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Summary

Modification of intestinal microbiota early in life by administration of pro-
biotic bacteria may be a potential approach to prevent allergic disease. To
select probiotic bacteria for in vivo purposes, we investigated the capacity of
probiotic bacteria to interact with neonatal dendritic cells (DC) and studied
the ensuing T cell polarizing effect. Immature DC were generated from cord
blood-derived monocytes and maturation was induced by maturation factors
(MF), lipopolysaccharide (LPS) plus MF and Bifidobacterium bifidum, B.
infantis, Lactobacillus salivarius, Lactococcus lactis alone or combined with
MF. After 12 days of co-culture with DC and Staphylococcus aureus entero-
toxin B (SEB) as antigenic stimulus, cytokine production by autologous T
cells was determined by intracellular cytokine staining. Additionally, cells
were stimulated with CD3 and CD28 monoclonal antibodies and cytokines
were measured in supernatants by multiplex assay. The probiotic strains
induced partial maturation of DC. Full maturation of DC was induced for all
strains tested when MF was added. The percentage of interleukin (IL)-4
producing T cells was lower in T cell cultures stimulated with B. bifidum
matured DC compared to MF and LPS matured DC, which coincided with a
higher percentage of interferon (IFN)-g-producing T cells. Furthermore, T
cells stimulated by B. bifidum matured DC produced significantly more IL-10
compared to MF matured DC. Selected species of the Bifidobacterium genus
prime in vitro cultured neonatal DC to polarize T cell responses and may
therefore be candidates to use in primary prevention of allergic diseases.
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Introduction

The hygiene hypothesis states that decreased exposure to
microbial stimuli early in life contributes to the increasing
prevalence of atopic disease [1,2]. Much attention has
focused upon the intestinal microbiota and its potential role
in the development of atopic disease [3]. Enhanced presence
of probiotic bacteria in the intestinal microbiota seems to
correlate with protection against atopy, as bifidobacteria and
lactobacilli are found more commonly in the composition of
the intestinal flora of non-allergic children [4–6]. Interven-
tion studies in which lactobacilli and bifidobacteria were
studied for possible beneficial effects in prevention and treat-
ment of atopic disease support the association between the
intestinal microbiota and the development of atopic disease
[7–10].

It is not clear how intestinal microbes, including probi-
otic bacteria, interact with the intestinal mucosal immune
system and which bacteria or bacterial products are benefi-
cial. Probiotic bacteria may be capable of modulating the
immune system [3,11]. For example, reconstitution of the
intestinal microbiota of germ-free rodents restored their
development of oral tolerance [12]. In the gut, antigen-
presenting cells (APC), in particular dendritic cells (DC),
play a crucial role in innate as well as adaptive immune
response against microbial antigens. DC are the main
stimulators of naive T cells and the nature of the T cell
polarizing signals is determined largely by the type of
microbial products encountered in the peripheral tissues
[13]. Previous studies have shown that viable and killed
probiotic bacteria demonstrate strain-specific effects on the
phenotype of human and murine DC [14–16], and on
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polarizing T helper cell responses via modulation of den-
dritic cell function [17–20]. Therefore, we speculate that
specific strains may have higher potential to target specific
diseases such as atopic diseases. To this end, we chose to
select probiotic bacteria based on their capacity to modulate
immune responses in vitro in preparation of our clinical
trial on primary prevention of atopy and allergic disease
(NCT00200954). Previously, we have examined the effects
of 13 strains of probiotic bacteria on their capacity to
modulate cytokine production by adult peripheral blood
mononuclear cells (PBMC) [21]. We selected four strains to
investigate further the effect of probiotic bacteria on neo-
natal immune cells. In this study, we investigated the effects
of four selected probiotic strains on maturation of cord
blood monocyte-derived DC. Furthermore, the effect of DC
matured in the presence of probiotic bacteria on polariza-
tion of the neonatal T cell response was examined.

Methods

Bacterial strains and preparation of bacteria

Four strains were selected for the present study based on
their capacity to modify cytokine production of PBMC [21].
These strains are: Bifidobacterium (B) bifidum W23; B. infan-
tis W52; Lactobacillus (Lb.) salivarius W24; Lactococcus (Lc.)
lactis W58. B. bifidum, B. infantis and Lc. lactis were
selected based on their capacity to induce the production of
interleukin (IL)-10 and reduction of IL-5 and IL-13
production. Lb. salivarius was included because of its con-
trasting effect, i.e. no induction of IL-10 production. All
strains were supplied and prepared by Winclove Bio Indus-
tries®, Amsterdam, the Netherlands. Pure strains were cul-
tured from frozen stocks as described previously [21]. One
fresh aliquot was thawed for every new experiment to avoid
variability in the cultures.

Cell preparation

Umbilical cord blood was obtained from deliveries of healthy
children. The study was approved by the Medical Ethics
Committee for Human Research of the University Medical
Centre, Utrecht. Blood samples were collected in cord blood
collection bags (MacoPharma, Utrecht, the Netherlands)
and mononuclear cells were isolated by density gradient
centrifugation over Ficoll-Hypaque (Pharmacia, Uppsala,
Sweden). The cells were washed and resuspended in RPMI-
1640 containing l-glutamine (2 mM) and penicillin (100 U/
ml)/streptomycin (100 mg/ml) (all obtained from Invitrogen
Life Technologies, Breda, the Netherlands) and supple-
mented with 2% heat-inactivated fetal calf serum (FCS).
CD14 monocytes were purified by positive selection using
anti-CD14 conjugated magnetic microbeads according to
the manufacturer’s protocol (Miltenyi Biotec, Bergisch Glad-
back, Germany). Flow cytometric analysis showed that CD14
positive monocytes were recovered with a purity of > 90%.

Subsequently, the negatively selected cells were used to
isolate naive T cells from cord blood mononuclear cells
by positive selection with anti-CD4-conjugated magnetic
microbeads (Miltenyi Biotec).

In vitro generation and maturation of DC

Immature DC (IDC) were generated by culturing cord blood
CD14+ monocytes, as described previously [22]. At day 6,
maturation was induced by culturing the cells for 2 days
with 50 ng/ml IL-1b and 50 ng/ml tumour necrosis factor
(TNF)-a (both Strathmann, Hamburg, Germany), referred
to subsequently as maturation factors (MF), lipopolysaccha-
ride (LPS) Escherichia coli (Sigma-Aldrich, St. Louis, MO,
USA) plus MF (LPS-DC), and the different probiotic bacte-
ria [20 ¥ 106 colony-forming units (CFU)/ml; bacteria: cell
ratio 10 : 1] in the presence or absence of MF.

Expression of cell surface molecules and cytokine
production of dendritic cells

Expression of cell surface molecules and cytokine production
was studied in in vitro generated DC as described above. The
maturation status was determined by cell surface analysis.
DC were washed in fluorescence activated cell sorter (FACS)
buffer [phosphate-buffered saline (PBS) containing 0·02%
azide, 2% fetal calf serum (FCS) and 2 mM ethylenediamine
tetraacetic acid (EDTA)] and to block non-specific binding of
antibody reagents incubated with heat-inactivated human
serum (30 min at 4°C). Subsequently, cells were incubated in
50 ml of FACS buffer containing appropriately diluted
fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-,
peridinin chlorophyll protein (PerCP)- or allophycocyanin
(APC)-labelled monoclonal antibodies (mAbs) against
human CD86, CD80, CD14, CD40 and HLA-DR (all from
BD Biosciences, Mountain View, CA, USA). Cells were
analysed using FACS-Calibur and CellQuest software (BD
Biosciences). For cytokine production, at day 8 of the DC
cultures, mature DC (2 ¥ 104 cells) were stimulated with
mouse CD40-ligand (CD40L)-expressing mouse plasmacy-
toma cells (J558, 2 ¥ 104 cells; a gift from Dr P. Lane, Univer-
sity of Birmingham, UK) overnight. Supernatants were
collected and stored until further use.

Stimulation and culture of CD4+ T cells by mature DC

Autologous CD4+ T cells (2 ¥ 104 cells) were co-cultured
with mature DC (5 ¥ 103 cells) in the presence of the super-
antigen Staphylococcus aureus enterotoxin B (SEB) (100 pg/
ml; Sigma-Aldrich) in 96-well flat-bottomed culture plates
(Nunc, Roskilde, Denmark). At day 5, 10 U/ml recombinant
(r)IL-2 (Roche, Basel, Switzerland) was added to the cultures
and the cultures were expanded for the next 7 days. At day 5,
[3H]-thymidine incorporation was measured to investigate
the capacity of the differently matured DC to induce T cell
proliferation.
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Cytokine production by CD4+ T cells

On day 12, T cells were restimulated with 10 ng/ml phorbol
myristate acetate (PMA) (Sigma-Aldrich) and 1 mg/ml iono-
mycin (Calbiochem, San Diego, CA, USA) for 6 h, the last 5 h
in the presence of 10 mg/ml Brefeldin A (Sigma-Aldrich).
Cells were fixed in 2% paraformaldehyde (PFA; Fluka,
Deisenhofen, Germany), permeabilized with saponin buffer
0·5% [PBS containing 0·5% bovine serum albumin (BSA)],
0·05% azide and 0·5% saponin (Sigma-Aldrich), and stained
with anti-human IFN-g-FITC and anti-human IL-4-PE
(both from BD Pharmingen) to measure intracellular IL-4
and IFN-g production by flow cytometry. In parallel, T cells
were restimulated overnight with 0·4 mg/ml anti-CD3 mAbs
and 1 mg/ml anti-CD28 mAbs (both from BD Pharmingen).
Supernatants were collected and cytokines were detected by
multiplex immunoassay on a Luminex-100 system [23].

Incubation of bacteria with transfected Chinese
hamster ovary (CHO)-cell lines

CHO cells transfected with human CD14 (CHO/CD14),
human Toll-like receptor (TLR)-2 (CHO/CD14/TLR-2)
and human TLR-4 (CHO/CD14/TLR-4) were kindly
provided by Liana Steeghs (University Medical Centre
Utrecht) and Douglas Golenbock (Division of Infectious
Diseases and Immunology, University of Massachusetts
Medical School). Upon activation via TLRs or CD14,
expression of CD25 on the cell surface induced via a trans-
fected nuclear factor kappa B (NF-kB) construct, was used
as a read-out [24]. PE-labelled anti-CD25 mAb was pur-
chased from Becton Dickinson. Cells were cultured and
stimulated as described in detail elsewhere [25]. In pilot
experiments, viable, heat-inactivated (incubated 30 min at
56°C) or PFA fixed bacteria were added in different bacte-
ria : cell ratios, i.e. 50 : 1, 20 : 1 and 10 : 1. Viable and heat-
inactivated probiotic bacteria in a bacteria : cell ratio of
50 : 1 were found to induce to the highest expression of
CD25 and were used in further experiments. Heat-
inactivated Neisseria meningitides was used as a positive
control for all three cell lines. CD25 expression was deter-
mined by flow cytometry.

Statistical analysis

All cultures were carried out in duplicate or triplicate.
Values and error bars in the figures represent the
mean � standard error of the mean (s.e.m.). Cytokine data
were analysed as continuous data. Non-parametric statisti-
cal analyses were performed with the Mann–Whitney
U-test to reveal significant differences in capacity to induce
cytokine production. Differences were considered signifi-
cant at P < 0·05. Statistical calculations were performed
with spss 11·5 for Windows.

Results

Probiotic bacteria induce partial maturation of
in vitro-cultured DC

We investigated the effect of four probiotic bacterial strains
on the expression of CD40, CD80, CD86 and human leuco-
cyte antigen D-related (HLA-DR) as maturation markers of
DC. First, we determined the optimal bacteria : DC ratio. A
bacteria : DC ratio of 10 : 1 induced higher expression of
co-stimulatory molecules compared to a ratio of 1 : 1.
Higher bacterial doses had a cytotoxic effect on the DC (data
not shown). Therefore, a 10 : 1 bacteria : DC ratio was
selected for further experiments. Exposure of IDC to probi-
otic bacteria resulted in partial DC maturation (Fig. 1a) and
expression of CD86 and HLA-DR was enhanced significantly
compared to IDC with B. bifidum, B. infantis and Lc. lactis
(Fig. 1b). No differences in expression of CD40 and CD80
were observed between IDC and DC cultured with the four
tested strains. However, full maturation of DC comparable
to MF-DC and LPS-DC was induced for all strains tested
when MF were added (Fig. 1a,b). In the presence of MF no
statistically significant differences were observed in the
expression of CD86 and HLA-DR, whether or not bacteria
were added. In subsequent experiments, IDC were cultured
with probiotic strains in the presence of MF to induce equal
maturation in all groups.

Probiotic bacteria do not modify production of
cytokines by in vitro-cultured DC

Next, we measured the capacity to produce cytokines by DC
matured with different stimuli after ligation of CD40 by
CD40L, mimicking the engagement by T cells. Compared to
MF-DC and LPS-DC, production of IL-12 and TNF-a was
not significantly (P > 0·05) affected by the presence of the
four tested strains during maturation (Fig. 2a,b). Further-
more, B. bifidum stimulated the production of IL-6 fourfold
compared to MF and LPS DC, but not statistically signifi-
cantly (P = 0·909 and P = 0·277, respectively) (Fig. 2c).
Other cytokines were also measured, but production of
IL-10 was minimal. No production of IL-1a, IL-1b, IL-2,
IL-4, IL-5 and IFN-g was observed (data not shown).

B. bifidum polarizes in vitro-cultured DC to drive
Th1 responses

To investigate the T cell polarizing capacity of DC matured
with probiotic bacteria, we performed co-cultures with
autologous CD4+ T cells. CD4+ T cells proliferated to a
similar extent, independently of a prior incubation of the
DC with probiotic bacteria. In parallel, the expression of
CD25 as cell surface marker of activation of CD4+ T cells was
similar in all co-cultures, indicating equally activated T cells
(data not shown).

L. E. M. Niers et al.

346 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 149: 344–352



Next, the intracellular cytokine profile of the Th1 cytokine
IFN-g and the Th2 cytokine IL-4 was determined, B.
bifidum-stimulated DC reduced the number of IL-4 produc-
ing Th cells and increased the number of IFN-g-producing
Th cells (Fig. 3a). The mean percentage of IL-4-producing T
cells was decreased by up to 50% in T cell cultures stimulated
with B. bifidum compared to T cells activated by MF-DC and
LPS-DC. In parallel, the mean percentage of IFN-g-
producing T cells was increased (Fig. 3b). The differences
observed in percentages of IL-4- and IFN-g-positive T cells
did not reach statistical significance (P > 0·05) due to large
donor variability in the number of IL-4 positive and IFN-g-
positive T cells, but consistent effects were observed in indi-
vidual experiments. Lc. lactis-stimulated DC seemed to have
similar effects on CD4+ cells to B. bifidum but to a much
lesser extent. The effect of B. infantis-DC on the number of

IL-4-producing T cells was mainly donor-dependent, but
B. infantis-DC consistently increased the percentage of
IFN-g producing T cells (data not shown). Lb. salivarius-DC
did not affect IL-4 or IFN-g production. Similar results were
obtained when comparing the IFN-g/IL-4 ratio. For MF and
LPS matured DCs the IFN-g/IL-4 ratio was 3·44 and 3·70,
respectively. B. bifidum matured DC induced the highest
IFN-g/IL-4 ratio, 9·44. IFN-g/IL-4 ratio for B. infantis was
4·18, for Lb. salivarius 4·34 and for Lc. lactis 5·25. Besides
IFN-g and IL-4 we also aimed to investigate the production
of other cytokines by CD4+ T cells. To this end, cells were
restimulated for 18 h with anti-CD3 mAb and anti-CD28
mAb and we measured levels of cytokines in the super-
natants by multiplex assay. Indeed, in cultures of DCs
co-cultured with B. bifidum, levels of IFN-g were increased
significantly (Fig. 4a). B. bifidum DC also stimulated

Lc.
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Fig. 1. Phenotype and maturation status of cord blood monocyte-derived dendritic cells (DC) upon exposure to selected probiotic bacteria.

Immature DC were matured with maturation factors (MF), lipopolysaccharide (LPS) and probiotic bacteria (bacteria : cell ratio 10 : 1) in the

presence or absence of MF. After 48 h expression of CD14, CD40, CD80, CD86 and human leucocyte antigen D-related (HLA-DR) was analysed by

flow cytometry. (a) Open histograms represent expression by immature DC, solid histograms show the level of expression as a result of treatment.

One representative experiment of nine is shown. (b) Mean expression of CD86 and HLA-DR in differently matured DC. The expression of CD86

and HLA-DR of immature DC was set at 100% and the relative expression in other culture conditions was compared to this value. Data represent

mean expression � standard error of the mean (n = 9). Statistical analysis was performed by Mann–Whitney U-test. *P < 0·05 compared to

immature DC. Expression of CD86 and HLA-DR of all fully matured DC (MF, LPS, Bifidobacterium bifidum, B. infantis, Lactobacillus salivarius and

Lactococcus lactis) was significantly higher (P < 0·01) compared to immature DC.
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production of TNF-a by CD4+ T cells (Fig. 4b). A significant,
although weaker, effect on IFN-g production was also
observed for Lc. lactis co-cultured DCs (Fig. 4a). Cytokine
measurements in supernatants did not confirm reduced

production of IL-4 for B. bifidum and Lc. lactis-DC, as dem-
onstrated with intracellular cytokine analysis (Fig. 4c). Fur-
thermore, production of IL-10 by T cells stimulated with
B. bifidum-DC was significantly increased compared to
MF-DC (Fig. 4d).

TLR activation by probiotic bacteria

Next, we addressed the question whether cytokine produc-
tion by probiotic primed DC may indicate the involvement
of TLR binding. To this end, CHO-cell lines transfected with
human CD14, human TLR-2 and human TLR-4 were incu-
bated with live and heat-inactivated probiotic strains. B.
bifidum and B. infantis and, to a lesser extent, Lb. salivarius
did activate TLR-2 as shown by increased expression of
CD25, in contrast to Lc. lactis (Fig. 5a). The capacity of these
strains to activate TLRs was not different when live or heat-
inactivated bacteria were used. None of the probiotic strains
tested activated TLR4 (Fig. 5b) or CD14 (data not shown).

Discussion

In the present study, we demonstrate that from the selected
strains, B. bifidum had the most consistent effect in modu-
lation of the immune responses of neonatal cells. B. bifidum
was most potent to polarize DC to drive Th1 cell responses
involving increased IFN-g producing T cells concomitant
with reduction of IL-4-producing T cells. L. lactis was much
less effective in this respect. The phenotype of the DC or the
cytokine production is not affected directly by any of the
tested probiotic bacteria.

Most studies investigating the in-vitro effects of probiotic
bacteria on immune competent cells have used either
murine models or cells from adult humans. Limited studies
have addressed the in-vitro immune responses of newborns
to bacteria of the intestinal flora. Results of previous studies
indicate that different bacterial species and strains have dif-
ferential effects on immune responses [14,15,17]. Each strain
seems to have its own unique immunomodulatory activity.
This may also hold true for their clinical application, and
may explain why beneficial effects have been observed with
perinatal administration of probiotic bacteria in high-risk
children [8] or not [26]. We chose the approach to select
specific probiotic strains for in vivo purposes based on their
capacity to modulate immune responses. Previously, we
showed that B. bifidum, B. infantis and Lc. lactis reduced
production of Th2 cytokines and were potent inducers of
IL-10 production in PBMC [21]. Subsequently, in this study
we investigated the effects of these strains, with Lb. salivarius
as control strain, on neonatal cord blood cells. Our results
indicate that specific strains of probiotic bacteria are capable
of modulating neonatal immune cells and their responses.
Furthermore, it supports our approach to make a rational
choice from available strains based on immunomodulatory
activities [21].
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We showed that exposure of cord blood-derived IDC to
selected probiotic bacteria lead to a moderate up-regulation
of co-stimulatory molecules, but did not induce full matu-
ration independent from the presence of MF. After the addi-
tion of MF, the maturation status of probiotic primed DC
was not different from DC matured with MF or LPS plus MF.
In support of our results, partial maturation of DC upon
exposure to probiotic bacteria has been described in human

and murine in vitro-cultured DC [14–16,18,27,28]. Full
maturation of DC with the tested strains did not affect pro-
duction of IL-12 and TNF-a by DC, which is in line with
previous observations [17]. The presence of B. bifidum
during maturation of DC stimulated IL-6 production by
DC. IL-6 has been associated with the development of atopy
[29,30]. In our experimental set-up, we did not observe Th2
skewing with B. bifidum matured DC. In previous studies,

Fig. 3. Intracellular production of interferon

(IFN)-g and interleukin (IL)-4 by CD4+ T cells.

Dendritic cells (DC) matured by different

stimuli (5 ¥ 103 cells) were co-cultured with

CD4+ T cells (2 ¥ 104 cells) and Staphylococcus

aureus enterotoxin B (SEB) (100 pg/ml). After

12 days, CD4+ T cells were restimulated with

phorbol myristate acetate (PMA) and

ionomycin (last 5 h in the presence of Brefeldin

A) and IFN-g and IL-4 production per cell was

measured by intracellular staining and flow

cytometry. (a) One representative experiment of

nine is shown. The number in the dot plots are

the percentages of cells in the corresponding

quadrant of the representative experiment. (b)

Data represent mean percentage � standard

error of the mean of IFN-g and IL-4 producing

T cells (n = 9) after co-culture with maturation

factors (MF), lipopolysaccharide (LPS) and

Bifidobacterium bifidum DC. The differences

observed in percentages of IL-4 and

IFN-g-positive T cells did not reach statistical

significance (P > 0·05) by Mann–Whitney

U-test due to large variability in the number of

IL-4 positive and IFN-g-positive T cells, but

consistent effects were observed in individual

experiments.
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other probiotic bacteria also induced IL-6 production by
DC, but in support of our results no Th2 skewing but rather
Th1 skewing was observed [17,18]. Previously, it has been
shown that CBMC and cord blood-derived monocytes pro-
duced IL-6, TNF-a, IL-12 (only by PBMC) as well as IL-10 in
response to commensal Gram-positive bacteria [31].

DC-mediated T cell activation is determined by expres-
sion of HLA-DR, co-stimulatory signals and cytokine
production. In this study, the phenotype of DC as investi-
gated by the expression of these signals and production of
cytokines by DC does not seem to be affected by the presence
of the tested probiotic bacteria during maturation of the DC.
In particular, all the tested bacteria induced approximately
the same level of IL-12. Various additional DC-derived mol-
ecules, inflammatory chemokines plus other members of the
IL-12 family, i.e. IL-23 and IL-27, have the capacity to polar-
ize Th cells [13,28,32]. Because the combination of these
factors affects the fate of naive T helper (Th) cells, we inves-
tigated the effect of DC matured in the presence of probiotic
bacteria on the polarization of naive T cell responses. As a
result of the presence of B. bifidum and to a much lesser
extent Lc. lactis during maturation of DC, CD4+ T cells were
skewed toward a Th1 response, as demonstrated by increased
production of IFN-g and reduced production of IL-4. We
therefore speculate that the tested strains indeed affect the
phenotype of mature DC, but may involve other DC-derived
molecules such as intercellular adhesion molecule 1
(ICAM-1) [13], IL-23 and IL-27 [28], and CXCL9/Mig [29].

These results are, to our best knowledge, the first to show
that neonatal naive T cells can be skewed towards a Th1
response upon exposure to probiotic bacteria and are in line
with other recent publications [18,20]. In contrast, human
DC exposed to strains of lactobacilli used in other studies
induced T cell hyporesponsiveness [19] or regulatory T cells
[17]. Because B. bifidum-DC polarized CD4+ T cells to
produce significantly more IL-10 compared to MF-DC, we

Fig. 4. Production of cytokines by CD4+ T

cells. CD4+ T cells were stimulated as described

in Fig. 3. After 12 days of dendritic cell (DC)–T

cell co-culture, T cells were restimulated with

anti-CD3 and anti-CD28 overnight. Interferon

(IFN)-g, tumour necrosis factor (TNF)-a,

interleukin (IL)-4 and IL-10 were measured in

supernatants by means of multiplex assay. Data

represent mean production � standard error of

the mean (n = 9). Statistical analysis was

performed by Mann–Whitney U-test. *P < 0·05.
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Fig. 5. Activation of Toll-like receptors (TLRs) by probiotic bacteria.

Chinese hamster ovary (CHO) cell lines transfected with human

CD14, TLR-2 and TLR-4 were stimulated with live and

heat-inactivated bacteria in a 50 : 1 bacteria : cell ratio. Expression of

CD25 on the cell surface induced via a transfected nuclear factor

kappa B construct was used via a read-out and determined by flow

cytometric analysis. The negative control is the unstimulated

transfected CHO-cell line which has been left unstained.

Heat-inactivated Neisseria meningitidis was used as positive control in

all cell lines. (a) Expression of CD25 indicated as mean fluorescence

intensity (MFI) after activation of TLR-2. Negative control is

CHO/CD14/TLR-2 cell line. (b) Expression of CD25 indicated as MFI

after activation of TLR-4. Negative control is CHO/CD14/TLR-4 cell

line. Results are representative of two separate experiments.
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speculate that B. bifidum may favour the development of
regulatory T cells as well.

The exact mechanisms underlying the beneficial effects of
probiotics are not understood completely, but may involve
pattern recognition molecules such as TLRs. In our study, we
demonstrated that B. bifidum, B. infantis and Lb. salivarius
were capable of activating TLR-2. Previous studies have indi-
cated that Gram-positive bacteria, such as bifidobacteria, are
ligands for TLR-2 [33]. In support of our results, probiotic
strains up-regulated TLR-2 transcripts in dendritic cells, sug-
gesting that TLR signalling could be involved in dendritic
cell maturation and activation [18]. In addition, supernatant
of B. breve induced DC maturation and activation through a
TLR-2-dependent pathway [33].

Because we focus upon the application of probiotic strains
in atopic disease, we sought to select strains which reduced
neonatal Th2 responses and skewed T cell responses towards
Th1 or regulatory T cells. An over-skewing towards Th1
therefore might theoretically pose an enhanced risk for
autoimmunity. The hygiene hypothesis also suggests that
countries with lower sanitary status have a reduced frequency
of autoimmune diseases. Furthermore, the last decades have
shown a sharp increase not only in Th2-dominated allergic
diseases but a concomitant increase in Th1-mediated
autoimmune diseases, such as multiple sclerosis and type I
diabetes [34]. These apparent controversies could be resolved
if both development of autoimmune as well as allergic dis-
eases could be due to impaired function of regulatory T
lymphocytes. Current interpretation of the hygiene hypoth-
esis as well as accumulating experimental data point towards
an important role for regulatory T lymphocytes [34].

It has been suggested that newborns who develop atopy in
later life show a delayed postnatal maturation of cellular
immune functions [35]. High-risk children developing
atopic disease in their first year of life developed a Th2 cytok-
ine profile characterized by high levels of IL-4, IL-5 and
IL-13 within the first 6 months [36]. Other reports have
identified weaker neonatal IFN-g responses and reduced
capacity for production of IFN-g in infancy as a marker of
the atopic phenotype [37,38]. Our results indicate that spe-
cific probiotic strains are capable of driving in vitro-cultured
neonatal dendritic cells to induce Th1-cell responses. We
suggest that selected strains of probiotic bacteria adminis-
tered orally in the neonatal period and infancy may poten-
tially modulate the immune responses that trigger disorders
such as atopic eczema. We are currently investigating this
issue in our clinical trial on primary prevention of atopy and
allergic diseases by perinatal administration of probiotic
bacteria (ISRCTN Register: ClinicalTrials.gov Identifier
NCT00200954).

In conclusion, selected strains of Bifidobacteria species
prime in vitro-cultured neonatal DC to drive Th1 responses.
These strains may be useful candidates to test whether pro-
biotic strains can be applied in the prevention or treatment
of atopic disease.
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