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Allergic diseases are the most common causes of chronic

childhood illness in many parts of the world. The prevalence

of these diseases increased significantly during the 20th cen-

tury, and they represent a major burden to human health.

Several environmental factors have been associated with pro-

tection against developing allergic disease, including altered

microbial exposure (1). Exposure to these factors in early life

is critical, and prenatal exposure may provide the greatest

protection (2, 3). These observations have led to the hypothe-

sis that allergic diseases might be prevented by the administra-

tion of microbial supplements such as probiotic bacteria

during pregnancy or early life.
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Abstract

Background: Probiotic supplementation in early life may be effective for preventing

eczema. Previous studies have suggested that prenatal administration may be partic-

ularly important for beneficial effects.

Objective: We examined whether prenatal treatment with the probiotic Lactobacillus

rhamnosus GG (LGG) can influence the risk of eczema during infancy.

Methods: We recruited 250 pregnant women carrying infants at high risk of allergic

disease to a randomized controlled trial of probiotic supplementation (LGG

1.8 · 1010 cfu/day) from 36 weeks gestation until delivery. Infants were assessed

during their first year for eczema or allergic sensitization. Immunological investiga-

tions were performed in a subgroup. Umbilical cord blood was examined for

dendritic cell and regulatory T cell numbers and production of TGFb, IL-10, IL-12,
IL-13, IFN-c and TNFa. Maternal breast milk was examined for total IgA, soluble

CD14 and TGFb.
Results: Prenatal probiotic treatment was not associated with reduced risk of eczema

(34% probiotic, 39% placebo; RR 0.88; 95% CI 0.63, 1.22) or IgE-associated

eczema (18% probiotic, 19% placebo; RR 0.94; 95% CI 0.53, 1.68). Prenatal probi-

otic treatment was not associated with any change in cord blood immune markers,

but was associated with decreased breast milk soluble CD14 and IgA levels.

Conclusions: Prenatal treatment with Lactobacillus rhamnosus GG was not sufficient

for preventing eczema. If probiotics are effective for preventing eczema, then a

postnatal component to treatment or possibly an alternative probiotic strain is

necessary.
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A number of randomized controlled trials have now been

completed evaluating the effects of early life probiotic

treatment for the prevention of eczema (4–16). Meta-analysis

of such studies suggests that probiotic treatment may be

effective, although there is significant heterogeneity between

study findings (17). Such heterogeneity may be explained by

differences in the selection of probiotic strain(s) and differ-

ences in the timing of probiotic use, particularly the applica-

tion of probiotics during the prenatal versus postnatal period

(18). Those studies without a prenatal component to treat-

ment have usually failed to demonstrate prevention of

eczema (9, 11, 13). This suggests that it may be necessary,

and perhaps sufficient, to administer probiotic treatment dur-

ing pregnancy for effective eczema prevention (2). A preven-

tion approach that only involves treatment in the prenatal

period would be more acceptable and feasible as a public

health intervention.

We have previously reported that prenatal administration

of a probiotic Lactobacillus rhamnosus GG (LGG) to moth-

ers in the final weeks of pregnancy resulted in altered devel-

opment of Bifidobacterium populations in the infant intestinal

microbiota, with greatest effects observed in infants delivered

by Caesarean section (19). In this study we examined the

effects of prenatal probiotic supplementation on the risk of

eczema development or allergic sensitization during infancy.

Various immunological parameters were also examined to

investigate potential mechanisms for any clinical effects. We

used the probiotic bacterium LGG because this has been

reported in some studies to reduce the risk of allergic disease

when administered pre and postnatally (6, 16, 20).

Methods

Subject recruitment, treatment and sample collection

We enrolled 250 pregnant women in a randomized con-

trolled trial of prenatal LGG for the prevention of eczema

in their infant between January 2006 and February 2008

(Probiotic Eczema Prevention Study registered with Cochra-

ne Skin Group http://www.nottingham.ac.uk/ongoingskin

trials Trial No. 36). Participants were recruited at antenatal

clinics of the Mercy Hospital for Women in metropolitan

Melbourne, Australia and through community advertising in

Melbourne. Inclusion criteria were that the participant, their

partner or a previous child was affected by a doctor-diag-

nosed allergic disease including asthma, eczema, food allergy

or allergic rhinitis. Multiple pregnancies, those with known

fetal abnormality or maternal immune deficiency, and

women already taking probiotic supplements were not eligi-

ble. Royal Children’s Hospital and Mercy Hospital for

Women Research Ethics Committees approved this study,

and all participants gave written informed consent. Treat-

ment was allocated by a hospital pharmacist at enrolment

according to the order in which subjects were recruited,

using a computer generated randomization list stratified by

number of parents affected by allergic disease (‘2’ versus

‘1 or 0’). Participants were allocated to take 1.8 · 1010 cfu

LGG (American Type Culture Collection 53103; Dicofarm,

Italy) each morning from 36 weeks gestation until delivery,

or maltodextrin placebo. Participants, clinical trial and

laboratory staff were blinded to treatment allocations

throughout the study.

Clinical outcomes

The primary outcome measure was cumulative incidence of

eczema during the first year. Secondary outcome measures

were allergic sensitization, IgE-associated eczema, eczema

severity, gastrointestinal and respiratory symptoms. Infants

were examined at 3, 6 and 12 months and completed a ques-

tionnaire about allergy and eczema symptoms. Eczema was

defined according to the UK Eczema Working Party criteria:

that is, a history of itchy skin, scratching or rubbing plus at

least three of the following: family history of atopic disease;

history of generally dry skin; history of skin rash affecting

the flexures, cheeks or outer surfaces of the limbs; onset of

rash under the age of 2 years; visible dermatitis at any study

visit affecting the flexures, cheeks or outer surfaces of the

limbs (21). As it has been argued that the use of ‘onset under

2 years’ may reduce the specificity of these criteria in infants

(22), we also analysed our data excluding ‘onset under

2 years’ from the criteria. Skin prick testing (SPT) was per-

formed on the back at 12 months (positive control 10% his-

tamine chloride; negative control glycerin-saline) to house

dust mite, cat, ryegrass pollen, cow’s milk, egg and peanut

(Stallergens, Antony, France). Atopy was defined as a SPT

wheal diameter ‡3 mm greater than the negative control to

any single allergen tested. IgE-associated eczema was defined

as the presence of both a positive SPT and eczema at any

time during the first 12 months. Eczema severity was assessed

using the Scoring Atopic Dermatitis (SCORAD) scale. Colic

was defined as crying or fussing without obvious reason for

‡3 h on ‡3 days/week for ‡3 consecutive weeks. A positive

asthma predictive index was defined according to the ‘loose’

index proposed by Castro-Rodriguez (23). Assessments were

undertaken by a research nurse (CA), or pediatric allergist

(RJB) trained in eczema diagnosis using the UK Eczema

Working Party criteria, and in SCORAD assessment using

online training packages. Blinded parallel evaluation of the

presence of eczema and eczema severity in 24 participants

was closely correlated between these two investigators (j
0.88; estimated 95% of SCORAD scores differing by between

)4.0 and +4.9 points).

Immunological and microbiological methods

These are described in detail in the Supporting information.

Statistics

Assuming eczema prevalence of 50% and 20% loss to fol-

low-up, recruitment of 250 participants would provide 80%

power to detect 20% absolute difference in eczema risk

between treatment groups using a two-group continuity-

corrected v2 test with two-sided significance of 0.05. Primary

analyses were by intention to treat, with subjects without
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follow-up data excluded from analysis. For subjects with

incomplete follow-up data, last observation carried forward

was used for cumulative incidence of eczema. A second

analysis using only subjects with complete follow-up data

was also performed. The t-test was used for normally dis-

tributed continuous data, rank sum test for skewed data.

Cytokine levels were log10 transformed for analysis. For

categorical data we used chi-square test, or Fisher’s exact

test where expected frequencies were £5. Analyses were per-

formed using stata 11 (Stata Corp. LP, College Station,

TX, USA).

Results

Comparison of treatment groups

The characteristics of study participants are shown in

Table 1. Known risk factors for allergy or eczema, birth

weight and mode of delivery (vaginal versus Caesarean), were

similar in each randomization group.

Loss to follow up, treatment compliance, product stability

and efficacy of blinding

Figure 1 shows the flow of participants through the study.

Two-hundred and twelve of 250 (85%) randomized partici-

pants completed 1 year follow up – 2 infants died perinatally

(1 in probiotic group; 1 in placebo group); 30 were lost to

follow up; 6 withdrew from the study – 2 due to adverse

effects of treatment (1 in probiotic group; 1 in placebo

group). Returned capsule counts from 195 participants (98

probiotic; 97 placebo) showed that 87% (84% placebo; 91%

probiotic) took ‡80% of expected treatment doses. Viability

of LGG measured every 6 months was consistent (range 2.0–

6.0 · 1010 cfu per dose). Rectal swabs at randomization

(study commencement) revealed LGG in 1 of 121 (0.8%) in

the probiotic and 6 of 122 (4.9%) in the placebo group.

Swabs at birth revealed LGG in 36 of 54 (67%) women in

the probiotic group, and 5 of 50 (10%) in the placebo group.

At the 3 month visit 58 of 112 (52%) placebo treated partici-

pants believed they had received placebo, compared with 60

of 113 (53%) in the probiotic group.

Effects of prenatal LGG on eczema and allergic sensitization

during infancy

The prevalence of eczema and allergic sensitization during

the first 12 months of life is shown in Table 2. There was no

evidence of a difference in eczema prevalence between infants

in probiotic and placebo groups – risk difference )4.7%
(95% CI )16.9%, 7.4%). This result did not change when

we applied different criteria for eczema diagnosis (22) (data

not shown). There was no evidence of a difference in

prevalence of IgE-associated eczema or allergic sensitization,

nor in eczema severity, assessed as maximum SCORAD

score recorded at any study visit in the first 12 months of

life.

Effects of prenatal LGG on eczema and atopy in infants born

by Caesarean section

Previous findings from our group and others have suggested

that probiotics may have specific microbiological (and possi-

bly clinical) effects in Caesarean born infants (8, 19). We

therefore undertook a subgroup analysis of Caesarean born

infants. The statistical power of this analysis was limited, but

there was little evidence of any beneficial effect of prenatal

LGG treatment in Caesarean delivered infants )12/33 (36%)

eczema in probiotic arm, 14/32 (44%) in placebo arm; risk

difference )7.4% ()31%–16%).

Effects of prenatal LGG on gastrointestinal and respiratory

outcomes

The prevalence of gastrointestinal and respiratory outcomes

during the first 12 months of life is shown in Table 3,

together with the prevalence of adverse events in pregnant

women during the intervention period. There was no evidence

Table 1 Characteristics of study participants

Probiotic (n = 125) Placebo (n = 125)

No. prior pregnancies, median (range) 1 (0–5) 1 (0–6)

Maternal age (years), median (range) 34 (24–45) 34 (19–45)

Paternal eczema 23.2% 22.8%

Maternal eczema 57.6% 55.2%

Sibling eczema 75.5% 69.4%

Antibiotics during pregnancy 25.6% 26.4%

Daily yoghurt intake during pregnancy (g/week), median (range) 300 (0–1400) 400 (0–1400)

Maternal tertiary education 72.8% 73.6%

Household smoker 20.8% 21.6%

Other children present in household 68.9% 69.2%

Infant sex – female 45.1% 42.1%

Gestation (weeks), median (range) 39.6 (35.4–42.0) 39.5 (36.0–42.3)

Birthweight (g), median (range) 3560 (2324–4970) 3615 (2105–5020)

Caesarean delivery 27.6% 26.4%

Duration of breastfeeding in first year (months), median (range) 12.0 (0–12.0) 12.0 (0–12.0)
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of any meaningful differences in any of the outcomes.

Adverse events were reported by 50 (20%) study participants,

mainly gastrointestinal symptoms during the prenatal

intervention period (45 participants), with no difference

between treatment groups in the adverse event rate (probiotic

group 20/125 participants, placebo group 30/124; P = 0.11).

Women assessed for eligibility n = 954

Randomised n = 250

Probiotic group n = 125 Placebo group n = 125

1 stillborn
3 withdrawals -1 due to gastrointestinal 
symptoms, 1 due to delivery prior to taking 
treatment, 1 too busy
1 lost to follow up – moved overseas

1 neonatal death (umbilical cord 
knot)
1 withdrawal (gastrointestinal 
symptoms)
1 unable to contact

Ineligible n = 91
Declined to participate n = 613

3 month follow up n = 122 3 month follow up n = 120

2 unable to contact
1 withdrawal too busy
1 moved

6 month follow up n = 119 6 month follow up n = 116

2 unable to contact
1 moved

12 unable to contact
1 moved

12 month follow up n = 109* 12 month follow up n = 103

8 unable to contact
1 moved
1 withdrawal too busy

* Includes 1 subject with missing 3 month followup data

 Includes 1 subject with missing 6 month followup data

Figure 1 Flow of participants in the clinical trial.

Table 2 Eczema and allergic sensitization in the probiotic and placebo groups

Outcome measure Probiotic Placebo P-value Relative risk Risk difference (%)

Eczema ever 42/122 (34%) 47/120 (39%) 0.44 0.88 (0.63, 1.22) )4.7 ()16.9, 7.4)

Eczema ever (complete data)* 35/108 (32%) 43/102 (42%) 0.14 0.77 (0.54, 1.10) )9.7 ()22.8, 3.2)

Atopic eczema 19/107 (18%) 19/101 (19%) 0.84 0.94 (0.53, 1.68) )1.1 ()11.6, 9.5)

Any positive SPT 35/107 (33%) 33/101 (33%) 1.00 1.00 (0.68, 1.48) 0.0 ()12.7, 12.8)

Positive food SPT 31/107 (29%) 29/101 (29%) 0.97 1.01 (0.66, 1.53) 0.3 ()12.1, 12.6)

Positive aeroallergen SPT 11/107 (11%) 11/101 (11%) 0.89 0.94 (0.43, 2.08) )0.6 ()9.0, 7.8)

Positive egg SPT 27/107 (25%) 22/101 (22%) 0.56 1.16 (0.71, 1.90) 3.5 ()8.1, 15.0)

Positive peanut SPT 7/107 (7%) 6/101 (6%) 0.86 1.10 (0.38, 3.17) 0.6 ()6.0, 7.2)

Positive cow’s milk SPT 7/107 (7%) 7/101 (7%) 0.91 0.94 (0.34, 2.60) )0.4 ()7.2, 6.4)

Maximum SCORAD 0 58/122 (48%) 58/120 (48%)

0.39
Maximum SCORAD 1–25 50/122 (41%) 55/120 (46%)

Maximum SCORAD 25–50 13/122 (11%) 7/120 (6%)

Maximum SCORAD >50 1/122 (1%) 0/120 (0%)

*Participants with missing data for ‡1 outcome assessment were excluded for this analysis. For all other analyses the ‘last observation car-

ried forward’ method was used to impute missing data.

)
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Effects of prenatal LGG treatment on CBMC cytokine

secretion, Tregs and DCs

CBMC samples from 77 participants were successfully

obtained and cryopreserved within 12 h – of these 73 had cell

counts ‡10 · 106 and were used for immune studies. Mean cell

viability after thawing determined by trypan blue exclusion for

all samples was 83.1% (SD 6.4). Table S1 shows the results of

Treg and DC analyses in fresh thawed CBMC, and CBMC

cultured for 48 h with LTA or LPS (n = 63; 32 placebo, 31

probiotic), with no evidence of a difference between groups in

these immune parameters. CBMC culture supernatants

obtained after 48 h culture with LTA, LPS or medium alone

were evaluated for cytokines IL-10, IL-12p40, IL-13, IFN-c,
TNFa and TGF-b1. There was no evidence of a difference

between groups in the levels of IL-10, IL-13, IFN-c or TNFa
after 48 h culture with LTA, LPS or medium alone (Fig. 2).

Insufficient samples had detectable TGF-b1 or IL-12 levels to

be included in these analyses. Production of IL-12 by CBMC

after 24 h culture with IFN-c and LPS was also determined,

and no difference between treatment groups was found (mean

log10 IL-12 level probiotic 1.87, placebo 1.87; P = 0.96).

Effects of prenatal LGG treatment on breast milk immune

composition

Paired breast milk samples from day 7 and day 28 were anal-

ysed from 73 participants (38 placebo; 35 probiotic). Breast

milk samples from participants in the probiotic group had

lower levels of total IgA at day 28 and lower sCD14 at day 7

than the placebo group (Table S2). There was no difference

in breast milk TGF-b1 levels at either time point between the

treatment groups.

Discussion

The data from completed randomized controlled trials suggest

that in infants at high risk of allergic disease, prenatal and/or

postnatal administration of probiotic bacteria may be effec-

tive for eczema prevention (17). However, the heterogeneous

nature of trial outcomes and the interventions used makes it

difficult to translate this finding into a meaningful public

health intervention. Two major sources of variation between

studies are the selection of probiotic strain(s) and the timing

of intervention. Five of the six trials that have shown a statis-

tically significant reduction in eczema used a combined prena-

tal/postnatal intervention, and three of these used LGG either

alone or in combination with other probiotics/prebiotic (6, 10,

15, 16, 20). Observational studies suggest the prenatal period

is a time when microbial exposures can act to prevent devel-

opment of the allergic phenotype (3). We conducted a ran-

domized controlled trial to investigate whether prenatal LGG

treatment could reduce eczema risk in infancy.

We found no evidence that prenatal treatment with LGG

is effective for reducing eczema risk. This suggests that exten-

sion of treatment into the postnatal period is important for

any beneficial effects and/or that a different probiotic strain

may be needed. We also found that prenatal administration

of LGG led to reduced sCD14 and total IgA levels in breast

milk, without any change in TGFb. These unexpected effects

of prenatal LGG intake on postnatal breast milk regulatory

factors are likely to be mediated indirectly, possibly through

immune and/or microbiota changes. sCD14 is present at high

levels in human breast milk, and may have an important role

in permitting LPS-induced activation of intestinal epithelial

cells in the neonatal intestine, which in turn is important for

intestinal homeostasis (24). Reduced levels of sCD14 in

breast milk and amniotic fluid have been associated with

increased risk of eczema (25). IgA and TGFb are important

regulators of mucosal immunity with protective effects

against allergic disease (26). The lack of clinical effect

observed in our study may therefore relate to the unexpected

effects of prenatal LGG on breast milk immune composition.

In contrast to our findings, the first study evaluating com-

bined prenatal/postnatal LGG treatment reported a signifi-

cant reduction in eczema prevalence (6) that was associated

with increased breast milk TGFb-2 (27). These differences in

LGG effects on breast milk composition may relate to diffe-

Table 3 Other health outcomes and adverse events in the probiotic and placebo groups

Outcome measure Probiotic Placebo P-value Relative risk Difference

History of wheeze 27/122 (22%) 29/120 (24%) 0.71 0.92 (0.58, 1.45) )2.0 ()12.7, 8.6)

Positive asthma predictive index 21/122 (17%) 19/120 (16%) 0.77 1.09 (0.62, 1.92) 1.4 ()8.0, 10.7)

Vomiting in first 3 months 51/121 (42%) 40/119 (34%) 0.17 1.25 (0.90, 1.74) 8.5 ()3.7, 20.8)

Colic at 3 months 16/120 (13%) 14/119 (12%) 0.71 1.13 (0.58, 2.22) 1.6 ()6.8, 10.0)

Gastroenteritis in first year 44/122 (36%) 43/120 (36%) 0.97 1.01 (0.72, 1.41) 0.2 ()11.0, 12.6)

Hospital admission in first year 9/122 (7%) 13/120 (11%) 0.35 0.68 (0.30, 1.53) )3.5 ()10.2, 3.8)

Infant fecal frequency at 3 months* 1.9 (1.7) 2.1 (1.7) 0.29 0.2 ()0.2, 0.6)

Infant fecal consistency at 3 months� 6.1 (0.7) 6.1 (0.8) 0.72 0.0 ()0.2, 0.2)

Maternal adverse effects reported during treatment� 20/125 (16%) 30/124 (24%) 0.11 0.66 (0.40, 1.10) )8.2 ()18.1, 1.7)

Note: Last observation carried forward was used to impute missing outcome data for all categorical analyses.

*Fecal frequency is mean (SD) number of stools passed by infant in 24 h at 3 months postnatal age.

�Fecal consistency is mean (SD) parent-reported fecal consistency at 3 months using the Bristol Stool Form Scale.

�Adverse events were increased frequency/looser consistency of maternal feces (n = 20 placebo, 14 probiotic); nausea/vomiting (n = 6

placebo, 4 probiotic), constipation (n = 1 placebo), increased blood glucose (n = 1 probiotic), migraine/dizziness (n = 2 placebo), eczema flare

(n = 1 probiotic) and reduced fetal movements (n = 1 placebo).
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rences in the timing of LGG administration – postnatal treat-

ment of breastfeeding mothers may be important for benefi-

cial effects on breast milk that contribute to protective

clinical effects. However prenatal/postnatal LGG was found

in a separate study to have no clinical effect on eczema

despite treatment of breastfeeding mothers for 3 months (7).

Nevertheless, the observation in two studies that administra-

tion of LGG alone or with other probiotics prenatally and

then to breastfeeding mothers for the first 3 months reduced

eczema risk (16, 27), suggests that postnatal administration

of probiotic to the breastfeeding mother may be important

for eczema prevention.

The immune effects necessary for eczema prevention in

probiotic studies are not clear. Reduced cord blood IFN-c is

associated with increased risk for eczema in early life, sug-

gesting prenatal interventions which modulate the developing

fetal immune system may be effective for eczema prevention

(28). Placento-fetal interactions may be an important mecha-

nism by which prenatal probiotics mediate protective effects

– for example in mice, prenatal LGG treatment led to altered

placental cytokine expression and reduced allergic disease in

offspring (29). A human study found that prenatal/postnatal

administration of Lactobacillus rhamnosus HN001 reduced

risk of eczema at 2 years and increased cord blood IFN-c
level (10, 30). These findings support the notion that the

protective effects of prenatal/postnatal probiotic administra-

tion may in part be mediated through modulation of devel-

oping fetal immune responses, the effects of which can be

demonstrated in cord blood at the time of birth. In our trial

we previously reported that prenatal LGG failed to modulate

newborn T helper or regulatory compartment responses to

allergen (31) and now report a similar lack of effect on new-

born Treg and T helper responses to Toll-like receptor agon-

ists. Thus, the failure of prenatal LGG to prevent infant

eczema may be explained in part by a lack of effect on fetal/

infant immune responses as measured in cord blood. The use

of a different probiotic strain may have modulated immune

responses that are important for reducing risk of eczema.

Indeed, other probiotic strains but not prenatal LGG have

demonstrated immunological effects on breast milk and cord

blood that might be expected to protect against eczema

development (30). So it is possible that the strain of probiotic

we used may be ineffective where others might have been

effective when used prenatally.

We previously found prenatal LGG induced potentially

beneficial effects on infant Bifidobacterium populations in the

subjects within this trial (19). Infant eczema is associated with

altered intestinal microbiota composition, particularly in

Bifidobacterium populations, so it might have been expected

that modulation of infant microbiota towards a more healthy

profile similar to that observed in breast fed infants would lead

to reduced eczema risk. However, our new findings suggest the

microbiological effects we observed were not sufficient to influ-

ence infant immune development. Alternatively, it is possible

that the association between altered intestinal microbiota and

infant eczema reported in other studies is not causal.
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Figure 2 Secretion of IL-10 (A), IL-13 (B), TNF-a (C) and IFN-c (D)

in CBMC from infants whose pregnant mothers received probiotic

(n = 31; grey circle/bar) or placebo (n = 32; black circle/bar).

Means ± 1 SEM are shown. Culture supernatants were harvested

after 48 h culture with LTA, LPS or medium alone. There was no

significant difference between treatment groups for these

outcomes.
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A possible explanation for the differences in clinical out-

comes between probiotic studies is differences in the genetic

background, diet and intestinal microbiota of the study popu-

lations. For example the microbiota composition and its rela-

tionship with allergy differs between infants in New Zealand,

Japan and Scandinavia (32, 33). The quality of probiotics

used in clinical trials is important for in vivo activity, and the

quality and viability of our study intervention were carefully

monitored throughout our trial and treatment compliance

was high. It is unlikely that these variables accounted for the

lack of positive findings in our study. Our sample size was

designed to detect a 20% absolute reduction in eczema preva-

lence, however there was no trend towards a protective effect

with probiotic intervention, making a type II error unlikely.

Probiotic treatment during infancy has been associated

with other beneficial health effects, including reduced rates of

infection and gastrointestinal symptoms (34). We found no

evidence that probiotic treatment during the prenatal period

has any effect on infant health, including gastrointestinal

symptoms. We also found no evidence of a beneficial effect

on maternal intestinal symptoms during the prenatal period.

LGG has been associated with adverse effects such as bacter-

aemia in rare cases, particularly in high risk individuals (35).

There were no episodes of bacteraemia in this study during

the intervention period, and probiotic treatment was not

associated with increased risk of any adverse effect.

In summary we found that for infants at high risk of

developing allergic disease, treatment of their pregnant moth-

ers with LGG from 36 weeks gestation to delivery did not

reduce eczema risk. Prenatal LGG did not have any effects on

newborn immune responses, and led to reduced breast

milk sCD14 and IgA levels. Our findings suggest a longer

treatment duration that includes a postnatal component, or

possibly the use of a different probiotic strain, is required for

protective effects.
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Analysis of cord blood immune responses 

In the infants delivered at the Mercy Hospital for Women, cord blood samples were 

obtained for analysis of fetal immune function [1]. Cord blood mononuclear cells 

(CBMC) were separated by density centrifugation and cryopreserved as previously 

described [1]. One million cells/ml were incubated with medium alone or various 

stimuli in RPMI-1640 medium with 10% fetal calf serum for 48 h at 37°C in 5%CO2. 

Stimuli were lipoteichoic acid (LTA) of Staphylococcus aureus origin (10µg/ml; 

Sigma, St.Louis, MO) and lipopolysaccharide (LPS) of Escherichia coli O111:B4 

origin (10ng/ml; Sigma, St.Louis, MO). In separate experiments to induce IL-12 

secretion, CBMC were pre-incubated with recombinant IFNγ (10ng/ml for 3 h; 

Boehringer Ingelheim, Ingelheim, Germany) followed by culture with LPS (10ng/ml) 

for 24 h. Culture conditions were determined by initial titration experiments and 

previous work [2, 3]. All cell culture reagents except LPS were confirmed to have 

<0.03 endotoxin units/ml (Limulus Amebocyte Lysate, Cape Cod Associates, MA). 

Cell cultures were harvested at 48 h and supernatants stored at -20°C.  

Flow cytometry. Cell pellets were stained with fluorochrome-conjugated monoclonal 

antibodies in 50 µl staining volumes. Lineage cocktail-FITC (anti-CD3, 14, 16, 19, 20, 

56), HLA-DR- Peridinin chlorophyll protein (PerCP), CD123-R-phycoerythrin (PE) 

and CD11c- Allophycocyanin (APC) were used to identify dendritic cell (DC) 

phenotypes as CD11chiCD123wlo myeloid DC (mDC), CD123hiCD11clo plasmacytoid 

DC (pDC) and CD11cloCD123wlo immature DC. CD3-APC, CD4-PerCP, CD25-PE-

Cy7 (BD Bioscience, San Jose, CA), CD25-FITC and forkhead box P3 (FoxP3)-PE 

(E-Bioscience, San Diego, CA) were used to identify CD25hiFoxP3hi T cell 
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populations, and HLA-DR-PerCP and CD14-FITC to identify HLA-DR expression on 

the CD14
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+ monocyte population. Aminostilbamidine methanesulfonate was used as 

a viability dye (Molecular Probes, Eugene, OR). CBMC were incubated with 

fluorochrome-labeled antibodies or isotype controls for 30 minutes, and for 

intracellular staining cells were subsequently permeabilized, fixed and stained with 

FoxP3-PE antibody or isotype control (E-Bioscience). Data were acquired on a 4-

colour LSR II (BD, San Jose, CA) and analyzed with FACSDiva v4.1 software using 

well defined gating strategies.  

Real time PCR. RNA was extracted from cell pellets (1x106) using the RNAeasy Mini 

Kit (Qiagen, Hilden, Germany), and reverse transcribed to cDNA using the 

Superscript First Strand Synthesis System and oligo(dT) primers (Invitrogen). All 

reactions included a ‘RT minus’ control with no reverse transcriptase to control for 

contaminating DNA. TLR2 and TLR4 mRNA were quantified by real time PCR using 

5-carboxyfluoroscein (FAM)-labeled Taqman Gene Expression Assays on an ABI 

Prism 7300HT system (Applied Biosystems, Foster City, CA). Eukaryotic translation 

elongation factor 1 alpha (EEF1A1) was used as a reference gene [4].  

Cytokine measurements. Concentrations of IL-10, IFN-γ, IL-13, IL-12p40 and TNF-

α were determined in CBMC culture supernatants harvested at 48 h by multiplex 

cytokine bead assay using a Luminex 100 analyzer (Luminex Corporation, Austin, 

TX). Anti-cytokine beads and matched anti-cytokine biotinylated reporters were used 

according to the manufacturer’s instructions (Millipore, Billerica, MA). Data were 

analyzed with Luminex IS 2.3 Software using a five-parameter regression formula to 

calculate sample concentrations from standard curves. Concentrations of TGF-β1 in 

48 h CBMC culture supernatants were evaluated using a commercial human TGF-β1 

enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer’s 
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protocol (BD Biosciences). Supernatants were analyzed undiluted in duplicate with 

recombinant cytokine as a positive and culture medium as a negative control. TGF-

β1 concentrations were determined against a standard curve generated using the 

KCjunior v1.40.3 program (Bio-Tek Instruments, Winooski, VT) with a 4 parameter 

equation.  

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

 

Detection of LGG in maternal rectal swabs 

Compliance was assessed by detection of LGG in rectal swabs. Rectal swabs taken 

from mothers at delivery were streak plated on cysteine supplemented Mann Rogosa 

Sharpe agar (Oxoid, Basingstoke, UK). Plates were cultured for 72 h and inspected 

for typical ‘LGG-like’ colonies – if such colonies were seen, ≥3 colonies from each 

plate were subjected to LGG-specific polymerase chain reaction as described 

previously [5]. 

 

Analysis of immune composition of maternal breast milk 

Paired breast milk samples taken at days 7 and 28 of postnatal life were available for 

analysis in 73 participants. Breast milk was expressed into sterile polypropylene 

tubes by participants at home by hand at the end of a feed using aseptic technique, 

and stored at -20ºC until analysis. After thawing samples were spun at 900g for 20 

min at 4ºC and the lipid layer removed. Total Immunoglobulin A (IgA) was measured 

in undiluted aqueous phase samples by nephelometry using an IMMAGE® IgA kit 

(Beckman Coulter, USA). Levels of soluble CD14 (sCD14; 1:10,000) and TGF-β1 

(undiluted) were measured in duplicate using commercial ELISA kits according to the 

manufacturer’s instructions (R&D Systems, Minnesota, USA). 
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Table S1. Immune markers in uncultured CBMC and CBMC cultured for 

48h with LTA or LPS 

113 

114 

  Probiotic (n=35) Placebo (n=38) P value 

TLR2* 1.05 (0.50) 1.03 (0.48) 0.91 

TLR4 0.82 (0.54)  0.68 (0.55) 0.43 

Monocyte HLA-DR† 3.73 (0.17) 3.75 (0.15) 0.51 

Total DC‡ 1.88 (1.22) 1.55 (0.80) 0.16 

Total DC - LTA 1.97 (2.41) 2.03 (1.56) 0.90 

Total DC - LPS 1.82 (2.28) 1.71 (1.41) 0.81 

pDC 13.56 (6.88) 12.89 (7.13) 0.69 

pDC – LTA 10.29 (8.78) 8.36 (4.91) 0.25 

pDC – LPS 10.35 (8.37) 8.47 (5.79) 0.30 

mDC 11.76 (6.81) 10.50 (6.26) 0.41 

mDC – LTA 8.12 (6.05) 12.24 (12.21) 0.10 

mDC – LPS 8.49 (5.64) 11.02 (11.99) 0.30 

Treg§ 4.27 (1.32) 4.37 (1.77) 0.80 

Treg  - LTA 3.07 (1.34) 3.64 (2.02) 0.21 

Treg – LPS 3.63 (0.98) 4.02 (1.70) 0.29 

TLR Toll Like Receptor; HLA Human Leukocyte Antigen; DC Dendritic Cell; pDC 

Plasmacytoid Dendritic Cell; mDC Myeloid Dendritic Cell; Treg Regulatory T cell 

115 

116 
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All data are presented as mean (sd) and t test was used for comparisons 117 

118 

119 

120 

*TLR2 and TLR4 are log10 ratio of mRNA to EEF1A1 mRNA; †HLA-DR is log10 MFI 

of HLA-DR on CD14hi monocytes; ‡Total DC is % viable mononuclear cells, pDC 

and mDC are % total DC; §Treg are CD25hiFoxP3hi CD4+ % on total CD4+ T cells 
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Table S2. Breast milk immune composition 121 

  Probiotic (n=35) Placebo (n=38) P value 

Total IgA – d 7 0.61 (0.44-0.85) 0.81 (0.57-1.04) 0.06 

Total IgA – d 28 0.34 (0.26-0.52) 0.50 (0.33-0.64) 0.01 

sCD14 – d 7 13660 (11539-17035) 17230 (13544-20816)  0.01 

sCD14 – d 28 10144 (7884-13334) 11409 (9327-13608)  0.54 

TGF-β1 – d 7 412.1 (300.3-717.1) 530.3 (354.2-778.5)  0.27 

TGF-β1 – d 28 269.7 (200.0–416.5) 281.4 (200.0–417.9)  0.72 

 122 

123 

124 

125 

126 

IgA Immunoglobulin A; sCD14 soluble CD14; TGF-β1 transforming growth factor β1. 

All values are medians (interquartile range) pg/ml and the rank sum test was used 

for all statistical comparisons. 

 


