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Background Several clinical trials suggest that probiotics may have a role in the prevention of
eczema. The optimal timing and mechanisms underlying this intervention are not clear. In
particular it is not known whether such treatment works during pregnancy or whether
postnatal exposure is important.

Objective We investigated whether the probiotic Lactobacillus rhamnosus strain GG (LGG)
influences fetal immune responses when administered to pregnant women, as a possible
mechanism for its protective effects against the development of eczema.

Methods Peripheral blood mononuclear cell from 11 adults treated with LGG, and cord blood
mononuclear cells (CBMCs) from 73 women participating in a randomized controlled trial of
LGG treatment were cultured with heat-killed LGG, ovalbumin (OVA) or without stimulus.
Cells were analysed by flow cytometry and real-time PCR for markers of dendritic cell (DC)
phenotype, T cell proliferation and regulation. Cytokine secretion was analysed in culture
supernatants by multiplex cytokine assay.

Results LGG treatment of adults led to systemic immune responses suggestive of antigen-
specific tolerance including reduced CD4 ™ T cell proliferation to heat-killed LGG (30%
reduction; P=0.03). LGG treatment of pregnant women did not influence CD4" Tecell
proliferation, forkhead box P3 expression, DC phenotype or cytokine secretion in CBMCs
cultured with heat-killed LGG or OVA.

Conclusion LGG treatment of pregnant women fails to influence fetal antigen-specific
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immune responses. This suggests that modulation of fetal immune responses may not be a
major mechanism by which probiotics such as LGG prevent eczema.
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Introduction

Allergic diseases such as asthma, eczema, rhino-conjuncti-
vitis and food allergy are now the commonest chronic
diseases of childhood in many countries, and represent an
ever-increasing burden to human health [1]. Recent clinical
trials have indicated that the administration of probiotic
bacteria to pregnant women and their infants may be an
effective way to prevent allergic diseases such as atopic
eczema, with beneficial effects persisting to at least 7 years
age [2-6]. The mechanisms mediating these protective
effects are not yet clear, but transplacental induction of fetal
immune tolerance to the probiotic and related antigens may

be a contributory factor. In support of this probiotics
commenced postnatally do not appear to be effective in
preventing eczema, whereas probiotics commenced prena-
tally may be effective [2-5, 7-9]. It is a well-established
observation that maternal infection or immunization during
pregnancy can influence fetal immune development, and
recent data from a large cross-sectional European study
showed a close relationship between farming exposures
during pregnancy and the risk of subsequent allergic sensi-
tization [10-17]. These studies all suggest that the manipula-
tion of fetal immune development using non-pathogenic
microbes during pregnancy could be an important thera-
peutic target for the prevention of allergic disease [18].
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We chose to explore this possibility by investigating the
transplacental immune effects of a non-pathogenic in-
testinal microbe of human origin. We selected the well-
studied probiotic bacterium Lactobacillus rhamnosus
strain GG (LGG; American Type Culture Collection
53103) for this work, because two out of three randomized
controlled trials have indicated that perinatal exposure to
LGG may reduce the risk of allergic disease development
in the infant, and one possible mechanism for this effect is
transplacental immune priming [3, 4, 19]. We initially
examined the immune effects of LGG in healthy adults,
and then evaluated the ability of LGG to induce pro-
inflammatory or regulatory immune effects in the fetus
when administered to pregnant women.

Materials and methods

Subject recruitment, treatment and sample collection

First 11 healthy non-atopic adults were treated with
1.8x 10" CFU LGG (Dicoflor, Dicofarm SpA, Rome) daily
for 7 days. Ten millilitres of venous blood was harvested
before treatment and at day 7. Then cord blood mono-
nuclear cell (CBMC) samples were harvested from the
infants of 73 women enrolled in a randomized-controlled
trial of prenatal LGG supplementation for the prevention
of infant eczema (Probiotic Eczema Prevention Study
registered with Cochrane Skin Group http://www.
nottingham.ac.uk/ongoingskintrials, Trial no. 36). Each
participant had a history of doctor-diagnosed asthma,
allergic rhinitis, food allergy or atopic eczema in themself,
their partner or a previous child. Exclusion criteria in-
cluded significant fetal abnormality, maternal or fetal
immune deficiency and previous probiotic use during the
current pregnancy. The Ethics Committees of the Royal
Children’s Hospital and the Mercy Hospital for Women,
Melbourne approved the studies, and written informed
consent was obtained from all participants. Treatment
allocation using a computer-generated randomization list
was done by a third party, with no involvement in
participant recruitment. Participants were allocated to
take 1.8x10'°CFU LGG daily or maltodextrin placebo
from 36 weeks gestation until delivery. Participants,
clinical trial staff and laboratory staff were not aware of
individual treatment allocation through the study. Blood
samples were collected in polypropylene tubes containing
heparinized RPMI tissue-culture medium (Invitrogen,
Carlsbad, CA, USA).

Preparation of blood samples and cell culture

Mononuclear cells were separated by density centrifuga-
tion and cryopreserved for future batched analyses [20].
Two million cells per millilitre were incubated with or
without antigen in AIM-V serum-free medium (Invitrogen)

for 48 h, or in RPMI with 10% autologous plasma for 6
days in proliferation assays. Heat-killed LGG (HKL) was
prepared by incubating LGG at 75 °C for 45 min and was
used at 5:1 HKL to mononuclear cell ratio. Ovalbumin
(OVA) (Sigma, St Louis, MO, USA) was used at 100 pg/mL
[21]. IFN-y-1b (Boehringer Ingelheim, Ingelheim, Ger-
many) and LPS (Sigma) were both used at 10 ng/mL. All
cell culture reagents were tested for endotoxin contam-
ination (Cape Cod Associates, E. Falmouth, MA, USA).
OVA required endotoxin removal over polymyxin B col-
umns before use (Pierce, Rockford, IL, USA).

Flow cytometry

Cell pellets were stained with fluorochrome-conjugated
monoclonal antibodies in 50 uL staining volumes. Lineage
cocktail-fluorescein isothiocyanate (FITC) (anti-CD3, 14,
16, 19, 20, 56), HLA-DR-Peridinin chlorophyll protein
(PerCP), CD123-PE and CD11c-Allophycocyanin (APC)
were used to identify dendritic cell (DC) phenotypes as
CD11c"CD123w' myeloid DC (mDC), CD123"CD11c"
plasmacytoid DC (pDC) and CD11¢°CD123w'® immature
DC (iDC). CD3-APC, CD4-PerCP, CD25-PE-Cy7 (BD
Bioscience, San Jose, CA, USA), CD25-FITC and
FoxP3-PE (E-Bioscience, San Diego, CA, USA) were used
to identify CD25"FoxP3" T cell populations. CESE was
used as a cell tracking dye, and aminostilbamidine metha-
nesulphonate as a viability dye (Molecular Probes, Eu-
gene, OR, USA). CBMC or peripheral blood mononuclear
cell (PBMC) were incubated with fluorochrome-labelled
antibodies or isotype controls for 30 min, and for intra-
cellular staining cells were subsequently permeabilized,
fixed and stained with FoxP3-PE antibody or isotype
control (E-Bioscience). Data were acquired on a four-
colour LSR II (BD Bioscience) and analysed with FACSDiva
v4.1 software using well-defined gating strategies.

Enzyme-linked immunosorbent assay

Concentrations of IL- 10, IFN-v, IL-13, IL-12p40 and TNF-a
were determined in CBMC culture supernatants harvested
at 48 h by multiplex cytokine bead assay using a Luminex
100 Analyzer (Luminex Corporation, Austin, TX, USA).
Anti-cytokine beads and matched anti-cytokine biotiny-
lated reporters were used according to the manufacturer’s
instructions (Millipore, Billerica, MA, USA). Data were
analysed with Luminex IS 2.3 software using a five-
parameter regression formula to calculate sample concen-
trations from standard curves. Concentrations of TGF-B1
were evaluated using a commercial human TGF-B1 ELISA
kit according to the manufacturer’s protocol (BD Bios-
ciences). Supernatants were analysed undiluted in dupli-
cate with recombinant cytokine as a positive and culture
medium as a negative control. TGF-B1 concentrations were
determined based on a standard curve generated using the
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KCjunior v1.40.3 program (Bio-Tek Instruments, Winoos-
ki, VT, USA) with a four-parameter equation. ELISA data
were analysed both as dichotomous data - detected vs. not
detected; and as continuous data - mean level in each

group.

Real-time polymerase chain reaction

RNA was extracted using the RNAeasy Mini Kit (Qiagen,
Hilden, Germany), and reverse transcribed to cDNA using
the Superscript First Strand Synthesis System and oli-
go(dT) primers (Invitrogen). All reactions included a ‘RT
minus’ control with no RT to control for the possibility of
contaminating DNA. FoxP3 and IL-4 mRNA were quanti-
fied by real-time PCR using FAM-labelled Tagman Gene
Expression Assays on an ABI Prism 7300HT system
(Applied Biosystems, Foster City, CA, USA). Eukaryotic
translation elongation factor 1 o (EEF1A1), which is stably
expressed in human mononuclear cell cultures was used
as a reference gene [22]. The mean level of gene expres-
sion in cDNA samples was expressed as a ratio to mean
EEF1A1 expression.

Statistics

The clinical trial was designed with a sample size of 250 in
order to have 90% power to detect a 40% difference in
eczema risk between probiotic and placebo groups. Sec-
ondary outcomes were the immune outcomes reported
herein, derived from CBMC of participants who delivered
at the Mercy Hospital for Women. All available CBMC
samples were evaluated and primary analyses were by
intention to treat. Data were assessed using histograms
and skewed data were log,, transformed. Parametric
paired data were analysed using the paired ?-test, and
non-parametric paired data using the Wilcoxon signed
rank test and sign test. Parametric unpaired data were
analysed using the independent f-test, and non-para-
metric unpaired data using Mann-Whitney U-test.
Continuous data are presented as arithmetic mean-
s+1 standard error of the mean (SEM), or medians with
interquartile ranges. Categorical data were analysed using
x? test or Fisher's exact test. P-value <0.05 was consid-
ered statistically significant, with due caution in inter-
preting the results of multiple comparisons. Where the
significance of findings was unclear a sensitivity analysis
was performed by excluding participants in whom (i)
treatment compliance data (returned capsule counts) were
not available (n=9), (ii) capsule counts suggested com-
pliance levels <50% (n=2) or (iii) no treatment capsules
were taken due to premature delivery between randomi-
zation and 36 weeks gestation (n=1). Analyses were
performed using SPSS v 16.0 for Windows (SPSS Inc.,
Chicago, IL, USA).
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Results

Effects of Lactobacillus rhamnosus strain GG treatment
on peripheral blood mononuclear cell proliferation

The effects of orally administered LGG were first evalu-
ated in healthy adults. PBMC were harvested from 11
adults before and upon completion of 7 days LGG treat-
ment. Treatment was associated with a 30% reduction
[95% confidence interval 11-50%; P=0.03] in mean
CD4" T cell proliferative response to HKL compared with
proliferative responses from the same subjects before LGG
treatment (Fig. 1). In contrast, there was no change in
CD4™" T cell proliferation to OVA (P = 0.2) or medium alone
(P=0.6) after LGG treatment.

Effects of Lactobacillus rhamnosus strain GG treatment
on dendritic cell phenotype

We investigated DC phenotype in cultured PBMC har-
vested from adults before and after LGG treatment. pDC
increased from 3.20% to 5.29% of total DC (P =0.02) after
LGG treatment, in PBMC cultured for 48 h with HKL. A
trend towards increased ratio of pDC to mDC was also seen
after LGG treatment in PBMC cultured with HKL (mean
ratio 0.36 pre-treatment, 0.58 post-treatment; P=0.07).
LGG treatment was not associated with any significant
change in DC phenotype in PBMC cultured with OVA or
medium alone (data not shown).

1 m Pretreatment
O Posttreatment

P=0.03

10 4

Proliferative response (%)

OVA HKL

Fig. 1. CD4™ T cell proliferation in 11 adults treated with Lactobacillus
rhamnosus strain GG (LGG) for 7 days. The mean percentage viable CD4 ™"
T cells that divide (CFSE'") after 6 days culture with ovalbumin (OVA) or
heat-killed LGG (HKL) are shown at day O (pre-treatment) and day 7
(post-treatment). Bars represent +1SEM. P-value is for paired t-test.
SEM, standard error of the mean.
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Table 1. Characteristics of women treated with the probiotic Lactobacil-
lus rhamnosus strain GG (N = 35) or placebo (N=38)

Characteristic Probiotic Placebo P-value™
Maternal age’ 33.6 33.0 0.54
No. previous pregnancies” 1.24 1.34 0.73
Maternal eczema (%) 55.3 48.6 0.57
Maternal smoking (%) 11.8 12.9 0.99
Caesarean delivery (%) 25.7 36.4 0.34
Maternal infection? (%) 8.6 6.3 0.99
Treatment compliance (%) 94.1 87.9 0.15

*P-values are for unpaired t-test where continuous data are presented as
means, and x> or Fisher’s exact test where categorical data are presented
as %.

"Numbers shown are arithmetic means.

ISelf-reported infection during the treatment period, i.e. between 36
weeks gestation and delivery.
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Fig. 2. Mean CD4" T cell proliferation in 52 cord blood mononuclear cell
samples from infants whose pregnant mothers were treated with the
probiotic Lactobacillus rhamnosus strain GG (LGG) or placebo from 36
weeks gestation until delivery. The mean percentage viable CD4™ T cells
that divide (CESE") after 6 days culture with ovalbumin (OVA) or heat-
killed LGG (HKL) is shown. Bars represent +1SEM. There was no
significant difference between treatment groups (unpaired t-test). SEM,
standard error of the mean.

Effects of prenatal Lactobacillus rhamnosus strain GG on
cord blood mononuclear cell proliferation

The effects of prenatal treatment with LGG on fetal immune
responses at birth were examined. No significant difference
was seen between randomization groups in perinatal factors,
which might influence fetal immune responses (Table 1).
Returned capsule counts showed that a mean of 91.0% (SEM
2.1) of expected capsules were taken over a mean of 25 days
by participants in the randomized-controlled trial of pre-
natal LGG treatment. CBMC from 52 infants (27 placebo
treated; 25 probiotic treated) were evaluated for proliferative

responses to HKL and OVA (Fig. 2). We found no difference
in mean CD4" T cell proliferation between placebo-treated
and probiotic-treated groups when CBMC were cultured
with HKL (P=0.9), OVA (P=0.7) or medium alone (P=0.5).
There was no difference between groups in mean number of
CD25"FoxP3" CD4™ T cells in the non-proliferating T cell
population after culture with either HKL (6.58% placebo,
7.85% probiotic; P=0.3), OVA (5.46% placebo, 6.48%
probiotic; P=0.2) or medium alone (3.86% placebo, 4.29%
probiotic; P= 0.4).

Effects of prenatal Lactobacillus rhamnosus strain GG on
cord blood dendritic cell phenotype

We evaluated CBMC harvested from 73 infants (35 placebo
treated; 38 probiotic treated) for DC numbers and phenotype
after 48 h culture with HKL and OVA (Table 2). There was no
difference in the number of total DC, pDC, mDC, iDC or
pDC : mDC ratio between probiotic and placebo groups after
culture with HKL, OVA or medium alone.

Effects of prenatal Lactobacillus rhamnosus strain GG on
cord blood mononuclear cell FoxP3 expression

We evaluated CD25"FoxP3™ CD4" T cell numbers and
FoxP3 mRNA expression in CBMC from 73 infants cul-
tured with HKL, OVA or medium alone for 48 h. The data
are summarized in Figs 3 and 4. There was no difference
between groups in the number of CD25"FoxP3" T cells
after culture with HKL (mean 9.54% placebo, 7.66%
probiotic; P=0.2), OVA (mean 5.77% placebo, 4.76%
probiotic; P=0.2) or medium alone (mean 5.35% placebo,
4.65% probiotic; P=0.2). There was no difference between
groups in mean fluorescence intensity of FoxP3 or CD25
staining in the CD4™ T cell population after culture with
HKL, OVA or medium alone (data not shown). There was
no difference between treatment groups in total CBMC
FoxP3 mRNA expression after culture with HKL (P=0.8),
OVA (P=0.7) or medium alone (P=0.9; Fig. 4). We also
evaluated FoxP3 expression in uncultured CBMC - there
was no difference between treatment groups in number of
CD25"FoxP3™ T cells (P=0.80), in mean fluorescence
intensity of FoxP3 staining in the CD4™" T cell population
(P=0.24) or in total CBMC FoxP3 mRNA expression
(P=0.98).

Effects of prenatal Lactobacillus rhamnosus strain GG on
cord blood mononuclear cell cytokine secretion

CBMC culture supernatants from 63 infants were har-
vested at 48 h and evaluated for secretion of IL-10, IL-
12p40, IL-13, TNF-o, TGF-1 and IFN-y. We first analysed
the data dichotomously. There was no significant differ-
ence between probiotic and placebo groups in the propor-
tion of samples with detectable cytokine after culture with
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Table 2. DC numbers and phenotype in 73 infants whose pregnant
mothers had received the probiotic Lactobacillus rhamnosus strain GG
(LGG) (N=35) or placebo (N=38)

Cell type™ Stimulus’ Probiotic Placebo tP_value
Total DC% Nil 1.98 2.24 0.54
pDC% Nil 4.53 4.62 0.94
mDC% Nil 5.26 3.76 0.27
pDC:mDC Nil 2.41 2.89 0.66
Total DC% OVA 2.07 2.13 0.90
pDC% OVA 8.27 9.45 0.51
mDC% OVA 4.40 3.56 0.54
pDC:mDC OVA 5.10 4.93 0.92
Total DCo% HKL 2.15 2.27 0.80
pDC% HKL 15.37 14.92 0.87
mDC% HKL 3.32 4.16 0.36
pDC:mDC HKL 9.05 12.06 0.54

*DC numbers are shown as mean % total viable lymphocyte/monocytes;
plasmacytoid dendritic cell (pDC) and myeloid DC (mDC) numbers are
shown as mean percentage total DC population.

fCells were cultured in AIM-V serum-free medium alone, with
ovalbumin or with heat-killed LGG (HKL) for 48 h.

ip-values are for unpaired #-test.
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Fig. 3. CD25"FoxP3™ CD4" T cell number in 73 cord blood mononuclear
cell samples from infants whose pregnant mothers were treated with
Lactobacillus rhamnosus strain GG (LGG) or placebo. The mean percen-
tage CD4™" T cells that stained CD25"FoxP3" after 48 h culture with OVA,
heat-killed LGG (HKL) or medium alone is shown. Bars represent
41 SEM. There was no significant difference between treatment groups
(unpaired t-test). SEM, standard error of the mean.

HKL, OVA or medium alone. An exception was the detec-
tion of IL-12p40 in medium only culture (6% probiotic
group; 25% placebo group; P=0.04). For all cytokines
other than IL-12p40, there were sufficient samples with
detectable cytokine to compare mean levels between
treatment groups (Fig. 5). There was no significant differ-
ence between probiotic and placebo groups in mean

© 2008 The Authors
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Fig. 4. FoxP3 mRNA expression in 73 cord blood mononuclear cell
samples from infants whose pregnant mothers were treated with Lacto-
bacillus rhamnosus strain GG (LGG) or placebo. Mean logo(FoxP3
mRNA) is shown, where FoxP3 mRNA is expressed as a ratio relative to
EEF1A1 mRNA. Cells were harvested after 48 h culture with ovalbumin,
heat-killed LGG (HKL) or medium alone. Bars represent 41 SEM. There
was no significant difference between probiotic and placebo groups
(unpaired t-test). SEM, standard error of the mean.

cytokine levels, except for IFN-y levels in medium only
culture (mean log;,IFN-vy level 1.42 pg/mL probiotic; 1.87
placebo; P=0.02). When CBMC were primed with IFN-y
for 3 h and stimulated with LPS for 24 h to augment IL-12
secretion there was no significant difference between
placebo and probiotic groups (mean log;oIL-12 level
1.87 pg/mL placebo, 1.87 pg/mL probiotic; P=0.96). IL-4
mRNA expression was evaluated in CBMC harvested at
48 h from the same cultures, with no significant difference
seen between placebo and probiotic groups in culture with
HKL (P=0.5), OVA (P=0.1) or medium alone (P=0.6).

Discussion

Probiotic bacteria have diverse in vitro effects on cellular
immune responses, but until now their in vivo immune
effects in humans have not been well characterized [23].
We have shown for the first time that oral administration
of LGG to healthy adults can lead to systemically detect-
able changes in T cell proliferative responses and DC
phenotype. Both the decrease in CD4 ™ T cell proliferation
and the increase in pDC numbers in PBMC cultured with
HKL are consistent with antigen-specific tolerance induc-
tion [24]. We subsequently evaluated the transplacental
immune effects of LGG. In contrast to the data for healthy
adults we found that prenatal administration of LGG to
pregnant women did not induce detectable changes in
T cell proliferation, FoxP3 expression, DC phenotype, pro-
inflammatory or regulatory cytokine production in cord
blood. One other group has recently reported that LGG

Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-9
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Fig. 5. Levels of cytokines IL-10 (a); IL-13 (b); TNF-a (c); IFN-vy (d); TGF-B1 (e) and IL-12p40 (f) in supernatants of 63 cord blood mononuclear cell
(CBMC) samples harvested from infants whose pregnant mothers were treated with LGG or placebo from 36 weeks gestation until delivery. Mean
cytokine levels +1 SEM are shown for CBMC cultured with ovalbumin, heat-killed LGG (HKL) or medium alone. There was a reduced level of IFN-y in
unstimulated culture supernatants at 48 h (P=0.02; unpaired t-test). SEM, standard error of the mean.

fails to cause transplacental immune effects, although this
group’s immune assays appear to be less sensitive as that
they were unable to detect any immune effects even in
treated adults [25]. A recent study of prebiotic adminis-
tration during pregnancy also failed to show significant
immune effects in the neonate despite significant effects
on the composition of the maternal intestinal microbiota
[26]. These data suggest the possibility of a class effect,
with well-tolerated non-pathogenic micro-organisms
failing to influence fetal immune responses trans-placen-
tally, in contrast to pathogenic microbial exposures
[10-17]. The results suggest that transplacental induction
of antigen-specific tolerance is not a major mechanism for
the protective effects that probiotics may have against the
development of eczema.

Our finding that LGG has immune effects suggestive of
antigen-specific tolerance induction in adults differs from

previous studies in atopic infants, where LGG induced
systemic inflammatory responses with increased C-reac-
tive protein and IL-6 secretion [27, 28]. The difference
may be explained by the age of participants because in
infancy the intestinal mucosal barrier is more permeable,
immune responses are less mature and the intestinal
microbiota is less stable than during adulthood [29]. Two
other studies have failed to demonstrate antigen-specific
tolerance induction by LGG [25, 30]. Schultz et al. [30]
treated 5 healthy adults with 2x10° CFU/day LGG for 5
weeks and found no change in a marker of T cell activa-
tion, but a significant decrease in IL-6 secretion in whole
blood cultured with HKL at the end of treatment. We
included a larger number of subjects, a higher dose of LGG
and a more sensitive method to identify proliferating
CD4" T cells after 6 days in culture. Kopp et al. [25]
treated 105 pregnant women with a family history of

© 2008 The Authors
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allergic disease with 10'° CFU/day LGG or placebo and
evaluated proliferative response to LGG in PBMC from 68
of them at delivery. They found no significant difference
in proliferative response between LGG and placebo-trea-
ted women; however, there are significant differences
between their study and ours, which might account for
this discrepant finding. They used a between-subject
rather than a within-subject design, a lower ratio of LGG
to PBMC in culture (1 CFU LGG:1.25-25 PBMC, com-
pared with 5CFU LGG:1 PBMC in our studies) and
importantly a different proliferation assay. They used a
7-day tritiated thymidine assay so that variations in actual
cell numbers included in cultures, in cell viability after
culture and in total CD4" T cell number in each sample
may have reduced their ability to detect the differences in
CD4™ T cell proliferative responses that we found. Notably
proliferation to LGG was decreased in the LGG-treated
group in their study (median 4666.5 counts per minute
placebo; 2359 LGG; statistics not presented), although
when analysed as stimulation index this difference was
no longer evident. Finally, it is possible that Kopp et al.
failed to reproduce our findings because their adult
subjects were pregnant women rather than healthy non-
pregnant adults. Pregnancy clearly represents a state of
altered immune responsiveness, and it is possible that this
may include a resistance to the immune changes we have
seen in LGG-treated adults [31].

In view of previous reports of the transplacental im-
mune effects of in utero microbial exposures, our finding
that maternal LGG exposure does not alter fetal antigen-
specific proliferative responses must be assessed critically
[10-17]. The relevance of cord blood T cell proliferative
responses to long-term T cell memory is a subject of
debate, with some work suggesting they are not represen-
tative of conventional T cell memory responses [32]. Other
work using tetramers has identified priming of CD4"
memory T cells in human cord blood following maternal
immunization, but a relationship between cord blood
proliferative responses in vitro and later T cell prolifera-
tion in vivo has still not been established [17]. Therefore
the failure of prenatal LGG exposure to influence cord
blood T cell proliferative responses does not, on its own,
prove that LGG has failed to induce immune effects in the
fetus. For this reason we also explored other markers of
tolerance induction in cord blood samples - namely
numbers of CD25"FoxP3" CD4% T cells, total CBMC
FoxP3 mRNA expression, induction of different DC phe-
notypes and the secretion of T-helper type 1 (Th1), Th2
and regulatory cytokines in 48 h culture. The data showed
no effect of prenatal probiotic exposure on FoxP3 expres-
sion following antigen stimulation, on pDC or mDC
numbers or on CBMC cytokine secretion in culture with
antigen. In CBMC cultured with medium alone, a lower
number of culture supernatants had detectable IL-12p40
in the probiotic group (6% probiotic; 25% placebo;

© 2008 The Authors

P=0.04) and mean IFN-v levels were lower in the probio-
tic group (mean log,oI[FN-y level 1.42 pg/mL probiotic;
1.87 placebo; P=0.02). These may, however, be chance
findings because the differences were not statistically
significant when IL-12 data were analysed as a contin-
uous variable or IFN-y data were analysed dichotomously,
the level of statistical significance was not high given the
number of separate comparisons made, and when data
were analysed with poorly compliant participants ex-
cluded these differences became non-significant (P=0.17
for difference in log,o IFN-vy level in culture with medium
alone; P=0.14 for detectable IL-12p40 in culture with
medium alone).

Our data effectively exclude certain transplacental im-
mune effects as the mechanisms through which probiotic
bacteria prevent allergic disease. They do not, however,
exclude all possible transplacental immune effects - for
example we did not evaluate the effects of prenatal
probiotic treatment on fetal B cell development. Our data
do, however, suggest that probiotics are likely to act
through different mechanisms in the prevention of aller-
gic disease, and these merit investigation in future studies.
Possible mechanisms include effects on maternal breast
milk composition, on neonatal intestinal microbiota de-
velopment or immune effects related to postnatal admin-
istration directly to infants [33].

In summary we have found evidence of systemically
detectable immune effects following oral administration
of LGG to healthy adults. However, we did not find
evidence of any immune effects in infants born to mothers
receiving the same treatment. These results suggest that
the protective effects of perinatal probiotic supplementa-
tion against the development of allergic disease are not
mediated by transplacental modulation of fetal antigen-
specific immune responses.
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