), respectively (38). Thus although Toll-like receptors and C-type lectin receptors
recognize different determinants and have distinct functions, there may be cross-talk between
the two; moreover, the balance of Toll-like receptor / C-type lectin receptor triggering can
influence the outcome of the immune response (76). The physiological function of C-type lectin
receptors may be to recognize glycosylated self-antigens for induction of immune tolerance
(44).

Some pathogens appear to subvert the immune response by specifically targeting C-type lectin
receptors, most notably dendritic cell-specific inter-cellular adhesion molecule-3 grabbing
nonintegrin and macrophage mannose receptor. This is ostensibly beneficial to the pathogen
as intracellular signaling in dendritic cells is down-regulated, inhibiting maturation and
cytokine secretion; activities that are necessary for effective adaptive immunity. Such
pathogens include human immunodeficiency virus type 1, Mycobacterium tuberculosis,
Helicobacter pylori, Klebsiella pneumoniae, Candida albicans, and Schistosoma mansoni
(reviewed in ref. 148). It has been stated that the central feature of pathogens that interact with
dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin is that they cause
chronic infections that last a lifetime and that they manipulate the T helper type 1 / type 2
balance to persist at the disease site (77). Notably, high expression of dendritic cell-specific
intercellular adhesion molecule-3 grabbing nonintegrin, as we have observed in the gingival
lamina propria in chronic periodontitis (62,64), is dependent on T helper type 2 cytokines
(113). Ligation of dendritic cell-specific intercellular adhesion molecule-3 grabbing
nonintegrin, in the presence of lipopolysaccharide or tumor necrosis factor, triggers the release
of the T helper type 2-biasing cytokine interleukin-10 (18). The lipopolysaccharide of P.
gingivalis induces dendritic cells to release interleukin-10, but not interleukin-12 and induces
a T helper type 2 effector response in vivo (111) and in vitro (66). The role of C-type lectin
receptors in antigen-capture of oral microbes or in the responses of oral mucosal dendritic cells
to microbes; however, are presently unclear.

Oral lymphoid foci within interdental papilla: immune effector (inductive?)
sites in the oral mucosa

After dendritic cells arrive at immune inductive sites (e.g. lymph nodes, spleen), they locate
naive T and B cells to activate them and initiate the adaptive immune response. Dendritic cells
also re-stimulate previously activated T and B cells in peripheral tissues, i.e. at immune effector
sites. We understand very little about the predominant immune inductive and effector sites in
the oral mucosa proper; however, the prototypical oral inductive sites, contained within
Waldeyer's ring, are oropharyngeal tissues and nasopharyngeal-associated lymphoid tissue
(150). The latter include palatine tonsils, nasopharyngeal tonsils (adenoids) and lingual tonsils
(40). In humans, nasopharyngeal-associated lymphoid tissue is ultra-structurally and
functionally similar to gut-associated lymphoid tissue, containing Peyer's patches and
lymphoid follicles (41). The lymphoid follicles within the villus lamina propria are a dominant
gut-associated lymphoid tissue effector site and are covered by a single layer of epithelium
containing intraepithelial lymphocytes and lamina propria lymphocytes and dendritic cells
(127). Published data (62,65) suggest that oral lymphoid foci in interdental papillae are
evocative of these evolutionarily ancient lymphoid aggregates, which predate lymph nodes and
Peyer's patches and play important roles in mucosal and systemic immune responses (10). This
comparison is based on double-immunofluorescence analysis of oral mucosa showing
organizational structure of lymphoid and myeloid elements, with lamina propria CD83+

dendritic cells engaged with large numbers of CD4+ T cells, which include CD45RA+ and
CD45RO+ subsets (62,65). Langerin+ Langerhans cells infiltrate the oral / gingival epithelium,
while large numbers of dendritic cell-specific intercellular adhesion molecule-3 grabbing
nonintegrin-positive interstitial dendritic cells infiltrate the gingival lamina propria;

Cutler and Teng Page 5

Periodontol 2000. Author manuscript; available in PMC 2010 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



particularly in chronic periodontitis. Both Langerhans cells and interstitial dendritic cells
appear to contribute to the pool of maturing CD83+ dendritic cells in the lamina propria (62).
The presence of germinal centers, however, as observed in lymphoid follicles (103), has not
yet been identified in oral lymphoid foci. Murine studies suggest that buccal mucosal dendritic
cells capture antigen and migrate to the cervico-mandibular lymph nodes, where antigen is
presented (36). However, the identity of the dendritic cell subsets that participate in oral mucosa
immune responses or migrate in the steady-state to cervico-mandibular lymph nodes is not
clear.

Linking dendritic cells to osteoimmunology in periodontal pathogenesis
While dendritic cells are imbued with a powerful ability to traffic throughout the periphery,
under normal conditions dendritic cells are rarely localized in the alveolar bone proper or the
adjacent stroma, nor do they contribute to normal bone remodeling, as dendritic cell-deficient
animals have no apparent skeletal defects (91). However, the active lesions of inflammatory
bone diseases (e.g. periodontal disease and rheumatoid arthritis) harbor both mature and
immature dendritic cells located in different compartments of the affected synovial and
periodontal tissues surrounding bone (28,52,65,108,136,141). Moreover, dendritic cells in the
actively inflamed tissues of rheumatoid arthritis and chronic periodontitis form aggregates with
T cells, where the dendritic cell / T-cell interactions through receptor activator of nuclear factor-
κB–ligand (RANK-RANKL) signaling take place in vivo (109). Leung et al. (83) showed that
type-II collagen-pulsed dendritic cells can induce arthritis in DBA / 1 inbred mice after adoptive
transfer, suggesting that dendritic cells play a critical role in driving the immunopathology of
rheumatoid arthritis leading to chronic synovitis. However, their exact pathophysiological
functions and mechanisms involved in rheumatoid arthritis and periodontal disease remain
unclear.

Bone remodeling and homeostasis are tightly regulated and controlled by a number of
osteogenic cytokines, growth factors, and hormones that exert their effects via osteoblasts and
osteoclasts. Osteo-blasts and osteoclasts work together to maintain bone homeostasis in health.
In contrast, in rheumatoid arthritis, osteomyelitis and periodontitis, and in metabolic bone
disorders like osteoporosis, bone remodeling becomes unbalanced and is accompanied by
increased osteoclast numbers and activity, leading to irreversible bone loss and resulting in
morbidity and / or perturbation of life quality (140). Active osteoclasts are defined as
multinucleated giant cells expressing tartrate-resistant acid phosphatase (TRAP), calcitonin
receptor, cathepsin-K and inte-grins αvβ3, and capable of dissolving bone matrix (133,140).
Importantly, the recently identified tumor necrosis factor family molecule, RANKL, its
receptor RANK, and the natural antagonist osteoprotegerin (79), have been shown to be the
essential regulators of bone remodeling and are directly involved in the differentiation,
activation, and survival of osteoclasts and osteoclast precursors (79,125,149,151). Mice
deficient in RANKL, RANK, and macrophage colony-stimulating factor all carry a similar
phenotype of severe osteopetrosis, indicating these molecules, play a critical role in
osteoclastogenesis (35,131,152). RANKL is expressed by osteoblasts, stromal cells,
chondrocytes, and mesenchymal cells (140). In addition, RANKL–RANK signaling is
involved in dendritic cell survival, lymph node formation and organogenesis, and critical
dendritic cell / T-cell interactions (7,75). By using experimental mouse models, CD4+ T cells
have been shown to be critically involved in regulating alveolar bone loss in vivo (11,12,69,
132,148), and activated CD4+ T cells to express RANKL, which can directly trigger
osteoclastogenesis and alveolar bone loss associated with periodontitis in vivo (134,135,137–
139). Interestingly, blocking RANKL activity via osteoprotegerin injections has been shown
to result in significantly reduced bone loss in arthritis (75), periodontitis (139,140),
osteoporosis (54,94), cancer-related bone metastasis (16,55), and the enhanced alveolar bone
loss associated with type-1 diabetes in vivo (89). In particular, osteoprotegerin injections into
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both human peripheral blood lymphocytes-nonobese diabetic / severe combined
immunodeficient (NOD / SCID) and diabetic nonobese diabetic (NOD) mice, orally infected
by live microorganisms to induce experimental periodontitis, consistently prevented and
inhibited alveolar bone loss up to 80% and 90%, respectively, suggesting that the RANKL–
RANK / osteoprotegerin axis is the central pathway of controlling osteoclastogenesis in the
periodontium (89,137,139). More recent studies have shown that periodontally resident cells
(i.e. periodontal ligament fibroblasts or mesenchymal tissues) can also be induced to express
RANKL / osteoprotegerin by microbes or microbial product-induced inflammatory conditions
in vivo or in vitro (51,102,106,112), suggesting the potentially broad range and contributions
of the RANKL–RANK / osteoprotegerin signaling network in periodontal disease and tissues.
Together, these studies have supported the new paradigm of linking adaptive immunity to
bone–skeletal biology (i.e. osteoimmunology) associated with inflammatory periodontal
disease.

Based on recent findings, the fine balance between T helper types 1 and 2 cytokines and
RANKL–RANK under various inflammatory conditions (i.e. presence of tumor necrosis
factor-α or interleukin-1) may contribute directly (or indirectly) to osteoclastogenesis and
subsequent bone remodeling in vivo (134,135,137,138,153). Thus, there are more complex
cytokine networks involved in the regulation of RANKL–RANK / osteoprotegerin signaling
pathways leading to osteoclastogenesis in vivo than those suggested to date (for the ‘RANKL
and Cytokine Interactions Network’: called ‘RACIN’; see refs 135,137,152). Further research
is required to decipher the molecular interactions and mechanisms to develop future
therapeutics to modulate the host immune responses in human periodontal infection.

Although dendritic cells have long been thought to contribute indirectly to inflammation-
induced bone loss (i.e. as antigen-presenting cells) (118), Rivollier et al. (115) recently showed
that human peripheral blood monocyte-derived dendritic cells can transdifferentiate into
osteoclasts in the presence of macrophage colony-stimulating factor and RANKL in vitro,
suggesting a direct involvement of dendritic cells in osteoclastogenesis. However, whether
dendritic cell / T-cell interactions can support dendritic cell-derived osteoclast development
remains unclear. Studies have been interested in investigating the osteoclastogenic potential
of dendritic cells to establish whether those cells can give rise to osteoclasts during dendritic
cell / T-cell interactions under inflammatory conditions, because it has been suggested that
dendritic cells and osteoclasts may share common progenitors (93). This hypothesis was
pursued by establishing a unique co-culture system, which consists of highly purified murine
bone marrow- or spleen-derived granulocyte–macrophage colony-stimulating factor and
interleukin-4-derived CD11c+ dendritic cells. These purified cultures lack classic osteoclast
precursors (120,133) and are cocultured with CD4+ T cells plus microbial or protein antigens
[i.e. human pathogens, Aggregatibacter (Actinobacillus) actinomycetemcomitans, P.
gingivalis, or Escherichia coli] on bone-matrix-coated plates (5,139). The results suggest that
immature CD11c+ dendritic cells can act like osteoclast precursors during immune interactions
with CD4+ T cells and develop into functional osteoclasts capable of resorbing bone in vitro
and, after adoptive transfer, in vivo, in a RANKL / RANK signaling-dependent fashion (5).
Hence, these cells are referred to as dendritic cell-derived osteoclasts. These findings indicate
a potentially critical contribution of CD11c+ dendritic cell subset(s) to elevated
osteoclastogenesis associated with inflammatory bone disorders where they can not only act
as potent antigen-presenting cells for immune activation and regulation, but also directly
contribute to bone destruction (5). An alternative pathway of osteoclastogenesis involving
dendritic cell-derived osteoclasts and inflammation-induced bone loss is proposed here (Fig.
3) and further discussed below.
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Dendritic cell plasticity and dendritic cell-derived osteoclasts: an alternative
player in osteoclastogenesis and the new link between innate immunity and
osteoimmunology

Dendritic cells are a heterogeneous population of bone marrow-derived leukocytes classified
into different subsets based on their phenotypic and functional properties, as well as their
anatomical locations. Although the details of dendritic cell origin and developmental pathways
remain inconclusive, their development from myeloid, lymphoid, and plasmacytoid
progenitors have been proposed. To date, it remains unclear whether these lineages represent
distinct subsets or different maturational stages (8); however, several lines of evidence
demonstrate that dendritic cells can arise from monocytes in vitro and in vivo (82), suggesting
that they may share common progenitors with osteoclast precursors (93).

It was recently suggested that precursors of monocyte / macrophage lineages may differentiate
into macrophages, dendritic cells, or osteoclasts in response to environmental cues, whereby
mouse myeloid dendritic cells are shown to share the Flt3+ marker with osteoclast precursors
(123). This is consistent with reports that, in response to macrophage colony-stimulating factor,
myeloid precursors develop into macrophages, while in response to granulocyte–macrophage
colony-stimulating factor they develop into dendritic cells, a process regulated in part by the
transcription factor c-fos (93). Injection of Flt3-ligand into mice induces a significant increase
of dendritic cell numbers in spleen and lymph nodes as well as in peripheral blood, lungs, liver,
Peyer's patches, and thymus (124); while injection of Flt3-ligand into colony-stimulating
factor-deficient op / op mice rescues the osteopetrosis (81). These findings suggest that Flt3-
ligand can compensate for macrophage colony-stimulating factor signaling during the
development of osteoclasts and dendritic cell progenitors. However, granulocyte–macrophage
colony-stimulating factor-deficient mice are not defective in dendritic cell development or
function (128), but macrophage colony-stimulating factor-deficient mice are osteopetrotic and
have a 50–70% reduction in their dendritic cell numbers (88), thus challenging the paradigm
that macrophage colony-stimulating factor and granulocyte–macrophage colony-stimulating
factor are critical for macrophage and dendritic cell development, respectively. This notion is
further complicated by recent reports showing that inflammation in the environment can
polarize the development of monocytes to either dendritic cells or macrophages. For example,
interferon-γ can switch monocyte differentiation to macrophages rather than dendritic cells at
least through autocrine feedback of macrophage colony-stimulating factor and interleukin-6
expression (32). Tumor necrosis factor-a has been proposed to skew monocyte differentiation
from macrophages to dendritic cells by downregulating c-fms expression (23). In contrast,
another study shows that tumor necrosis factor-α up-regulates c-fms expression in osteoclast
precursors and thus increases the number of circulating osteoclast precursors (80), suggesting
that the effects of tumor necrosis factor-α signaling may be dependent on the developmental
stage of the target cells. Together, these studies do suggest that dendritic cells, macrophages,
and osteoclasts may share common precursor pool(s); however, definitive differentiation
pathways and the exact lineage relationships among monocytes, macrophages, dendritic cells,
and osteoclasts will require further investigation.

The RANK–RANKL signaling pathways in osteoclasts and osteoclast precursors have been
extensively studied (133,140). However, the intracellular signaling pathways downstream of
RANK in different dendritic cell subsets and whether any of the known signaling adaptors or
regulators can lead to the induction of osteoclastogenesis in vivo, remain largely unknown.
RANKL-deficient and RANK-deficient mice have normal dendritic cell numbers and functions
(7,140), indicating that RANKL / RANK signaling is not essential for dendritic cell
development or function. Nevertheless, it is clear that RANK / RANKL signaling in dendritic
cells can: (i) enhance dendritic cell survival via induction of bcl-x (149) and promote antigen-
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presenting cell function via mechanisms independent of CD80 / 86 co-stimulation (7); (ii) be
actively involved during dendritic cell / T-cell interactions in the local tissues of rheumatoid
arthritis synovium (109) and of periodontitis (7); and (iii) mediate CD40 ligand-independent
T helper cell activation during viral infection (9). Yet, it is also evident that environmental
stimuli can affect dendritic cell behavior and function. For example, in the arthritic synovium,
local dendritic cells not only manifest a prolonged life span and are resistant to the
immunosuppressive effects of interleukin-10 when compared with healthy counterparts (87),
but also their development is skewed towards the myeloid subset (118).

The developmental plasticity of the mononuclear phagocytes and myeloid cells has since been
demonstrated, most notably that of bone-marrow-derived plasmacytoid dendritic cells (57,
154), which can become myeloid dendritic cells after down-regulation of the expression of
Toll-like receptors 3 and 7 (specific for plasmacytoid dendritic cells) upon lymphocytic
choriomeningitis viral infection (154). The inflammatory environment may mediate osteoclast
development, as findings show that infiltrating immature dendritic cells upon proper activation
by microbial product or protein antigen (e.g. bovine insulin and outer membrane protein-1)
(5) during immune interactions with CD4+ T cells in vitro, give rise to the development of
murine CD11c+ dendritic cells (also being CD11b− F4 / 80− Ly-6C− CD31−) into tartrate-
resistant acid phosphatase-positive, calcitonin receptor-positive, cathepsin-k-positive
osteoclasts in a RANKL / RANK-dependent manner. Further rescue and blocking experiments
using CD11c+ dendritic cells derived from colony-stimulating factor-1-deficient op / op mice
clearly show that macrophage colony-stimulating factor is required for the development of
osteoclastogenic potential upstream of RANKL / RANK signaling. This suggests that
immature CD11c+ dendritic cells can indeed act like osteoclast precursors (5). Interestingly,
these CD11c+ dendritic cells lose their osteoclastogenic potential if they are activated first or
become fully mature in the absence of RANKL-RANK signaling (unpublished data), indicating
a distinctive property of dendritic cell-derived osteoclasts. These findings raise the issue of
whether the dendritic cell plasticity is restricted to the context of immune responses to
environmental factors (i.e. feedback signaling from T cells expressing RANKL or other
modulating signals) or whether it extends beyond their immune functions. Further study of
these underlying processes will facilitate our understanding of the plasticity and contribution
of dendritic cells to inflammation-induced bone loss under various pathological conditions.

As human CD14+ monocyte-derived dendritic cells can transdifferentiate into osteoclasts in
the presence of both macrophage colony-stimulating factor and RANKL in vitro (115), it was
recently demonstrated that the interactions of murine CD11c+ dendritic cells with CD4+ T
cells in the bone environment promote dendritic cell-derived osteoclast development in
response to microbial (or protein) antigens and RANKL-RANK signaling (Fig. 3). Although
dendritic cell-derived osteoclasts may develop under different conditions and kinetics, they
appear to carry similar phenotypes with distinct differences (i.e. murine CD11c+ dendritic cells
are CD86− CD11b− with dendrites). Together, it is conceivable that dendritic cell-derived
osteoclasts can develop in the presence of: (i) macrophage colony-stimulating factor and
RANKL, possibly from osteoblasts, synovial or stromal cells, as part of the innate immune
responses, and (ii) inflammatory stimulation from RANKL+ T cells with activating antigens
during adaptive immunity in the bone marrow or bony environment. Meanwhile, the study of
Da Costa et al. (31). provides another line of evidence whereby osteoclast-like multinucleated
giant cells expressing CD11c and human leukocyte antigen-DR are found in the local
Langerhans cell lesions of patients with histiocytosis, echoing the concept that dendritic cell-
derived osteoclasts may develop as the result or part of disease-associated osteoclastogenesis
in vivo. Moreover, this finding is consistent with the results of our recent immunohistochemical
analysis in the arthritis mouse model, revealing the presence of CD11c+ tartrate-resistant acid
phosphatase + multi-nucleated cells (possibly dendritic cell-derived osteoclasts) located on the
eroding sub-chondral bone surface of the arthritic joints (DBA mice immunized and boosted
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with chicken type II collagen) but not in the healthy controls (ref. 5) and unpublished data).
Since dendritic cells can prime T cells against blood-borne antigens in bone marrow (37), it is
possible that activation of the osteoclastogenesis program(s) can occur in some local dendritic
cells present in the inflamed tissues adjacent to bone, whereby upon receiving specific stimuli
including RANKL-RANK signaling they develop into CD11c+ major histo-compatibility
complex-II+ tartrate-resistant acid phosphatase+ calcitonin receptor+ dendritic cell-derived
osteoclasts, which consequently contribute to inflammation-induced bone loss in situ. The
search for critical genetic factors involved in dendritic cell-derived osteoclast development is
in progress and the results will likely shed some light on the regulatory mechanisms involved
in dendritic cell-derived osteoclasts and inflammation-induced bone loss.

Based on recent evidence, it is proposed that dendritic cell-derived osteoclasts may represent
a previously unrecognized subset of osteoclasts produced during interactions of dendritic cells
with T cells, stromal cells or osteoblasts under distinct inflammatory conditions (see Fig. 3;
refs 29,135). However, whether other dendritic cell subsets (e.g. plasmacytoid dendritic cells)
may have the potential of developing into osteoclasts under various pathological conditions
will require more study in the future.

Summary
As scientists and clinicians continue to explore and dissect the links between mucosal
immunology, osteoimmunology, and periodontal pathogenesis, it is becoming clearer that such
links are more complex than previously thought. Indeed, while studies to improve our
understanding of the mechanisms involved at the mucosal and osteo-immune interfaces and
their roles in inflammation-induced alveolar bone loss is in progress, further research is
required to investigate the physiological relevance and significance of the development of oral
lymphoid foci and of dendritic cell-derived osteoclasts in vivo, so as to reveal the implications
of dendritic cell responses in the oral mucosa and dendritic cell-derived osteoclast development
for innate / adaptive immunity and periodontal osteoclastogenesis, and to highlight their
therapeutic potential in the future.
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Fig. 1.
Trafficking of dendritic cells, their precursors tightly regulated by chemokines and chemokine
receptors. (A) Chemokines and their receptors mediate the directed migration of dendritic cells,
T cells and their progenitors into peripheral tissues. (B) Dendritic cells encounter microbes at
infected sites and recognize them by expression of pattern recognition receptors [e.g. Toll-like
receptors and nucleotide-binding oligomerization domains (NODs)]. This activates
intracellular signaling cascades resulting in transcription of chemokines that, in turn attract
more dendritic cells, natural killer cells, T cells, and neutrophils into the site. (C) Dendritic
cells are stimulated to migrate through the lymphatics towards the lymph nodes and spleen and
to find naive T cells by coordinate regulation of CCR7, CXCR5. CCR, CC chemokine receptor;
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CLA, cutaneous leukocyte antigen; CXCR, CXC chemokine receptor; CCL, CC chemokine
ligand; DC, dendritic cell; Fim, fimbriae; GRO, growth-related oncogene α, β, γ or CXCL1,
CXCL2, CXCL3, respectively; IL-8, interleukin-8; IP-10, inter-feron-inducible protein-10; I-
TAC, interferon-inducible T-cell A chemoattractant; MCP-1, monocyte chemotactic protein-1;
MDC, macrophage-derived chemokine or CCL22; MIP-3α, macrophage-inflammatory protein
3α; NK cell, natural killer cell; PAMPs, pathogen-associated molecular patterns; PGE2,
prostaglandin E2; RANTES, regulated on activation normal T cell expressed and secreted
(CCL5 or SISd); SLC, secondary lymphoid tissue chemokine or CCL21; TARC, thymus and
activation-regulated chemokine or CCL17; TLR, Toll-like receptors.
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Fig. 2.
Oral lymphoid foci: semi-organized dendritic cell–T-cell infiltrates in gingiva exposed to oral
biofilm. The results of recent case–control immunohistochemical studies of healthy (A) and
diseased (B) gingival tissues from humans suggest distinct changes in lymphoid and dendritic
cell infiltrates. The healthy gingival epithelium is populated by large numbers of resident
Langerin+ Langerhans cells; moreover, intraepithelial Langerhans cells decrease in number in
periodontitis, undergo efflux towards the lamina propria, and begin to express CD83 at the
basement lamina, presumably in response to changes in the oral biofilm, and the release of
microbial pathogen-associated molecular patterns (PAMPs). Dendritic cell-specific
intercellular adhesion molecule-3 grabbing nonintegrin-positive (DC-SIGN+) interstitial
dendritic cells, almost absent in the healthy lamina propria, increase by about four-fold in
diseased lamina propria and also begin to express CD83 (62). The increase in CD83+ cells in
diseased lamina propria is approximately sixfold (65); moreover CD83+ mature dendritic cells
form immune conjugates with CD4+ T cells (62). Note that CD83+ B cells have also been
identified in diseased gingiva (45), as have nonconventional T-cell populations that are not
involved in recognition of protein antigens (20). These include intraepithelial γδ T cells (46,
86) and natural killer cells (6). Polymorphonuclear leukocytes migrate out through the gingival
pocket epithelium towards the oral biofilm. Abbreviations: DC, dendritic cell; Mo, monocyte;
Mϕ, macrophages.
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Fig. 3.
Dendritic cell-derived osteoclasts (DCOC): alternative players in inflammation-induced
osteoclastogenesis. Immature CD11c+ dendritic cells may act as osteoclast precursors and thus
develop into functional osteoclasts in the bone environment in response to RANKL / RANK
signaling during the immune interactions with CD4+ T cells in the presence of microbial
products (or protein) antigens (5) or via macrophage colony-stimulating factor signaling
(115). DC, dendritic cell; GM-CSF, granulocyte-macrophage colony stimulating factor; HSC,
human stem cell; Mϕ, macrophage; M-CSF, monocytercolony stimulating factor; OC,
osteoclast; RANK, receptor activator of NF-kappaB; RANKL, RANK-ligand.
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