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The normal gastrointestinal bacterial flora is crucial for the maturation of acquired immunity via effects on
antigen-presenting cells (APCs). Here we investigated how two types of APCs, monocytes and dendritic cells
(DCs), react to different bacterial strains typical of the commensal intestinal microflora. Purified human
monocytes and monocyte-derived DCs were stimulated with UV-inactivated gram-positive (Lactobacillus plan-
tarum and Bifidobacterium adolescentis) and gram-negative (Escherichia coli and Veillonella parvula) bacterial
strains. Monocytes produced higher levels of interleukin 12p70 (IL-12p70) and tumor necrosis factor (TNF),
as detected by an enzyme-linked immunosorbent assay, in response to L. plantarum than in response to E. coli
and V. parvula. In contrast, DCs secreted large amounts of IL-12p70, TNF, IL-6, and IL-10 in response to E.
coli and V. parvula but were practically unresponsive to L. plantarum and B. adolescentis. The lack of a response
to the gram-positive strains correlated with lower surface expression of Toll-like receptor 2 (TLR2) on DCs
than on monocytes. The surface expression of TLR4 on DCs was undetectable when it was analyzed by flow
cytometry, but blocking this receptor decreased the TNF production in response to V. parvula, indicating that
TLR4 is expressed at a low density on DCs. Gamma interferon increased the expression of TLR4 on DCs and
also potentiated the cytokine response to the gram-negative strains. Our results indicate that when monocytes
differentiate into DCs, their ability to respond to different commensal bacteria dramatically changes, and they
become unresponsive to probiotic gram-positive bacteria. These results may have important implications for
the abilities of different groups of commensal bacteria to regulate mucosal and systemic immunity.

The normal gastrointestinal flora is in close and continuous
contact with immune cells, and the resulting stimulation is
essential for maturation of the immune system (44). The es-
tablishment of the gastrointestinal flora starts at birth and
occurs in an ordered fashion (1). During the first days of life
the flora is dominated by facultative bacteria, such as Esche-
richia coli and other enterobacteria, enterococci, and staphy-
lococci, which in the absence of competition from anaerobes
can reach very high levels. Along with this large population of
facultative bacteria, infants have poorly developed acquired
immunity, which allows bacteria to translocate over the epithe-
lium and reach lymph nodes and peripheral blood (5, 8, 41).
When the number of aerobic and facultative bacteria increases,
oxygen is consumed, which enables anaerobes to colonize the
gastrointestinal tract. The anaerobic bacteria that can be found
in the intestinal flora of 1-week-old infants include bifidobac-
teria, lactobacilli, and Veillonella (1).

Antigen-presenting cells (APCs), such as monocytes, mac-
rophages, and dendritic cells (DCs), are responsible for detect-
ing microbes and presenting their antigenic structures to T
cells, thus eliciting acquired immune responses. In addition,
monocytes and macrophages kill microorganisms by phagocy-
tosis and produce proinflammatory cytokines. DCs are more
potent APCs with a special ability to prime naı̈ve T lympho-

cytes to novel protein antigens (6). Immature DCs can be
differentiated from CD14� monocytes in vitro by incubation
with granulocyte-macrophage colony-stimulating factor (GM-
CSF) and interleukin 4 (IL-4) (35, 45). Studies with mice have
indicated that monocytes may also differentiate into DCs in
vivo (32). Upon activation initiated by signals from microor-
ganisms or from other cells in the tissue, DCs migrate to the
regional lymph nodes. During this process, they undergo mat-
uration, up-regulate costimulatory molecules, and produce cy-
tokines, which make them qualified to activate naı̈ve T cells
(6). There is accumulating evidence that DCs also can contrib-
ute to the differentiation of suppressive T cells that regulate
other T cells (38).

Monocytes and DCs recognize conserved motifs in bacteria
through Toll-like receptors (TLRs), along with other pattern
recognition receptors. The triggering of APCs through TLRs
initiates a signal transduction cascade that culminates in the
activation of transcription factors, such as NF-�B, which leads
to secretion of cytokines and expression of costimulatory mol-
ecules. Furthermore, CD14 plays an essential role in the re-
sponse to microbial components from both gram-positive and
gram-negative bacteria (4, 25, 36). CD14 lacks an intracellular
domain and therefore has no signaling capacity, but it acts as a
coreceptor for TLRs (4). Purified components of microbes
have been used to study the specificity of individual TLRs. The
gram-negative bacterial compound lipopolysaccharide (LPS) is
recognized by TLR4 (23, 30, 37). TLR2 recognizes many dif-
ferent microbial compounds, including peptidoglycan and li-
poproteins from both gram-positive and gram-negative bacte-
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rial cell walls (40). However, few studies have addressed how
the complex structures of intact bacteria are recognized by
pattern recognition receptors and affect the expression of these
receptors.

It has previously been shown that gram-positive and gram-
negative commensal bacteria have different capacities to in-
duce cytokine production from blood mononuclear cells in
both neonates and adults (20, 25) and that they also differ in
the ability to trigger prostaglandin secretion (21). This indi-
cates that the composition of the flora might be important for
how APCs modulate acquired immunity. Therefore, we set out
to study how a selection of commensal gram-positive bacteria
(Lactobacillus plantarum and Bifidobacterium adolescentis) and
gram-negative bacteria (E. coli and Veillonella parvula) induce
cytokine responses and regulate the expression of pattern rec-
ognition receptors in purified monocytes and DCs.

MATERIALS AND METHODS

Bacterial strains. Isolates of the commensal intestinal bacterial species B.
adolescentis, E. coli, and V. parvula were obtained from the Culture Collection of
the University of Göteborg (Göteborg, Sweden). A strain of L. plantarum was
isolated from the rectal mucosa of a healthy volunteer (3). E. coli was cultured
on blood agar plates aerobically at 37°C for 24 h, while L. plantarum, B. adoles-
centis, and V. parvula were cultured anaerobically at 37°C for 3 days. The bacteria
were harvested by centrifugation (1,000 � g, 10 min), washed three times in
phosphate-buffered saline, counted with a microscope, and suspended at a con-
centration of 109 cells per ml, as verified by viable counting. The strains were
inactivated by exposure to UV light for 15 min to inhibit uncontrolled bacterial
growth, which was confirmed by negative viable counting, and then stored at
�70°C. UV-killed bacteria have a preserved structural integrity, in contrast to
heat-inactivated bacteria. LPS from E. coli (serotype O127:B8) and peptidogly-
can from Staphylococcus aureus were purchased from Sigma-Aldrich (St. Louis,
Mo.).

Cell separation. Peripheral blood mononuclear cells (PBMCs) were isolated
from blood donor buffy coats by density gradient centrifugation with Lym-
phoprep (Nycomed, Oslo, Norway). CD14-positive monocytes were then purified
from the mononuclear cells by magnetic cell sorting by using positive selection
according to the manufacturer’s protocol (Miltenyi Biotec, Bergich Gladbach,
Germany). Briefly, the cells were incubated with magnetic microbeads conju-
gated with monoclonal mouse anti-human CD14 antibodies in MACS buffer for
15 min. After this, the cells were run through a MACS column (Miltenyi Biotec)
in a magnetic field. The column was then removed from the magnet, and the
positive cells were flushed out. Analysis by flow cytometry showed that more than
97% of the purified cells expressed CD14.

Generation of monocyte-derived DCs and macrophages. Monocytes (106 cells/
ml) were cultured in six-well plates in endotoxin-free RPMI 1640 medium (Bio-
Whittaker, Cambrex Company, Verriers, Belgium) containing 5% heat-inacti-
vated AB serum (Sigma-Aldrich), 1 mM L-glutamine, and 50 �g of gentamicin
per ml (complete medium) supplemented with 500 U of recombinant IL-4 (R&D
Systems, Minneapolis, Minn.) per ml and 300 U of recombinant GM-CSF
(Schering-Plough, Kenilworth, N.J.) per ml. The cells were cultured in the pres-
ence of 5% CO2 at 37°C for 6 to 7 days, and fresh medium containing IL-4 and
GM-CSF was added every second day. This resulted in generation of immature
DCs that were positive for CD11c but negative for CD14 and CD83. Monocyte-
derived macrophages were generated by the same procedure, but the medium
was complete medium supplemented with 1.1 U of GM-CSF per ml as described
by other workers (18).

Cell cultures. The concentration of monocytes or immature DCs was adjusted
to 106 cells per ml in complete medium, and the cells were transferred to 24-well
plates. They were then stimulated with L. plantarum, B. adolescentis, E. coli, or
V. parvula for 24 and 48 h with or without 10 ng of human recombinant gamma
interferon (rIFN-�) (R&D Systems) per ml. Initial dose-response experiments
were performed with 0.5, 5, and 50 bacteria per cell. The optimal cytokine
response was obtained with 50 bacteria per cell, and this ratio was used through-
out the study, except for the blocking experiments. For blocking experiments,
DCs (5 � 105 cells per ml) from three individuals were preincubated with
anti-CD14 (UCHM-1; Serotec, Oxford, United Kingdom), anti-TLR2 (TL2.1;
Alexis Biochemicals, San Diego, Calif.), anti-TLR4 (HTA125; Serotec), or iso-

type control antibody (10 �g per ml) for 1 h at 4°C, and this was followed by
stimulation with V. parvula (5 � 106 cells per ml) for 7 h. Supernatants were
collected, and the cells were analyzed for expression of different surface markers
by flow cytometry.

Cytokine determination. Concentrations of IL-12p70, tumor necrosis factor
(TNF), IL-6, and IL-10 in cell culture supernatants were determined by enzyme-
linked immunosorbent assays (ELISAs). A standard ELISA procedure was used
as described in detail elsewhere (25). All antibodies and standards were pur-
chased from Pharmingen (San Diego, Calif.). Costar plates (Invitrogen, San
Diego, Calif.) were coated with the following capture monoclonal antibodies:
anti-IL-12p70 (20C2), anti-TNF (MAb1), anti-IL-6 (MQ2-13A5), and anti-IL-10
(JES3-9D7). Standard curves were generated by using recombinant human IL-
12p70, TNF, IL-6, and IL-10, respectively. The following biotinylated detection
antibodies were used: anti-IL-12p40/p70 (C8.6), anti-TNF (MAb11), anti-IL-6
(MQ2-39C3), and anti-IL-10 (JES3-12G8). Samples, standards, biotinylated an-
tibodies, and streptavidin-horseradish peroxidase were diluted in high-perfor-
mance ELISA dilution buffer (Sanquin, Amsterdam, The Netherlands).

Flow cytometry. Phenotypic analysis of cells was performed by flow cytometry.
The cells were incubated with optimal concentrations of the following monoclo-
nal antibodies and controls: allophycocyanin-conjugated anti-CD11c (B-ly6) and
mouse immunoglobulin G1 (IgG1) (X40); phycoerythrin-conjugated anti-CD83
(HB15e), anti-CD14 (MoP9), and mouse IgG1 (X40); and biotinylated anti-
TLR2 (TL2.1), anti-TLR4 (HTA125), and mouse IgG2a (PK136). Most anti-
bodies and streptavidin-phycoerythrin were purchased from Becton-Dickinson
(Erembodegum, Belgium); the only exceptions were the TLR antibodies, which
were purchased from Serotec. We analyzed 10,000 to 20,000 cells with a FAC-
SCalibur (Becton-Dickinson) equipped with CellQuest software. The percentage
of positive cells and the geometric mean fluorescence intensity were recorded.

Phagocytosis assay. L. plantarum, B. adolescentis, E. coli, and V. parvula were
incubated with 0.1 mg of fluorescein isothiocyanate (FITC) per ml in 0.1 M
NaHCO3 for 1 h at room temperature. Phagotest from Orpegen Pharma (Hei-
delberg, Germany) was used to analyze the phagocytic activities of monocytes
and DCs. We incubated 5 � 105 cells with 2.5 � 107 FITC-labeled bacteria in
complete medium for 60 to 120 min at 37°C. Quenching solution was added to
extinguish the fluorescence of extracellular bacteria. The cells were washed and
incubated with a DNA staining solution prior to a flow cytometry analysis in
order to exclude aggregation artifacts. Control samples with no bacteria added
were used to set the gate for positive cells. We analyzed the percentage of cells
that had phagocytosed bacteria, as well as the mean fluorescence intensity as a
measure of the number of ingested bacteria per cell. For microphotographs,
monocytes or DCs (2.5 � 105 cells per ml) were cultured on four-well Permanox
slides (Nunc, Naperville, Ill.) with FITC-labeled bacteria (1.25 � 106 cells per
ml) in complete medium for 1 or 2 h at 37°C. The uptake of bacteria by
monocytes and DCs was evaluated with a Leica microscope (Leica, Cambridge,
United Kingdom). Leica QWin software was used to acquire and visualize the
data.

Statistical analysis. The Mann-Whitney test (GraphPad Prism) was used to
compare the levels of cytokine production from DCs and monocytes in response
to the various bacterial strains. A paired t test was used to analyze the inhibiting
effect of blocking antibodies on TNF production.

RESULTS

Monocytes and DCs respond differently to stimulation with
commensal bacteria. In this study we compared how different
bacterial strains typical of the commensal intestinal microflora
affected cytokine production in purified monocytes and mono-
cyte-derived DCs. We exposed the cells to UV-inactivated
gram-positive L. plantarum and B. adolescentis strains and
gram-negative E. coli and V. parvula strains for 24 h and ana-
lyzed the production of cytokines. As shown in Fig. 1, bacterial
stimulation induced low levels of IL-12p70 from both purified
monocytes and DCs in the absence of IFN-�. This contrasted
with the high levels obtained from PBMCs or monocytes en-
riched by adherence, which might be explained by the finding
that T cells and their secreted soluble factors primed the APCs
for IL-12 production (20, 25). As T cells isolated from the
lamina propria of the normal human gut spontaneously secrete
IFN-�, we investigated whether IFN-� affected the responses
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of the APCs (26). When IFN-� was added to the monocyte
cultures, we observed that secretion of IL-12p70 in response to
bacteria increased and that the gram-positive bacteria L. plan-
tarum and B. adolescentis were stronger inducers of IL-12p70
than the gram-negative bacteria E. coli and V. parvula were
(Fig. 1A). In contrast, DCs produced considerably higher lev-
els of IL-12p70 in response to E. coli and V. parvula than in
response to L. plantarum and B. adolescentis in the presence of
IFN-� (Fig. 1B). It should be noted that in the presence of
IFN-�, DCs were much more potent producers of IL-12p70 in
response to the gram-negative bacteria than monocytes were in
response to the gram-positive strains. Thus, monocytes and
DCs primed with IFN-� exhibited opposite patterns of reac-
tivity to gram-positive and gram-negative bacteria.

We also analyzed the production of TNF, IL-6, and IL-10
from monocytes and DCs after bacterial stimulation (Fig. 2).
In monocytes, L. plantarum induced higher levels of TNF from
monocytes than E. coli and V. parvula induced. On the other

hand, the gram-negative strains tended to induce higher levels
of IL-6 and IL-10 from monocytes than the gram-positive bac-
teria induced, although the difference was not statistically sig-
nificant. Priming with IFN-� had no effect on monocyte pro-
duction of TNF, IL-6, or IL-10 in response to bacteria. In
contrast, DCs produced considerably higher levels of TNF,
IL-6, and IL-10 after stimulation with E. coli and V. parvula
than after stimulation with L. plantarum and B. adolescentis
(Fig. 2B). IFN-� priming further potentiated this response.
Furthermore, human macrophages differentiated in vitro from
monocytes produced higher levels of TNF, IL-6, and IL-10 in
response to gram-negative bacterial strains than they produced
in response to gram-positive bacterial strains, even though the
difference was not as pronounced as that observed with DCs
(data not shown). In conclusion, while monocytes responded to
both the gram-positive and gram-negative strains, albeit with
different cytokine patterns, DCs produced high levels of cyto-
kines only in response to the gram-negative bacteria. Further-
more, DCs were more dependent on IFN-� for the capacity to
produce cytokines than monocytes were. Experiments per-
formed with live bacteria produced similar results (data not
shown).

Bacteria are phagocytosed equally well by monocytes and
DCs. The difference in the capacities of monocytes and DCs to
respond to the different bacterial strains might be due to dif-
ferences in phagocytic capacity. To examine this, we incubated
FITC-labeled bacteria with monocytes or monocyte-derived
DCs and analyzed the uptake of bacteria by flow cytometry. As
shown in Fig. 3A, monocytes and DCs had similar capacities to
phagocytose bacteria, and there was no distinct difference be-
tween phagocytosis of the gram-positive strains and phagocy-
tosis of the gram-negative strains. Figure 3B is a microphoto-
graph of a monocyte and a DC that have taken up L. plantarum
and V. parvula, respectively. The mean fluorescence intensity
corresponding to the number of bacteria was highest for V.
parvula, both in monocytes and in DCs (data not shown).
Consequently, the differences in induction of cytokines by
monocytes and DCs and the differences in the responses to
gram-positive and gram-negative bacteria could not be ex-
plained by differences in phagocytosis.

Bacterial stimulation alters the expression of CD14, TLR4,
and TLR2 on monocytes and DCs. We next examined how
intact bacteria regulate surface expression of microbial pattern
recognition receptors on APCs. Figure 4A shows that after
stimulation with either L. plantarum or E. coli the expression of
CD14 and TLR4 was down-regulated on monocytes. The sur-
face expression of TLR2 on monocytes was reduced only by
stimulation with L. plantarum.

Immature DCs generated from monocytes did not express
CD14. However, when cells were stimulated with E. coli for
48 h, CD14 appeared on the surface (Fig. 4B). In contrast, L.
plantarum did not up-regulate CD14 expression on DCs. DCs
cultured with bacteria or medium alone did not stain positively
for either TLR2 or TLR4. However, it is well established that
DCs generated in vitro do express these TLRs, at least if the
medium is supplemented with fetal calf serum. Therefore, we
analyzed whether these receptors are expressed on DCs gen-
erated in the presence of human serum by studying if they are
involved in the response of DCs to intact gram-negative bac-
teria. We blocked CD14, TLR2, and TLR4 with specific mono-

FIG. 1. IL-12p70 production from monocytes (A) and monocyte-
derived DCs (B) (106 cells) after stimulation with the gram-positive
organisms L. plantarum and B. adolescentis or the gram-negative or-
ganisms E. coli and V. parvula (5 � 107 bacteria) for 24 h in the absence
or in the presence of 10 ng of rIFN-� per ml. The bars indicate the
mean cytokine production from six donors, and the error bars indicate
the standard error of the mean. Statistical significance refers to the
difference between the bacterium and the two gram-positive or two
gram-negative organisms, respectively (one asterisk, P � 0.05; two
asterisks, P � 0.01). Unstim, unstimulated.
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clonal antibodies prior to stimulation with V. parvula and mea-
sured the production of TNF. As shown in Fig. 4C, blocking
CD14 and TLR4 in fact decreased the production of TNF from
DCs, whereas blocking of TLR2 did not have this effect. This
shows that TLR4 is expressed on DCs and is important for
proinflammatory responses to intact gram-negative bacteria.
As a positive control, Fig. 4D shows the effectiveness and
specificity of the blocking antibodies used.

Since IFN-� potentiated the cytokine response of DCs to E.
coli and V. parvula, we subsequently studied whether priming
by IFN-� affected the surface expression of pattern recognition
receptors. Figure 4E shows that TLR2 and TLR4 were up-
regulated on DCs in the presence of IFN-�. However, it should
be noted that the intensity of TLR2 expression was consider-
ably higher on monocytes than on IFN-�-primed DCs, whereas
similar amounts of TLR4 were expressed on both types of cells
(Fig. 4A and E). This could partially explain why monocytes
exhibit much greater cytokine responses to L. plantarum and B.
adolescentis than DCs elicit. Bacterial stimulation slightly de-
creased the expression of TLR2 on such IFN-�-primed DCs.
TLR4 was also down-regulated after stimulation with both L.
plantarum and E. coli. The results obtained for B. adolescentis
and V. parvula were similar to the results obtained for L.
plantarum and E. coli, respectively (data not shown). In sum-
mary, when monocytes differentiated into DCs, the surface

expression of CD14, TLR2, and TLR4 was down-regulated,
but IFN-� could effectively up-regulate the surface expression
of TLR2 and TLR4 on DCs. However, bacterial stimulation
decreased the expression of TLRs on both monocytes and
DCs. Furthermore, the lack of a response of DCs to gram-
positive bacteria could be associated with lower surface expres-
sion of TLR2 on DCs than on monocytes.

DISCUSSION

Colonization of the gastrointestinal tract of the newborn
infant starts immediately after birth and is one of the major
factor driving maturation of the immune system (1). In rodents
the presence of a normal intestinal microflora seems to be
required for proper maturation of the immune system and
induction of oral tolerance (28, 39). For example, animals
harboring a normal intestinal microflora have 10 times more
IgA-producing cells in the intestinal lamina propria than germ-
free animals have (14). The large intestine of a human adult
contains 1014 bacteria, and these organisms are in close and
constant contact with gut-associated lymphoid tissues (44).
These bacteria encounter DCs, which after maturation direct
T-cell responses in lymphoid tissues. Viable bacteria may pen-
etrate peripheral blood vessels and enter the circulation, where
they are generally killed instantaneously by monocytes and

FIG. 2. TNF, IL-6, and IL-10 production by monocytes and monocyte-derived DCs (106 cells) after stimulation with the gram-positive
organisms L. plantarum and B. adolescentis or the gram-negative organisms E. coli and V. parvula (5 � 107 bacteria) for 24 h in the absence or in
the presence of 10 ng of rIFN-� per ml. The bars indicate the mean cytokine production from six donors, and the error bars indicate the standard
error of the mean. Statistical significance refers to the difference between the bacterium and the two gram-positive or two gram-negative organisms,
respectively (one asterisk, P � 0.05; two asterisks, P � 0.01). Unstim, unstimulated.
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granulocytes while they simultaneously generate a proinflam-
matory response. Gram-negative facultative bacteria, such as
E. coli, translocate to a greater extent than obligate anaerobes
and gram-positive bacteria translocate. However, gram-posi-
tive bacteria that are not strictly anaerobic, such as lactobacilli,
may also translocate (34). Since the composition of the gut
flora of allergic children and the composition of the gut flora of
nonallergic children have been observed to differ, gastrointes-
tinal exposure to microbes may be significant for protection
against allergy (9, 10, 12, 27). However, it is still not clear how
different groups or species of bacteria modulate the immune
system of the host or activate various types of APCs.

How DCs and macrophages respond to bacterial cell wall
components has been well documented. For example, activa-
tion of TLR4 by purified ligands, such as LPS, seems to induce
a response predominated by IL-12 production, whereas TLR2
activation by lipopeptides, peptidoglycan, and Porphyromonas
gingivalis LPS instead induces IL-10 production (2, 22, 31).
However, intact microbes are likely to be recognized by a
combination of innate recognition receptors as cell walls of
both gram-positive and gram-negative bacteria are composed
of various molecules with immunostimulatory properties. Only
few studies have examined how clinical isolates of intact bac-
teria affect the immune system through the interaction with
DCs and monocytes. It has previously been shown that en-
riched monocytes and PBMCs generally produce higher levels
of IL-12 and TNF in response to a panel of gram-positive
bacterial strains than in response to gram-negative strains (20,
25). Other workers have shown that murine macrophages elicit
higher levels of IL-12 in response to intact gram-negative bac-

teria than in response to gram-positive organisms (29). In the
present study we found that purified human monocytes and
DCs respond differentially to a group of four gastrointestinal
bacteria. As previously observed with PBMCs, purified mono-
cytes produce higher levels of IL-12 and TNF when they are
cultured with the gram-positive organism L. plantarum than
when they are cultured with the gram-negative organisms E.
coli and V. parvula. Murine splenocytes, with a repertoire of
cells similar to that found in human PBMCs, also produce
higher levels of IL-12 in response to L. plantarum than in
response to E. coli (33). We found that in contrast to mono-
cytes, immature DCs are practically unresponsive to L. plan-
tarum and B. adolescentis but produce high levels of IL-12,
TNF, IL-6, and IL-10 in response to E. coli and V. parvula.
Veckman et al. have shown that the pathogenic gram-positive
organism Streptococcus pyogenes potently induces IL-12 pro-
duction by human DCs (42). This indicates that probiotic and
pathogenic gram-positive bacteria differ in the capacity to in-
duce cytokine secretion from DCs.

Whether monocyte-derived DCs represent the DCs located
in the gut is questionable. However, in line with our results,
experiments with human intestinal mucosal explants have
shown that TNF, IL-8, and IL-10 are produced in response to
E. coli but not in response to Lactobacillus casei (11). Further-
more, the gut mucosal DCs predominantly consist of myeloid
DCs, which presumably are of monocyte origin (7). The dif-
ferences in the cytokine responses of monocytes and DCs
could not be explained by differences in phagocytic capacities,
as the bacteria were equally well phagocytosed by monocytes
and DCs. Rather, the variations are explained by differential
expression of pattern recognition receptors on the APCs.

Our results indicate that direct exposure to both gram-pos-
itive and gram-negative bacteria down-regulates CD14, TLR2,
and TLR4 surface expression on APCs. This could either be
due to the fact that the pattern recognition receptors are in-
ternalized together with the microbe or be due to the fact that
activation induces a negative feedback mechanism to control
the inflammatory response. Other groups studying gene ex-
pression have shown that LPS transiently up-regulates TLR2
and TLR4 in monocytes and DCs, but a prolonged treatment
led to down-regulation of the TLR message (43). The expres-
sion of CD14, TLR2, and TLR4 on monocytes is down-regu-
lated during the differentiation into immature DCs, which has
also been demonstrated by other workers (43). Since we were
unable to detect the surface expression of TLR2 and TLR4 on
immature and bacterium-stimulated DCs with flow cytometry,
we concluded that the density of these receptors must be very
low. However, as shown by our data, the cytokine responses to
intact V. parvula are at least partially dependent on TLR4 and
CD14. This indicates that low TLR4 surface expression is suf-
ficient to mount proinflammatory responses to gram-negative
bacteria.

The human gut mucosa seems to be in a state of controlled
inflammation under normal conditions, since intestinal intra-
epithelial and lamina propria lymphocytes spontaneously se-
crete IFN-� (13, 19, 26). We observed that IFN-� dramatically
increases the expression of TLRs and potentiates the capacity
of DCs to secrete cytokines, but only in response to E. coli and
V. parvula. It has previously been shown that TNF production
by monocytes induced by L. plantarum is at least partially

FIG. 3. (A) Phagocytosis of FITC-labeled bacteria by monocytes
and DCs. The bars indicate the mean percentage of FITC-positive cells
from three donors, and the error bars indicate the standard error of the
mean. (B) Photomicrographs of a monocyte and a DC that have
phagocytosed FITC-labeled bacteria. Original magnification, �400.
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dependent on TLR2 (25). IFN-� up-regulates TLR2 on DCs,
but the cells remain unresponsive to L. plantarum and B. ado-
lescentis. However, the intensity of TLR2 expression is consid-
erably higher on monocytes than on IFN-�-primed DCs. Other
workers have shown that monocytes express higher levels of
TLR2 mRNA than both monocyte-derived DCs and periph-
eral blood CD11c� DCs express (24). Thus, the decreased
ability to respond to L. plantarum and B. adolescentis when
monocytes differentiate into DCs could be due to a reduction
in TLR2 expression. Alternatively, DCs might express other

receptors than monocytes that have inhibitory properties. C-
type lectins are implicated in both enhancing and abrogating
activation of TLRs. Dectin-1 collaborates with TLR2 and po-
tentiates inflammatory responses to zymosan, whereas binding
of mannose-capped lipoarabinomannan from Mycobacterium
tuberculosis to dendritic cell-specific ICAM-grabbing noninte-
grin (DC-SIGN) mediates immunosuppressive effects (16, 17).
Moreover, L. casei has been shown to suppress TNF responses
induced by E. coli from human gut mucosal explants, but it is
still not known whether this suppressive effect involves C-type

FIG. 4. Expression of CD14, TLR2, and TLR4 on monocytes (A) and DCs and in the absence (B) or in the presence (E) of 10 ng of IFN-�
per ml after stimulation for 48 h with L. plantarum or E. coli. The percentages of CD14-positive cells and the geometric mean fluorescence intensity
for TLR expression, respectively, are indicated in the upper right corners of the panels. The lines show the data for the isotype control antibodies,
and the solid histograms show the expression of TLRs. The results shown are the results of one representative experiment of three experiments
performed. (C) Effect on V. pavula-induced TNF production from DCs after blocking of CD14, TLR2, or TLR4. DCs (5 � 105 cells per ml) were
incubated with 10 �g of blocking antibody per ml or 10 �g of isotype control antibody per ml for 1 h prior to stimulation with bacteria (5 � 106

cells per ml) for 7 h. The results after blocking were expressed as the percentage of TNF production relative to control production for each
individual. The bars indicate the mean percentage of positive cells from three donors, and the error bars indicate the standard error of the mean.
(D) Positive control for the effectiveness and specificity of the blocking antibodies used. The experiments were performed as described above, and
the cells were stimulated with 0.1 �g of LPS per ml or 1 �g of peptidoglycan per ml. a-CD14, anti-CD14; a-TLR2, anti-TLR2; a-TLR4, anti-TLR4.
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lectins (11). Nevertheless, microbes are likely to be recognized
by a complex combination of receptors, which by acting to-
gether decide the outcome of the response.

In summary, the gram-positive probiotic bacteria L. planta-
rum and B. adolescentis may have a role in controlling local
inflammation in the gut as they do not activate DCs, but they
could also be important for activation of systemic immunity
after translocation as they preferentially trigger activation of
monocytes. Gram-negative bacteria, such as E. coli and V.
parvula, are strong activators of DCs, which might lead to
either tolerance or hypersensitivity to concomitantly presented
innocuous antigens depending on the level of bacterial stimu-
lation (15). Preliminary results obtained in our laboratory show
that monocytes and DCs from neonates respond to gut bacte-
ria with a cytokine pattern similar to the pattern observed for
cells from adults. Thus, our results may have implications for
the capacities of different groups of commensal bacteria to
regulate mucosal and systemic immunity in newborns.
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