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Abstract
Background/aims—The oral cavity harbors a diverse and complex microbial community.
Bacteria accumulate on both the hard and soft oral tissues in sessile biofilms and engage the host in
an intricate cellular dialog, which normally constrains the bacteria to a state of commensal harmony.
Dendritic cells (DCs) are likely to balance tolerance and active immunity to commensal
microorganisms as part of chronic inflammatory responses. While the role played by DCs in
maintaining intestinal homeostasis has been investigated extensively, relatively little is known about
DC responses to oral bacteria.

Methods—In this study, we pulsed human monocyte-derived immature DCs (iDCs) with cell wall
extracts from pathogenic and commensal gram-positive or gram-negative oral bacteria.

Results—Although all bacterial extracts tested induced iDCs to mature and produce cytokines/
chemokines including interleukin-12p40, tumor necrosis factor-α, and monocyte chemoattractant
protein-1 (MCP-1), the most important factor for programming DCs by oral bacteria was whether
they were gram-positive or gram-negative, not whether they were commensal or pathogenic. In
general, gram-negative oral bacteria, except for periodontopathic Porphyromonas gingivalis,
stimulated DC maturation and cytokine production at lower concentrations than gram-positive oral
bacteria. The threshold of bacteria needed to stimulate chemokine production was 100-fold to 1000-
fold lower than that needed to induce cytokines. In addition, very low doses of oral commensal
bacteria triggered monocytes to migrate toward DC-derived MCP-1.

Conclusion—Oral commensal and pathogenic bacteria do not differ qualitatively in how they
program DCs. DC-derived MCP-1 induced in response to oral commensal bacteria may play a role,
at least in part, in the maintenance of oral tissue integrity by attracting monocytes.
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Tissue homeostasis mediated by the interaction between commensal bacteria and hosts has
been extensively studied using intestinal epithelial models in mice (19,25). These studies have
revealed that commensal bacterial effects on epithelial cells are important factors for
maintaining tissue homeostasis. Gut commensal bacteria trigger anti-inflammatory programs
in intestinal epithelial cells by blocking the activation of nuclear factor-κB (NF-κB) by either
inhibiting ubiquitination of the inhibitor of NF-κB, I-κB-α (25) or by promoting the nuclear
export of transcriptionally active RelA (19).

A small proportion of incoming bacteria evading epithelial barriers are captured by antigen-
presenting cells, which are mostly dendritic cells (DCs) (37). Epithelial cells also actively direct
DCs (33) to maintain local tissue integrity. DCs can also directly take up luminal bacteria
(32). Through this mechanism, DCs open tight junctions between epithelial cells without
damaging epithelial tissue integrity and sense bacteria directly. In addition, DCs have been
shown to contribute to intestinal homeostasis by inducing regulatory T cells (Tregs) (10).
CD4+ CD25+ CTLA-4+ Tregs mediate tolerance to organ specific self-antigens and can prevent
auto-immunity and intestinal inflammation in mice (31,39). DCs stimulated with a commensal
strain of Escherichia coli secrete interleukin-10 (IL-10) in a dose-dependent manner (10), and
DCs secreting IL-10 induce CD4 T cells differentiate into Tregs (1). These findings support
the model that DCs programmed by commensal bacteria contribute to intestinal tissue
homeostasis by inducing Tregs. In addition, the frequency of CD4+ CD25+ Foxp3+ Tregs
differs between germ-free and specific-pathogen-free mice (28). Germ-free mice have fewer
Tregs than specific-pathogen-free mice in mesenteric lymph nodes and in liver-draining celiac
lymph nodes, suggesting that the presence of certain microbial flora directs the development
of functional Tregs. Tregs are known to migrate towards chemokines, such as thymus and
activation-regulated chemokine (TARC)/CCL17 in humans (15) and monocyte
chemoattractant protein-1 (MCP-1)/CCL2 in mice (11,12).

Relatively little is known about how DCs distinguish commensal flora from pathogenic bacteria
and mount protective immunity only against the pathogens. The oral cavity harbors a diverse
and complex microbial community. The oral microbial flora contains approximately 500
species, and is composed of both commensal and pathogenic species (30). It has been shown
that gingival epithelial cells secrete IL-8/CXCL-8, a neutrophil chemoattractant, in response
to oral bacteria (14,20,44) and this is believed to be beneficial for periodontal tissue. Although
DCs also secrete IL-8 in response to bacterial stimuli (40), it is not known how oral commensal
bacteria affect IL-8 and other chemokines produced by DCs, and how this may contribute to
oral tissue homeostasis. Langerhans cells, a subpopulation of epithelial tissue-specific DCs,
can migrate into sites of early gingivitis (26), and migrate out as the gingivitis reaches a chronic
status (24). In addition, recent studies have revealed that DCs can infiltrate the lamina propria
of pocket epithelium in chronic periodontitis (8,17). DCs may well be involved in the
progression of periodontitis.

Immature DCs sense microbes using pattern-recognition receptors, such as Toll-like receptors
and C-type lectin receptors (3). An unresolved question is how commensal and pathogenic oral
bacteria differently program DCs. In addition, how oral mucosal homeostasis is maintained by
the interaction between oral commensal bacteria and human DCs has not yet been investigated.

We tested if oral commensal and pathogenic bacteria have different effects on programming
DCs by stimulating immature human monocyte-derived DCs (iDCs) with cell wall extracts
from a series of gram-positive or gram-negative oral bacteria. We evaluated the programming
of iDCs by oral bacteria by monitoring DC maturation and by determining the threshold of
bacteria needed to induce cytokines or chemokines. We defined the ‘threshold’ of cell wall
extract as the dose needed to stimulate DCs to produce 30% or more of the maximum cytokines
or chemokines secreted. Our data revealed that the gram-negative oral bacteria, whether they
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are commensal or pathogenic, could program iDCs more efficiently than gram-positive oral
bacteria.

Materials and methods
Bacterial cell wall preparation

Porphyromonas gingivalis (ATCC33277), Actinomyces naeslundii (ATCC19039),
Streptococcus gordonii (ATCC51556), Streptococcus mutans (ATCC700610), Haemophilus
aphrophilus (ATCC33389), and Aggregatibacter actinomycetemcomitans HK1651
(ATCC700685; serotype b) were purchased from the American Type Culture Collection
(Manassas, VA). A. actinomycetemcomitans D7S (serotype a) and Eikenella corrodens
(D27p-1) were recovered from a patient with aggressive periodontitis (6,23,41). Bacteria were
grown and their crude cell wall extracts were prepared using a French pressure cell at 1,054,100
kg/m2. Following centrifugation at 145,000 g, the pellet was resuspended with phosphate-
buffered saline and frozen at −80°C until use.

Flow cytometry
The following monoclonal antibodies were used for surface staining: phycoerythrin-
conjugated anti-CD1a (Beckman Coulter, Miami, FL, USA), and anti-CD83 (BD Pharmingen,
San Diego, CA). The cells were also stained with corresponding phycoerythrin-conjugated
isotype-matched control monoclonal antibodies. The cells were analyzed using a FACScalibur
flow cytometer and CELLQuest software (BD Biosciences, San Jose, CA, USA).

Cell isolation and culture
Human iDCs were generated from peripheral blood mononuclear cells obtained from buffy
coat preparations (Red Cross Blood Bank, Portland, OR, USA) or from leukapheresis products
of healthy donors. The iDCs obtained from buffy coat products were isolated as previously
described (7). Monocytes (>97–99% CD14+) purified from leukapheresis products by
CD14+ immunomagnetic-positive selection were purchased from the Cellular Therapy
Laboratory at the Fred Hutchinson Cancer Research Center (Seattle, WA, USA). To obtain
iDCs, CD14+ cells were seeded at a density of 3 × 106 cells/ml in six-well plates in 5 ml
RPMI-1640 medium supplemented with 10% fetal bovine serum (BioWhittaker, Walkersville,
MD, USA), human granulocyte–macrophage colony-stimulating factor (100 ng/ml, Leukine;
Amgen, Seattle, WA, USA), and human IL-4 (30 ng/ml; RDI, Flanders, NJ, USA) and cultured
for 6 days. Cells were fed on days 2 and 4 by replacing half the medium and adding fresh
cytokines. On day 6 the cells exhibited an immature DC phenotype, that is, CD1ahigh

CD14−. For maturation of the iDCs, cells were stimulated for 24 h with E. coli
lipopolysaccharide (LPS; 1 μg/ml; Sigma-Aldrich Inc., St Louis, MO, USA), or with graded
doses of oral bacterial cell wall extracts (0.0001 to ~ 10 μg/ml) or with live A. naeslundii and
S. gordonii. The A. naeslundii was grown in Actinomyces Broth for 24 h at 37°C. After
washing, bacterial numbers were adjusted to a density of 1.5 × 108. S. gordonii were grown in
tryptic soy broth with yeast extract (TSB-YE) medium for 6 h at 37°C following overnight
inoculation. Then, bacterial numbers were adjusted to a density of 1.5 × 108.

Cytokine and chemokine enzyme-linked immunosorbent assay
After iDCs were cultured with bacterial cell wall extracts or with live bacteria as described
above, supernatants were harvested and levels of cytokines and chemokines were determined
by enzyme-linked immunosorbent assay (ELISA). The amounts of IL-1β, IL-2, IL-8, IL-10,
IL-12p40, IL-12p70, tumor necrosis factor-α (TNF-α), TARC, MCP-1 (R&D Systems Inc.,
Minneapolis, MN), and IL-23 (eBioscience Inc., San Diego, CA, USA) were quantified using
ELISA kits.
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Migration assays
Migration of CD14+ monocytes was measured in duplicate using a transwell system (24-well
plates; 5.0-μm pore size; Costar, Corning, NY, USA). A total of 7 × 105 iDCs in 700 μl
RPMI-1640 medium containing 1% fetal calf serum was plated in the lower chamber. DCs
were stimulated with graded doses of cell wall extracts from either A. naeslundii or S.
gordonii; 24 h after DC stimulation, 4 × 105 monocytes in 100 μl medium were added to the
upper chamber and incubated at 37°C for 3 h. Cells that migrated into the lower chamber were
harvested, concentrated to a volume of 200 μl, and CD14+ monocytes were counted by flow
cytometry acquiring events for a fixed time of 90 s. The counts fell within a linear range of the
control titration curves obtained by testing increasing concentrations of cells.

Results
Gram-negative oral bacteria are more potent inducers of DC maturation compared to gram-
positive oral bacteria

Once iDCs come into contact with pathogenic bacteria they are activated to become mature
DCs. Therefore, we first examined the effect of oral bacteria on DC maturation as measured
by the expression of the DC maturation marker, CD83. Cell wall extracts obtained from
representative gram-positive and gram-negative oral bacteria were employed to examine those
cell components that have the potential to interact with DCs. All bacterial extracts tested
induced maturation of iDCs and CD83 expression (Fig. 1A,B). When we compared a group of
oral gram-positive bacteria, to our surprise the commensal A. naeslundii was the most effective
at inducing DC maturation: while A. naeslundii induced DC maturation with as little as 0.01
μg/ml cell wall extract, another commensal S. gordonii and the pathogen S. mutans resembled
P. gingivalis and required 10-fold to 100-fold higher concentrations than A. naeslundii to
mature DCs (Fig. 1A). The gram-negative oral bacteria, with the exception of P. gingivalis,
induced DC maturation at much lower concentrations than the gram-positive oral bacteria
tested (Fig. 1B). Among the gram-negative oral bacteria tested, A. actinomycetemcomitans
D7S was the most potent at inducing DC maturation. In addition, as little as 0.001 μg/ml A.
actinomycetemcomitans D7S induced a similar level of DC maturation as 10 times more of the
most effective gram-positive bacterium, A. naeslundii. Gram-negative A.
actinomycetemcomitans HK1651, E. corrodens, and H. aphrophilus extracts were somewhat
less potent than A. actinomycetemcomitans D7S, but were still much more effective at inducing
DC maturation than gram-positive S. mutans and S. gordonii. When iDCs were stimulated with
a high dose of 1 μg/ml A. actionomycetemcomitans, the percentage of CD83 cells decreased;
this decrease was associated with, and most likely the result of, cell death (data not shown).

Gram-negative oral bacteria have lower thresholds for inducing proinflammatory cytokines
than gram-positive oral bacteria

Activated DCs secrete cytokines, many of which are important in the elicitation of primary
immune responses. Therefore, we next examined the cytokine profiles of DCs after stimulation
with oral bacteria. The gram-positive bacteria A. naeslundii, S. gordonii, and S. mutans induced
cytokine secretion by DCs in a dose-dependent manner (Fig. 2). The cell wall extracts of the
commensals A. naeslundii and S. gordonii were significantly most effective at stimulating DCs
to secrete TNF-α and IL-1β, respectively, while S. mutans induced IL-23 from DCs most
effectively. Among all the gram-positive organisms tested, A. naeslundii had the lowest
threshold for inducing secretion of all cytokines tested, which was dramatically lower than
even a highly periodontopathic bacterium, P. gingivalis (Table 1).

The gram-negative oral bacteria also induced proinflammatory cytokines in a dose-dependent
manner and with different thresholds (Fig. 3 and Table 1). Among them, A.
actinomycetemcomitans D7S was significantly more effective than the other gram-negative
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bacteria tested at inducing proinflammatory cytokines, and this was particularly evident at
lower doses. Surprisingly, the two commensals tested, E. corrodens and H. aphrophilus,
induced significantly more inflammatory cytokines than P. gingivalis did at the same dose,
with one exception: P. gingivalis induced more IL-12p70 secretion at lower extract doses than
the commensals. Overall, the gram-negative oral bacteria had lower thresholds for inducing
proinflammatory cytokines than gram-positive oral bacteria (Table 1). H. aphrophilus did not
induce TNF-α secretion by iDCs at any of the dosages tested. Except for IL-1β and IL-23,
cytokine levels decreased when iDCs were stimulated with 1 μg/ml of cell wall extract from
A. actinomycetemcomitans HK1651, which is more virulent than the A.
actinomycetemcomitans D7S strain. This decreased cytokine production was associated with
cell death induced by A. actinomycetemcomitans HK1651 (data not shown) as has been
previously reported (18).

Fewer oral bacteria are needed to induce iDCs to produce chemokines than to induce
production of proinflammatory cytokines

Since activated DCs produce a wide array of chemokines that attract immune and inflammatory
cells, we next compared DC production of the chemokines MCP-1, IL-8, and TARC in response
to oral bacteria. The dose–response curve for the induction of MCP-1 differed from that of
other chemokines and for cytokines in that production decreased at higher doses of bacterial
cell wall extracts. This decrease was not the result of cell death, with the exception of A.
actinomycetemcomitans HK1651, which through its leukotoxin induced cell death at higher
doses (data not shown). For all the bacteria tested the threshold for MCP-1 induction was 100-
fold to 1000-fold lower than that for inducing proinflammatory cytokines (Fig. 4A,B, and Table
1).

Among the gram-positive bacteria tested, A. naeslundii was significantly more effective at
inducing MCP-1 at lower bacterial extract doses; at higher doses S. gordonii induced
significantly more MCP-1 than other gram-positive bacteria (Fig. 4A). For gram-negative
bacteria, A. actinomycetemcomitans D7S was significantly most potent at inducing MCP-1 and
at very low doses. At 0.0001–0.001 μg/ml, two different strains of A.
actinomycetemcomitans were significantly more effective at inducing MCP-1 than the other
gram-negative bacteria (Fig. 4B). The amount of P. gingivalis required to induce MCP-1
production by DCs was 1000-fold higher than other gram-negative bacteria (Fig. 4B).

All oral bacteria tested induced IL-8 production by DCs in a dose-dependent manner but with
different thresholds (Fig. 4A, B). At lower doses, A. naeslundii and S. mutans induced
significantly more IL-8 than did S. gordonii. However, at higher doses, these three gram-
positive bacteria induced similar amounts of IL-8 (Fig. 4A). A. actinomycetemcomitans D7S
was most effective at inducing IL-8 among the gram-negative bacteria tested. Again P.
gingivalis was the least effective bacterium in stimulating IL-8 at any doses tested (Fig. 4B).
In general, gram-positive oral bacteria and P. gingivalis needed 10-to 100-fold higher
concentrations of cell wall extract to induce IL-8 compared to other gram-negative oral
bacteria, which induced IL-8 production at approximately 0.0001–0.001 μg/ml (Fig. 4B). The
A. actinomycetemcomitans D7S strain had the lowest threshold for MCP-1 and IL-8 induction
among the gram-negative oral bacteria tested, while the commensal A. naeslundii had the
lowest threshold among the gram-positive oral microorganisms tested. TARC production by
DCs in response to oral bacterial cell wall extracts did not differ significantly from levels of
TARC produced by unstimulated DCs (data not shown).

Induction of MCP-1 and TNF-α production by live oral bacteria
Next we examined the cytokine/chemokine profile of DCs in response to live oral bacteria.
This approach allowed us to compare bacteria in their native form to the bacterial cell wall
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extracts. Since gram-positive A. naeslundii is the most abundant oral microorganism in the oral
cavity (43), and there was approximately a 100-fold difference in the amount of A.
naeslundii and gram-positive S. gordonii extracts needed to initiate MCP-1 production by
iDCs, we decided to examine MCP-1 and TNF-α secretion by DCs in response to live A.
naeslundii and S. gordonii. As with bacterial extracts, live bacteria induced MCP-1 secretion
at lower doses and less MCP-1 at higher bacteria numbers (Fig. 5). In addition, live oral
bacteria, like bacterial extracts, induced secretion of TNF-α in a bacteria number-dependent
manner. Also, as with the bacterial extracts, the threshold of bacteria needed to induce DCs to
make MCP-1 was 100-fold lower than that for TNF-α. In several respects, therefore, the
stimulation of DCs by live bacteria compared with bacterial extracts was similar. However,
the difference in the amount of A. naeslundii and S. gordonii needed to stimulate DCs detected
when cell wall extracts were used was not evident with live bacteria.

Monocytes are attracted to MCP-1 secreted by DCs in response to oral commensal bacteria
Since monocytes play a role in tissue homeostasis and migrate in response to MCP-1, we
examined next whether the numbers of monocytes induced to migrate corresponded to the
levels of MCP-1 secreted by iDCs in response to bacterial cell wall extracts. We tested cell
wall extracts from A. naeslundii and S. gordonii. As with MCP-1 secretion, A. naeslundii
attracted significantly more monocytes to the iDCs at lower doses than S. gordonii, whereas
S. gordonii attracted significantly more monocytes at higher doses (Fig. 6). Therefore, these
oral commensals can effectively induce monocyte migration.

Discussion
Although the recognition of microbes by DCs is one of the critical biological responses to
induce protective immunity, little is known about how commensal and pathogenic bacteria
differ in their programming of DCs. Here we have found that both commensal and pathogenic
oral bacteria efficiently stimulate iDCs to mature and produce cytokines and chemokines.
Importantly, the biggest differences between stimulation of DCs by oral bacteria were not based
on whether they were commensals or pathogens, but whether they were gram-positive or gram-
negative.

There are several possible explanations for why oral gram-negative bacteria are more potent
at stimulating iDCs than oral gram-positive bacteria. In particular, the presence of LPS in the
gram-negative bacteria most likely contributes to the efficiency of DC-programming. LPS is
a major component of the outer membrane of gram-negative bacteria (2). LPS in the cell wall
extracts from gram-negative bacteria, and not present in the gram-positive bacteria extracts,
might help to activate DCs more effectively. P. gingivalis is a gram-negative bacterium;
however, it was not as effective as other gram-negative bacteria tested. The low biological
activity of P. gingivalis cell wall extract and purified LPS preparations on programming DCs
was consistent with the low biological activity of highly purified P. gingivalis LPS on the
induction of adhesion molecule expression in endothelial cells (9). Alternatively, other cell
type(s) responding to P. gingivalis might generate a cascade of inflammatory responses. Bodet
et al. (5) found that P. gingivalis more efficiently triggered mixed macrophage/epithelial cell
cultures to produce IL-1β than other periodontopathic bacteria tested. Therefore, the relatively
weak effects of P. gingivalis on DCs may not necessarily be the case for all other cell types.

A. actinomycetemcomitans D7S was the most potent at inducing DC maturation among the
gram-negative oral bacteria tested. Barbour et al. (4) reported that monocytes isolated from
individuals with localized aggressive periodontitis caused by A. actinomycetemcomitans
readily differentiate into DCs. Taken together, it may suggest that DCs play a crucial role in
the pathogenesis and progression of localized aggressive periodontitis. Stimulation of iDCs
with 1 μg/ml cell wall extract from A. actinomycetemcomitans HK1651 resulted in decreased
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TNF-α, IL-12p70, IL-12p40, and IL-10 production, which was associated with cell death (data
not shown). However, even though this periodontopathic bacterium efficiently induced cell
death and a drop in most cytokine levels, it was still able to induce IL-1β and IL-23 secretion
by DCs. Since the induction of cell death by A. actinomycetemcomitans is caspase-1 dependent
(18) and IL-1β production requires caspase-1, it is not surprising that IL-1β levels did not drop
in DC cultures with A. actinomycetemcomitans. The fact that IL-23 is efficiently induced by
A. actinomycetemcomitans HK1651 is noteworthy. A recent study by Sutton et al. (38) using
IL-1 receptor type-I-deficient mice showed that IL-1 signaling is necessary for the induction
of IL-17 production by T helper type 17 (Th17) cells. They also showed that IL-1
synergistically functioned with IL-23 to promote the secretion of IL-17 from Th17 cells.
IL-1β is also known to induce IL-23p19 transcripts in human colonic subepithelial
myofibroblasts (45). Since IL-17 has been implicated in the pathogenesis of periodontal disease
(27), DC-derived IL-1β and IL-23 induced by A. actinomycetemcomitans HK1651 and other
periodontopathic bacteria may play a role in the induction of IL-17 secretion by Th17 cells and
thereby contribute to disease development.

To our surprise, even oral commensal bacteria were very efficient at stimulating DCs to produce
proinflammatory cytokines. It is unclear why (or how) oral commensal bacteria activate
proinflammatory cytokine secretion. One clue comes from the fact that lamina propria DCs
can be activated either by directly sensing gut-associated commensal bacteria (32) or by
epithelial cells exposed to commensal bacteria in the gut. While a similar sensing mechanism
may be occurring in the oral cavity, unlike gut-associated DCs, the DCs in the oral cavity are
faced with keratinized barriers, which in most instances should prevent them from directly
contacting bacteria. However, the epithelium that lines the gingival or periodontal pocket is
generally thin and lacks keratinized layers, so that DCs in this region may be able to be
stimulated by oral commensal bacterial products. In addition, histological examination of
periodontal tissues has demonstrated the lack of tight junctions between the oral epithelial cells
of the junctional epithelium, providing a tissue permeable to bacterial products (34) so that
DCs might directly sense the microbial components. Furthermore, oral commensals may
contribute to the programming of DCs while in association with oral pathogens, with which
they associate within biofilms (22). Further studies are needed to clarify how oral-associated
DCs interact with commensal bacteria and their products.

When DCs were stimulated with live commensal A. naeslundii and S. gordonii differences in
cytokine/chemokine responses to the bacteria were not detected that were evident with A.
naeslundii and S. gordonii cell wall extracts (Fig. 5). This might be because not all components
of the cell wall extract are active or accessible in the live bacteria. Further studies comparing
the effects on DCs of purified bacterial components from A. naeslundii and S. gordonii should
help to clarify the basis for this difference.

Oral DCs may be affected indirectly by oral bacteria. When gut-associated epithelial cells are
exposed to bacteria, they program iDCs to become more inflammatory as measured by cytokine
release than iDCs directly exposed to bacteria, which initiate a non-inflammatory program
(33). These non-inflammatory DCs secrete TARC (15), but not IL-12. We did not see enhanced
TARC production in response to oral bacteria so interactions between iDCs and soluble factor
(s) released from epithelial cells may contribute to tissue homeostasis.

Finally, the pathogenicity of bacteria might depend on the niche where the bacteria reside. It
is of interest that all the bacteria we tested are known to be associated with extraoral pathology,
including cardiovascular disease (13,21,29,36,42). Consequently, if oral commensal bacteria
get into the bloodstream, they may become pathogenic, or at least opportunistic, in other tissues
because they possess the ability to potently stimulate inflammatory cytokines and chemokines.
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DCs programmed by commensal bacteria contribute to intestinal tissue homeostasis (1,10) so
we examined the chemokine profiles of DCs in response to oral bacteria. Previous studies
showed that oral bacteria can stimulate peripheral blood mononuclear cells to induce
chemokines, such as MCP-1 and IL-8 (16), and we have extended this finding to DCs and also
discovered that irrespective of the bacterium used, less bacterial extract or fewer bacteria are
needed to stimulate chemokine production by DCs than are needed to stimulate cytokine
production. As with MCP-1 secretion, monocytes were attracted to DCs stimulated with lower
doses of A. naeslundii. Our findings suggest that at lower doses of bacteria (that is, under
clinically healthy conditions), oral mucosal DCs may produce chemokines, such as MCP-1, in
response to oral commensal bacteria, such as A. naeslundii, to attract monocytes into the area
of bacterial accumulation. In this way monocytes could phagocytose bacteria without overt
inflammatory responses. This could be a novel mechanism for preserving tissue integrity
mediated by the interaction between oral bacteria and DCs. MCP-1 also attracts Tregs (11,
12), suggesting that Tregs might be recruited to the subepithelium in the oral mucosal tissue
under healthy conditions. In addition, the lower threshold for MCP-1 induction suggests that
different receptors/signaling pathways may be used to induce MCP-1 compared with
inflammatory cytokines; consistent with this model MCP-1, unlike TNF-α or IL-12p40, is
secreted in the absence of MyD88, a key adapter protein for TLR signaling (35).

In conclusion, both oral commensal and pathogenic bacteria can program DCs. Oral gram-
negative bacteria are more powerful at inducing DC maturation and proinflammatory cytokine/
chemokine secretion from DCs than oral gram-positive bacteria. The interaction between iDCs
and oral bacteria seems to play a role in oral mucosal homeostasis. We propose that one innate
defense mechanism within oral mucosal tissue is mediated by the interaction between DCs and
oral commensal bacteria. Even at lower doses of bacteria, monocytes may be recruited to the
sites of injury in response to MCP-1 secreted by iDCs and phagocytose bacteria without causing
severe tissue damage. On the other hand, DC-derived IL-1β and IL-23 may contribute to the
pathogenesis of periodontal disease by promoting IL-17 secretion by T cells. Further studies
are needed to elucidate why oral commensal bacteria induce pro-inflammatory cytokines and
how this may differ when DCs are in contact with other cells of the oral cavity.
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Fig. 1.
Dendritic cell (DC) maturation in response to gram-positive (A) and gram-negative (B) oral
bacteria. Twenty-four hours after immature DCs (iDCs) were stimulated with graded doses of
oral bacterial cell wall extract, the expression of CD83 was examined by flow cytometry.
Escherichia coli lipopolysaccharide (LPS) and media were used as positive and negative
controls, respectively. Representative results of three independent experiments with three
different donors are shown. Asterisks indicate statistically significant difference (**P < 0.01)
determined by Student’s t-test.
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Fig. 2.
Dose-dependent cytokine secretion by dendritic cells (DCs) in response to gram-positive oral
bacteria, Actinomyces naeslundii, Streptococcus gordonii, Streptococcus mutans. Escherichia
coli lipopolysaccharide (LPS) and media were used as positive and negative controls
respectively. Immature DCs stimulated with graded doses of bacterial cell wall extract and
culture supernatants were collected after 24 h. The concentration of tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), IL-10, IL-12p70, IL-12p40, and IL-23 were measured by
enzyme-linked immunosorbent assay. All assays were performed in triplicate to obtain mean
± SD. Representative results from three independent experiments with three different donors
are shown. Asterisks indicate statistically significant difference (*P < 0.05, **P < 0.01, NS:
not significant) determined by Student’s t-test.
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Fig. 3.
Dose-dependent induction of proinflammatory cytokines by dendritic cells (DCs) in response
to gram-negative oral bacteria. Escherichia coli lipopolysaccharide (LPS) and media were used
as positive and negative controls, respectively. Immature DCs were stimulated with graded
doses of bacterial cell wall extract and culture supernatants were collected after 24 h. The
concentration of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-10, IL-12p70,
IL-12p40, and IL-23 were measured by enzyme-linked immunsorbent assay. All assays were
performed in triplicate to obtain mean ± SD. Representative results from three independent
experiments with three different donors are shown. Asterisks indicate statistically significant
difference (*P < 0.05, **P < 0.01) determined by Student’s t-test.
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Fig. 4.
Biphasic secretion pattern of monocyte chemoattractant protein 1 (MCP-1) and dose-
dependent manner of interleukin-8 (IL-8) secretion by dendritic cells (DCs) in response to
gram-positive (A) and gram-negative (B) oral bacteria. Immature DCs were stimulated with
graded doses of oral bacterial cell wall extract and culture supernatants were collected after 24
h. Escherichia coli lipopolysaccharide (LPS) and media were used as positive and negative
control, respectively. The concentrations of MCP-1 and IL-8 were measured by enzyme-linked
immunosorbent assay. All assays were performed in triplicate to obtain mean ± SD.
Representative results from three independent experiments with three different donors are
shown. Asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01, NS: not
significant) determined by Student’s t-test.
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Fig. 5.
The dose–responses of monocyte chemoattractant protein 1 (MCP-1) and tumor necrosis
factor-α (TNF-α) secreted by dendritic cells (DCs) in response to live oral bacteria. Immature
DCs were cultured with live Actinomyces naeslundii or Streptococcus gordonii and the
supernatants were collected after 18 h. The concentrations of MCP-1 and TNF-α were
measured by enzyme-linked immunosorbent assay. Mean ± SD from three independent
experiments with three different donors are shown (**P < 0.01, NS: not significant) determined
by Student’s t-test.
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Fig. 6.
The number of monocytes attracted to monocyte chemoattractant protein 1 (MCP-1) secreted
by dendritic cells (DCs). Migration of CD14+ monocytes was measured using tran-swell
system. DCs plated to the lower chamber were stimulated with graded doses of oral gram-
positive bacteria. After 24 h, monocytes were added to the upper chamber and incubated for
an additional 3 h. CD14+ monocytes migrated to the lower chamber were counted by flow
cytometry. Mean ± SD from three independent experiments with three different donors are
shown. Asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01)
determined by Student’s t-test.
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