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Endocarditis is frequently attributable to oral streptococci, but mechanisms of pathogenesis are not well
understood, although monocytes appear to be important. High titers of interleukin-12 (IL-12) are produced by
peripheral blood mononuclear cells (PBMC) after engaging Streptococcus mutans, but monocytes in developing
endocardial vegetations tend to disappear rather than become macrophages. These data prompted the hy-
pothesis that streptococcus-infected monocytes differentiate into short-lived IL-12-producing dendritic cells
(DCs) rather than macrophages. PBMC from healthy subjects were stimulated with six isolates of oral
streptococci, three nonstreptococcal oral bacteria, or IL-4 plus granulocyte-macrophage colony-stimulating
factor, and the appearance of cells with markers typical of mature DCs (CD83™, CD86", CD11c¢™, and CD147)
was monitored. Supernatant fluids from the PBMC cultures were harvested and IL-12 p70 levels were
determined. S. mutans-stimulated monocytes were analyzed for their ability to elicit allogeneic mixed-lympho-
cyte reactions. All streptococci examined, except one strain of Strepfococcus oralis (35037), rapidly induced
up-regulation of CD83 and CD86 and a loss of CD14 in the CD1lc* monocyte population within 20 h.
Induction of IL-12 was CD14 dependent and correlated with streptococcal isolates that promoted the DC
phenotype. Major histocompatibility complex (MHC) class II expression was up-regulated by S. mutans, and
these cells were short-lived and elicited potent allogeneic mixed-lymphocyte reactions typical of DCs. In
summary, monocytes stimulated with endocarditis-associated oral streptococci rapidly exhibited the DC
phenotype and functions. These data suggest that the initiation of bacterial endocarditis by oral streptococci may

involve monocyte-to-DC differentiation, and this may help explain the low levels of macrophages in the site.

Viridans group streptococci are the most common cause of
native valve endocarditis, accounting for 45 to 80% of cases,
and Streptococcus sanguis, Streptococcus mutans, Streptococcus
gordonii, and Streptococcus oralis are frequently isolated from
these lesions (35). Virulence factors such as exopolysaccharide
(26), fibronectin binding protein (24), and platelet aggregation
association protein (9, 17) have been implicated in the initial
fibrin colonization on damaged cardiac valves. However, oral
streptococci without these properties are also isolated from the
endocarditis lesions.

Monocytes are prominent in early endocarditis lesions, and
the number of monocytes correlates with infectivity and higher
tissue factor activity in vegetations (3, 6). However, the actual
role of the monocytes in the initiation and perpetuation of the
vegetation remains controversial. The work of Durack and
Beeson indicates that the majority of S. sanguis strains in the
vegetations are phagocytosed, transported in the blood, and
deposited on the vegetations in adherent monocytes (13). The
monocyte population then disappears, and viable bacteria per-
sist in the vegetations. Carrizosa et al., using scanning electron
microscopy, confirmed their observations with Streptococcus
mitis in a rabbit infective endocarditis model (7). However,
studies of monocytopenic rabbits indicate that S. sanguis can
directly interact with and infect vegetations and that strepto-
cocci do not have to be phagocytosed by monocytes before
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being deposited on the surface of vegetations (2, 33). The
mechanism by which monocytes contribute to tissue factor
activity during the progression of infective endocarditis is not
well understood. Nevertheless, interactions between strepto-
cocci, monocytes, and platelets are necessary for the increased
tissue factor activity in vegetations (1, 3).

The high levels of interleukin-12 (IL-12) induced by S. mu-
tans in our previous study (14) together with the rapid disap-
pearance of monocytes and the lack of numerous macrophages
in vegetations prompted the hypothesis that streptococcus-
infected monocytes are transformed to dendritic cells (DCs)
rather than macrophages. Mature DCs are capable of produc-
ing high levels of IL-12 and tend to live only for a few days (18,
20), whereas macrophages can survive in sites of inflammation
and kill microorganisms for long periods of time. We reasoned
that adhesin-rich, streptococcus-infected monocytes would ad-
here to damaged heart valves where they could differentiate
into DCs and die, leaving the site infected with viable strepto-
cocci. To begin testing this hypothesis, we examined the phe-
notype and functional characteristics of streptococcus-infected
monocytes. The results indicate that oral streptococci can
prompt monocytes to differentiate into mature short-lived DCs
that produce high levels of IL-12 and that this transformation
can be completed within a single day in vitro.

MATERIALS AND METHODS

Bacterial preparation. S. mutans ATCC 25175, S. mutans v1311 (Centers for
Disease Control and Prevention clinical isolate from an endocarditis patient
generously provided by Frank Macrina, Philips Institute, Virginia Common-
wealth University), S. oralis ATCC 35037, S. oralis ATCC 10557, S. mitis ATCC
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903, S. sanguis ATCC 10556, and Actinomyces viscosus ATCC 15978 were cul-
tured in brain heart infusion broth (Becton Dickinson, Sparks, MD) overnight in
an anaerobic chamber. Lactobacillus casei ATCC 4646 was cultured in lactoba-
cillus MRS broth (Difco, Detroit, MI), and Prevotella intermedia ATCC 25611
was cultured in brain heart infusion enriched with hemin (5 wg/ml) and mena-
dione (1 pg/ml) overnight in an anaerobic chamber. Bacteria were harvested and
washed three times with sterile phosphate-buffered saline. Individual bacterial
concentrations were determined with a spectrophotometer at a wavelength of
650 nm and stored at —20°C.

PBMC preparation. Medically healthy donors were recruited by the Clinical
Research Center for Periodontal Disease, School of Dentistry, Virginia Com-
monwealth University. Venous blood was drawn after appropriate informed
consent was received and approved by the University Institutional Review Board.
Peripheral blood mononuclear cells (PBMC) were prepared by differential den-
sity centrifugation with lymphocyte separation medium (MP Biomedicals, Au-
ropa, OH). Cells were then washed three times with RPMI 1640, and the number
of viable cells was determined by trypan blue exclusion. PBMC preparations
(10°/ml) were challenged with bacteria (10°, 10°, or 107/ml), IL-4 (500 U/ml;
R&D, Minneapolis, MN) plus granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) (800 U/ml; R&D), or macrophage colony-stimulating factor (M-
CSF) (1,000 U/ml; R&D) in enriched RPMI 1640 (0.01 M HEPES, 100 U/ml
penicillin, 100 pg/ml streptomycin; Invitrogen, Carlsbad, CA) and 10% fetal calf
serum (HyClone, Logan, UT) for 20 h before harvesting.

Antibodies and blockade of Toll-like receptors. Some PBMC preparations
were pretreated with neutralizing anti-TLR2 (20 wg/ml, clone TL2.1; eBio-
science, San Diego, CA), anti-TLR4 (20 pg/ml, clone HAT125; eBioscience),
and anti-CD14 (1 pg/ml, clone 61D3; eBioscience) antibodies or their respective
isotypes (immunoglobulin G2a [IgG2a] for Toll-like receptors [TLRs] or IgG1
for CD14) for 1 h in 5% CO, before the addition of bacteria.

Adherent cell preparation. PBMC (5 X 10°/ml) were inoculated into each well
of a six-well plate in RPMI 1640 and incubated for 1 h at 37°C in a 5% CO,
incubator. Nonadherent cells were removed by three washes with RPMI 1640,
and the adherent cells were stimulated with various bacteria in enriched RPMI
1640 for 1 day before harvesting. Positive controls for immature DCs were made
using IL-4 (500 U/ml) plus GM-CSF (800 U/ml)-stimulated adherent cells in
enriched RPMI 1640 for 5 to 7 days. Positive controls for macrophages were
made using M-CSF (1,000 U/ml)-stimulated adherent cells for 5 to 7 days.

Flow cytometry. Dendritic cells were identified using monoclonal antibodies
(BD Pharmingen, San Diego, CA) reactive with CD14, CD11c, CD83, CD86,
and major histocompatibility complex class II (MHC-II) using flow cytometry
and analyzed with Cytomics software (Beckman Coulter, Miami, FL). The per-
centages of CD14~ CD11c" population, MHC-II expression, and CD86™ or
CD83™" cells were calculated using the monocyte population gated using forward
and side scatter. The mean fluorescent intensity (MFI) of CD86 expression was
compared between PBMC controls and bacterially stimulated cultures at the
dose containing the most mature DCs. DC maturity was indicated by the max-
imal up-regulation of CD83. The up-regulation of MHC-II by S. mutans ATCC
25175 was compared to that by A. viscosus. The percentage of live or dead
CD83" cells was obtained using propidium iodide (PI) and a CD83-specific
monoclonal antibody, and the number of live or dead cells was calculated from
the total cell count using a hemacytometer.

ELISA. Concentrations of IL-12 p70 in culture supernatant fluids were mea-
sured by enzyme-linked immunosorbent assay (ELISA) according to the manu-
facturer’s instructions (BD Pharmingen). Comparisons were made between
PBMC controls and bacterially stimulated cultures containing the most mature
DCs, as determined by CD83 expression at the maximal stimulatory dose of
bacteria.

Mixed-lymphocyte reaction. T cells were prepared using CD14, CD19, and
CD56 reactive microbeads (Miltenyi Biotec, Auburn, CA) to deplete PBMC of
unwanted cells. Antigen-presenting cells (APC) were prepared from PBMC after
overnight culture with S. mutans, A. viscosus, or medium control in enriched
RPMI 1640. Cells were washed three times with sterile phosphate-buffered
saline, and the unwanted cells (CD3*, CD19", and CD56") were depleted by a
microbead depletion method according to the manufacturer’s instructions
(Miltenyi Biotec). APC were then irradiated with 3,000 rad using a *3’Cs source.
APC (10°, 10%, and 10° per well) were added to a 96-well plate and cocultured
with T-cell preparations in triplicate wells (10° per well) in enriched RPMI 1640
for 5 days. The cultures were then pulsed with [*H]thymidine (1 pCi/well) for
18 h before harvesting. The radioactivity (in counts per minute) was measured in
a beta counter (Top Count; Parker Instrument, Meriden, CT).

Statistical analysis. The differences between PBMC controls and experimen-
tal groups were analyzed using repeated measures of analysis of variance. Sig-
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FIG. 1. Change in CD14 expression by monocytes after exposure to
S. mutans. (A) PBMC control; (B) PBMC treated with S. mutans
ATCC 25175 for 20 h. Monocytes were stained with CD14 and CD11c
monoclonal antibodies. Note the reduction in CD14 when incubated
with S. mutans.

nificant differences were identified at P values of <0.05 with Tukey honestly
significant difference corrected for multiple comparisons.

RESULTS

Rapid loss of CD14 on the CD11c* monocyte population.
When PBMC cultures stimulated with S. mutans were com-
pared with the untreated controls, a shift in the CD11¢* mono-
cyte population from CD14" to CD14~ cells was apparent.
Forward and side scatter were used to gate the monocyte
population, and a typical shift under the influence of S. mutans
is illustrated in Fig. 1. Note that the entire CD11c* CD14*
population shifted to the left when stimulated with S. mutans
and that double-positive cells dropped from about 75% to less
than 50%, while the CD11c¢* CD14~ population nearly dou-
bled in just 20 h. This effect of S. mutans was compared with
other oral microorganisms and cytokines, and the results are
shown in Table 1. Note that monocytes treated with IL-4 plus
GM-CSF, L. casei, and S. mutans ATCC 25175 for 20 h all
showed increased levels of the CD11c* CD14~ population (P
< 0.05), while PBMC treated with M-CSF, P. intermedia, or A.
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TABLE 1. Rapid shift of the CD11c™ CD14" monocyte
population to CD14™¢

% of CD11c* CD14~ cells

Treatment

(least square mean + SE)” P value®
S. mutans ATCC 25175 264 £5.0 <0.05
L. casei 26.2 £5.2 <0.05
IL-4 + GM-CSF 244 +52 <0.05
P. intermedia 19552 NS4
A. viscosus 14.0 £ 5.0 NS
M-CSF 79=*52 NS
None (PBMC control) 13249

“ Triplicate PBMC cultures (10/ml) were treated with bacteria (10®/ml), IL-4
plus GM-CSF, or M-CSF for 20 h. Cells were then washed and stained with
monoclonal antibodies for flow cytometry analysis.

> The percentage of CD11c* CD14~ cells inside the monocyte gate was cal-
culated and reported as the least square mean of the results from four individual
experiments.

¢ The statistical comparison was made with the PBMC control. P values from
Tukey honestly significant difference were corrected for multiple comparisons.

@ NS, not significant.

viscosus did not differ from the untreated PBMC control (Ta-
ble 1).

Up-regulation of CD83, CD86, and MHC class II. A hall-
mark for DC maturation is the expression of CD83, and the
effect of bacterial or cytokine challenge on the CD83" popu-
lation is illustrated in Fig. 2. M-CSF or IL-4 plus GM-CSF
treatment did not promote the production of mature DCs, as
indicated by minimal up-regulation of CD83 within 20 h in
culture. A. viscosus and P. intermedia tended to increase CD83
expression, but it was not significantly higher than that of the
PBMC control. L. casei induced a modest elevation in CD83
expression when compared with the PBMC control (P < 0.05).
In marked contrast, all isolates of oral streptococci, except S.
oralis ATCC 35037, stimulated significantly elevated expres-
sion of CD83" cells by 10 to 20% of cells in culture (Fig. 2).

CD86 is an important monocyte costimulatory molecule that
is up-regulated early in the differentiation process leading to
mature DCs. The ability of 6 streptococcal isolates, other oral
bacteria, and cytokines to up-regulate CD86 expression is il-
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FIG. 2. Increase in CD83 expression upon stimulation with oral
streptococci. PBMC (10%ml) were stimulated with M-CSF, IL-4 plus
GM-CSF, or bacteria (10°, 10°, or 107/ml) for 20 h in triplicate. Cells
were stained with CD83-fluorescein isothiocyanate monoclonal anti-
body and analyzed by flow cytometry. The maximal stimulatory re-
sponses from each bacterial isolate were compared to the PBMC
control. The vertical bars represent standard errors, and asterisks rep-
resent significant elevations of CD83 expression of cells inside the
monocyte gate. This experiment is representative of the results from
three experiments with three different individuals.
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FIG. 3. Effect of various bacteria on the MFI of CD86 expression
by PBMC inside the monocyte gate. PBMC (10%ml) were stimulated
with M-CSF, IL-4 plus GM-CSF, or bacteria for 20 h in triplicate. Cells
were stained with a CD86-phycoerythrin antibody and analyzed by flow
cytometry. The vertical bars represent standard errors, and asterisks
represent significant elevations of CD86 expression of cells inside the
monocyte gate. This experiment is representative of the results from
three experiments with three different individuals.

lustrated in Fig. 3. The MFI of CD86 clearly increased when
PBMC were stimulated with M-CSF, IL-4 plus GM-CSF, L.
casei, S, oralis ATCC 35037, S. mitis, S. mutans ATCC 2517), S.
oralis ATCC 10557, S. sanguis, and S. mutans v1311 (P < 0.05).

Increased expression of MHC class II is also a characteristic
of mature DCs, and this was apparent when PBMC were stim-
ulated with S. mutans ATCC 25175 (Fig. 4). A. viscosus tended
to increase MHC class II expression, but statistically, it was not
significantly higher than that of the PBMC control. However,
S. mutans was more potent in up-regulating MHC class II
expression than A. viscosus at both 10° and 10° concentrations
(P < 0.05).

Short-lived CD83™ cells. The life span of mature DCs is on
the order of 2 to 3 days (18, 20) and is short relative to
macrophages, prompting us to study the life span of the
CD83™" cells induced by oral streptococci (Fig. 5). PBMC were
challenged with S. mutans, and numerous live CD83™ cells
appeared quickly on day 1 and declined on days 2 and 3. In
addition, we found many PI" CD83™" cells (~2,000 on day 1)
along with the ~19,000 live CD83™ cells illustrated in Fig. 5. In
contrast, macrophages (M-CSF derived) treated with S. mu-
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FIG. 4. Up-regulation of MHC class II expression by S. mutans-
stimulated monocytes. PBMC from 3 individuals were cultured with
two concentrations (10° and 10%ml) of S. mutans ATCC 25175 or A.
viscosus for 20 h. Cells were then washed and stained with anti-human
MHC class II monoclonal antibody. The vertical bars represent stan-
dard errors, and asterisks represent significant increases of the MFI of
MHC class II labeling compared with the PBMC control. #, significant
difference in MFI between S. mutans- and A. viscosus-stimulated cul-
tures.
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FIG. 5. CD83" cells induced by S. mutans had a short life span.
PBMC (0.5 X 10%0.5 ml) were stimulated with S. mutans ATCC 25175,
A. viscosus, ot P. intermedia (0.5 X 10%0.5 ml of enriched RPMI media
that contains 1% penicillin and streptomycin). Cells were harvested in
triplicate on days 1, 2, and 3 and labeled with CD83 and PI. The
number of live CD83™ cells was calculated using the percentage of PI™
CD83™" cells and the total cell count obtained using a hemacytometer.
The vertical bars represent standard errors. The S. mutans data are
representative of results from five different individuals, although in two
cases, the peak number of viable DCs was found on day 2.

tans survived, and the number of viable macrophages was not
different from the untreated macrophage control for up to 3
days (data not shown). A. viscosus and P. intermedia, which did
not significantly up-regulate CD83 expression (Fig. 2), were
similar to the PBMC control (Fig. 5).

IL-12 production. PBMC cultures stimulated with all of the
oral streptococcal isolates for 20 h produced elevated titers of
IL-12 p70, except S. oralis ATCC 35037 (Fig. 6). A statistically
insignificant trend toward IL-12 production by L. casei was also
apparent but IL-4 plus GM-CSF, M-CSF, A. viscosus, or P.
intermedia did not result in an increase of IL-12 production in
the 20-h period. The roles of pattern recognition receptors
(TLR2 and TLR4) and CD14 in IL-12 induction were also
investigated using specific receptor-blocking antibodies. Only
anti-CD14 blocked IL-12 induction by S. mutans ATCC 25175,
suggesting involvement of a receptor distinct from TLR2 or
TLR4 (Fig. 7).

Allogeneic mixed-lymphocyte reaction. Mature DCs are po-
tent stimulators of allogeneic T-cell proliferation, prompting
us to reason that the mature DCs induced by streptococci
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FIG. 6. Induction of IL-12 p70 responses by PBMC cultures stim-
ulated with oral streptococci. PBMC (10%ml) were stimulated with
M-CSF, IL-4 plus GM-CSF, or bacteria in triplicate for 20 h. Super-
natants were harvested and assayed for IL-12 concentration by ELISA.
The vertical bars represent standard errors, and asterisks represent
significant increases of IL-12 titers compared with the PBMC control.
This experiment is representative of the results from three experiments
with three different individuals.

IL12p70 (pg/ml)

o882

INFECT. IMMUN.

700
00
o~
i i -
"‘é-n —F—
2w
=
B w0
‘(‘_'1
3 o
100 e
0 ’ . ===

PEMC wti-TIR-2  anti-TLR4  anti{DI4  1gGlisotype 1gila isotype

FIG. 7. IL-12 p70 production by PBMC was CD14 dependent.
PBMC (10°/ml) were stimulated with S. mutans ATCC 25175 (10%/ml)
in the presence of neutralizing antibodies for TLR2, TLR4, or CD14
for 20 h in triplicate. I[gG2a and IgGl1 isotype controls were included
for TLRs and CD14 antibodies, respectively. The vertical bars repre-
sent standard deviations. Asterisks represent significant decreases in
IL-12 induction. This experiment is representative of the results from
three experiments with three different individuals. Controls indicated
that the anti-TLR2 and anti-TLR4 antibodies were effective under the
conditions of these experiments. While anti-TLR2 failed to inhibit
IL-12 production, it did inhibit the S. mutans (10°/ml)-induced 1L-10
response (from 731.3 = 101.9 pg/ml to 272.4 = 71.11 pg/ml; P < 0.01).
Furthermore, anti-TLR4 inhibited IL-12 production induced in PBMC
by LPS (E. coli, 100 ng/ml) from 491.8 = 54.03 pg/ml to 77.26 + 5.519
pg/ml (P < 0.01).

should yield enhanced mixed-lymphocyte reactions. APC pre-
pared by stimulating PBMC overnight with S. mutans were
potent stimulators of allogeneic T cells compared with mono-
cytes stimulated with 4. viscosus or PBMC medium controls
(Fig. 8) (P < 0.05 at 10* and 10° APC concentrations).

DISCUSSION

Monocytes are capable of differentiating into macrophages
or dendritic cells, depending on the microenvironment. GM-
CSF with IL-4 is known to induce DC differentiation, while
M-CSF drives macrophage differentiation in vitro (10). As
monocytes differentiate into immature DCs, CD14 expression
is down-regulated (38). In the present study, exposure to gram-
positive bacteria such as S. mutans and L. casei resulted in a
rapid loss of CD14 expression on monocytes (<24 h), but this
was not seen with A. viscosus or P. intermedia. A loss of CD14
by monocytes upon encountering bacteria has been reported
by Karlsson et al. (21), and they demonstrated a greater down-
regulation of CD14 on monocytes stimulated with Escherichia
coli than with Lactobacillus plantarum. They suggested that the
down-regulation of CD14 could be due to the fact that pattern
recognition receptors are internalized together with the mi-
crobes or that activation induced negative feedback needed to
control the inflammation.

The increases in CD83, MHC class II, and costimulatory
molecules (CD86) observed in the present study support the
concept that oral streptococci induce monocytes to differenti-
ate into mature DCs. The dendritic cell activity of the strep-
tococcus-stimulated monocytes was further confirmed by dem-
onstration of high levels of IL-12 production and enhanced
allogeneic mixed-lymphocyte reactions. The pattern of IL-12
induction correlated with the ability of the various streptococci
to express CD83 and up-regulate CD86. The clinical isolate of
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FIG. 8. Enhanced allogeneic mixed-lymphocyte reaction by S. mu-
tans-stimulated monocytes. APC preparations were derived from over-
night stimulation of PBMC with S. mutans ATCC 25175 (10° and
10%ml) or A. viscosus (10° and 10°/ml). T-cell preparations from dif-
ferent individual PBMC were obtained using microbeads. Three con-
centrations of APC (10%, 10, and 10°/well) were cocultured with T
cells (103/well) for 5 days. The cultures were then pulsed with [*H]thy-
midine (1 pCi/well) for 18 h, harvested, and counted for radioactivity
(cpm) using Top Count. The T-cell control had 1,422 = 1,284 cpm.
The vertical bars represent standard errors. This experiment is repre-
sentative of the results from two experiments with four different indi-
viduals.

S. mutans (v1311) from an endocarditis patient induced a level
of costimulatory molecule up-regulation and IL-12 titer similar
to those of ATCC type strain 25175. This finding indicates that
a laboratory strain and a clinical strain of S. mutans behave
similarly. ATCC strains were used in the present study to make
it easy for others to confirm and extend our work. Two ATCC
strains (S. sanguis ATCC 10556 and S. oralis ATCC 10557)
were isolated from endocarditis patients, and both strains were
potent DC inducers. Our data suggest that the ability to pro-
mote differentiation of monocytes to DCs that produce proin-
flammatory cytokines is likely widely associated with oral strep-
tococci.

Compared to other streptococci, S. oralis strain ATCC 35037
induced low titers of IL-12 and was not able to up-regulate
CD83 above background control levels. These data suggest
that this strain differs in some important way from other oral
streptococci, including another S. oralis strain (ATCC 10557).
At this point, we do not know what is different about this
strain. It would also follow that if DCs are important in the
initiation of endocarditis, this strain would be less frequently
involved in endocarditis than the other five streptococci. L.
casei induced a pattern of phenotypic changes on monocytes
similar to those of the five oral streptococcal isolates examined
in this study. Interestingly, L. casei has also been identified in
infected endocardial vegetation where it can serve as a patho-
gen (39, 40).

Adherent monocytes could also be stimulated to express
CDS83 when incubated with S. mutans but not with A. viscosus
or P. intermedia (data not shown). However, DC differentiation
and CD83 expression in the adherent cell cultures were modest
compared to those of PBMC cultures (data not shown). These
results suggest that interaction with other cell types in PBMC
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cultures, such as NK cells that are known to be able to rapidly
produce gamma interferon and other cytokines, may contrib-
ute to DC maturation (23, 29).

Many microbial ligands and synthetic compounds that act on
distinct TLRs are known to control DC maturation (e.g., my-
cobacterial extracts for TLR2 and TLR4, lipopolysaccharide
for TLR4, and bacterial DNA and CpG deoxynucleotides for
TLRY). Inflammatory cells express different TLRs that facili-
tate responses to different microbes. Monocytes preferentially
express TLR1, 2, 4, 5, and 8, which may be found both intra-
cellularly and on cell surfaces (34). TLR2 has been implicated
mainly as the signaling receptor for gram-positive cell wall
components (25), while TLR4 is associated with gram-negative
bacteria. Activation of these two receptors results in IL-12 p70
production (28, 32). The finding that IL-12 induction by S.
mutans was CD14 dependent suggests the involvement of a
TLR, but anti-TLR2 and anti-TLR4 had no inhibitory effect.
Henneke et al. reported that activation of macrophages by
group B streptococcus in vitro is also independent of TLR2
and TLR4 but is dependent on CD14 and myeloid differenti-
ation factor 88 (16). It is also known that heat-killed Strepto-
coccus pyogenes can stimulate immature DCs to express CD83
and produce IL-12, but S. pyogenes did not bind to TLR2 or
TLR4 but to B2 integrins, such as CD11c and CD18 (27). Thus,
it is possible that multiple TLRs or other receptors are acti-
vated by S. mutans, and therefore, the blockade with anti-
TLR2 and/or anti-TLR4 does not prevent the activation of
other TLRs. Immature DCs lack membrane CD14 but are able
to respond to low doses of LPS and produce IL-12 via use of
soluble CD14 (37). Soluble CD14 released by monocytes in our
PBMC cultures is likely important in stimulating DC differen-
tiation and maturation by oral streptococci. Adding DNase to
the PBMC cultures with S. mutans reduced the IL-12 titer by
about 40% (data not shown), prompting the speculation that
TLR9 might play a role in IL-12 production. Mature DCs can
also be generated from immature DCs through pathways dis-
tinct from TLRs, including Fey receptors for immune com-
plexes (30) and CD40L (8), suggesting a TLR-independent
pathway might be used by streptococci. Streptococci such as S.
gordonii and S. pyogenes are potent inducers of DC maturation
from immature DCs in vitro, but the molecules involved have
not been defined (11, 19).

Viridans group streptococci are commensal oral bacteria
and are present in saliva, dental caries, and periodontal
plaques. They are extracellular bacteria and are typically
thought of as having low virulence. However, when they are
out of their normal habitat and in the bloodstream as a con-
sequence of chewing, brushing, or dental procedures, they can
adhere to damaged endothelial cells or fibrin clots (vegeta-
tions) and become the main pathogens in infective endocardi-
tis (12, 22). Bacteremias are usually cleared by the reticuloen-
dothelial system within minutes (12). Certain bacteria such as
enteric gram-negative rods frequently cause bacteremias but
rarely cause endocarditis. In contrast, the various oral strepto-
cocci are isolated from only one-third of dental trauma-in-
duced bacteremias (31), but they account for 45 to 80% of
cases of native valve endocarditis in humans (4, 36). It appears
that oral streptococci can uniquely avoid the clearance by the
reticuloendothelial system and are capable of adhering to and
proliferating in endocardial vegetations. Data presented here
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indicate that mature DCs can be rapidly generated from mono-
cytes upon encountering oral streptococci. Thus, blood mono-
cytes could serve as the protective vehicles that deliver viable
streptococci to infection-susceptible sites and, as a conse-
quence, promote endocarditis.

Mature DCs exhibit large numbers of adhesion molecules
such as ICAM-1, ICAM-2, and LFA-1, which could contribute
to their ability to adhere to injured endothelium or fibrinogen
in blood clots (15). Mature DCs also exhibit significantly higher
titers of tissue factor than macrophages in vitro (5) and could
thus facilitate intravascular coagulation and vegetation forma-
tion. Furthermore, mature DCs have a short half-life, as dem-
onstrated by our data and those of others (18, 20), which would
explain why the numerous monocytes initially associated with
endocarditis disappear rather than becoming long-lived mac-
rophages. Studies of pathogenesis of streptococcal endocardi-
tis have mainly focused on bacterial virulence factors, which
are important in bacterial adherence to platelets or fibrin clots
in vegetation. Our results suggest that alterations in the im-
mune response of the host could also contribute to the infec-
tious process. Studies of the fate of internalized oral strepto-
cocci in short-lived DCs may be helpful in further elucidating
the possible role of streptococcus-infected monocytes/DCs in
the initiation and progression of streptococcal endocarditis.
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