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Epidemiologic studies indicate that microbes and microbial
components are associated with protection against chronic
inflammatory disease. Consequently, a plethora of clinical
approaches have been used to investigate the benefits of a range
of microbial products on inflammatory conditions in human
trials. Centered particularly on the use of prebiotics, probiotic
bacteria, and bacterial lysates in early life, this review provides
an overview on clinical approaches aimed at reducing the global
burden of allergic disease through primary prevention.
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Microbial interventions beginning before birth and in early
infancy are discussed in the context of underlying mechanisms
of oral tolerance and the establishment of gut colonization as a
critical early homeostatic influence. We explore both the
findings and challenges faced in existing studies with a view
toward improving future clinical studies of the application of
microbial compounds for the prevention of allergic disease and
other inflammatory diseases. (J Allergy Clin Immunol
2013;131:1453-63.)
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Discuss this article on the JACI Journal Club blog: www.jaci-
online.blogspot.com.

On the basis of Robert Koch’s perception of human health
being influenced by the host, potential pathogenic agents, and the
environment, the concept of the ‘‘health or epidemiologic triad’’1

evolved: human subjects were seen within a homeostatic ecosys-
tem affected by environmental and host-determined factors. With
the (re)-discovery of the humanmicrobiome, the contrast between
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Abbreviations used
ARTI: A
cute respiratory tract infection
BL: B
acterial lysate
FOS: F
ructo-oligosaccharide
GOS: G
alacto-oligosaccharide
NCD: N
oncommunicable disease
PNG: P
apua New Guinea
RR: R
elative risk
host and environment resolved into an integral view of human
subjects themselves being an entire ecosystem.2,3 The micro-
biome (ie, the entirety of microorganisms colonizing epithelial
surfaces) seems to be highly diverse between subjects but also
between habitats at different body sites. Although ultimately ac-
quired from the environment, the composition of this internal
ecosystem is distinct from that of the biosphere.4 We are only
starting to understand these interactions between human subjects
and microbes; nevertheless, the importance of a well-balanced
microbial environment for human health is evident.
In parallel, our view of the immune system has moved from the

mere defense against pathogenic or hazardous agents to an
interface between host and environment, actively organizing the
interactions with all sorts of microorganism, from pathogens over
harmless commensal agents to helpful symbionts. As a key
function of the immune system, tolerance developed through
coevolutionary phylogenetic adaptation of human populations to
their microbial environment.5 From the dawn of mankind, the bi-
osphere incessantly stimulated the human immune system. The
development of affluent lifestyles and postmodern habitats has
led to skewed microbial diversity and disturbance of the
human-microbial balance only within the last century, with health
consequences subsumed under the hygiene hypothesis.6 Altered
microbial exposure in early life predisposes populations in indus-
trialized countries and increasingly in developing regions of the
globe to disease development.7 In particular, chronic inflamma-
tory diseases driven by immune dysregulation, such as allergies,
autoimmune diseases, and other noncommunicable diseases
(NCDs), have become a major health problem. As a preventive
strategy, early supplementation of infants with microbial com-
pounds was proposed for priming the developing immune system
toward more tolerance.8

In many cultures nutrients fermented by microorganisms are
a traditional part of the everyday diet. Originally used to
preserve food, fermented nutrients were also recognized to
provide health benefits.9 Metchnikoff10 initially postulated that
dairy products protect the gut from toxic bacteria and thereby
prolong life. Medical application of viable bacteria was first
reported for Escherichia coli Nissle 1917, a gut bacterium
that was isolated from a soldier who safely survived a strong
epidemic of diarrhea during World War I.11 Despite these early
approaches, the related term probiotic was introduced only in
the 1960s. Favoring pharmaceutical approaches, the therapeu-
tic and preventive potential of live microorganisms was vastly
neglected. This paradigm was changed by the increasing suc-
cess of the hygiene hypothesis and recent insights into func-
tional aspects of the microbiome.12 In the example of allergy
and asthma, preventive strategies are now changing from
avoidance of allergens to the establishment of tolerance.13
PRENATAL STRATEGIES TO MODIFY MATERNAL

COLONIZATION PATTERNS
There is now little doubt that the foundations for immune

tolerance are established during fetal life and that factors in the
maternal environment during this period can have a significant
influence. Importantly, the modern environmental lifestyle
changes associated with failing tolerance and immune disease
are also implicated in the increase of many other chronic inflam-
matory NCDs. Allergy is arguably the earliest and most common
manifestation of the increasing propensity for inflammation and
highlights the specific vulnerability of the immune system to
environmental changes. Although the focus here is primarily on
changing microbial exposure as a modifiable risk factor, this
cannot realistically be examined in isolation. This is integrally
determined by changes in behavior, lifestyle, and nutritional
patterns,14 and therefore prevention strategies will ultimately
need to be considered in this wider context. Similarly, although
the focus of these discussionsmight center around allergic disease,
it should be recognized that similar environmental risk factors for
many other modern NCDs could require common solutions.
Until recently, the dominant focus of early microbial exposure

was in the immediate postnatal period. Even intervention strat-
egies, such as probiotics, commenced in the final stages of
pregnancy were generally aimed at modifying initial postnatal
colonization patterns. Although the fetus resides in the relatively
‘‘sterile’’ uterine environment, it is becoming clearer thatmaternal
microbial exposures and colonization patterns throughout preg-
nancy can also have an influence on the developing fetal immune
system and many other developing systems. Animal models have
clearly demonstrated howmaternal exposure to both pathogenic15

and nonpathogenic16microbial products in pregnancy can prevent
allergic outcomes in the progeny. In human subjects the nowwell-
known allergy-protective effects of animal exposure in Alpine
farmhouses has provided a natural model to examine the effects
of early microbial exposure.17 Within this setting, high prenatal
microbial exposure has an independent protective effect on subse-
quent allergic outcomes.18 This has been associated with differ-
ences in innate immunity,4 as well as increased numbers and
function of cord blood regulatory T cells.19 Investigating this fur-
ther in an animal model, prenatal administration of a cowshed-
derived bacterium, Acinetobacter lwoffii F78, can prevent the
development of an asthmatic phenotype in progeny. Furthermore,
this effect is IFN-g dependent and appears to bemediated through
epigenetic mechanisms.20 The asthma-preventive effect has also
been associated withmodification of Toll-like receptor expression
in the placenta21 and establishes a direct relationship betweenma-
ternal bacterial exposures, functional maternal Toll-like receptor
signaling, and asthma protection in the progeny. Human studies
also provide preliminary evidence that prenatal microbial expo-
sure is associated with epigenetic variations (decreased methyla-
tion) of the forkhead box protein 3 regulatory gene (FOXP3),
again in the farming environment.19 This is consistent with obser-
vations in other populations that subsequently nonallergic chil-
dren are likely to have higher placental forkhead box protein 3
expression.22 Extensive differences in both innate23 and adap-
tive23,24 immune function at birth in children who go on to have
allergy also point to the importance of in utero exposures.
Studies of neonates born in areas of the developing world with

very high microbial burden, such as Papua New Guinea (PNG),
also show extensive differences in neonatal immune function



FIG 1. Possible mechanisms of prenatal and postnatal induction of tolerance by microbial components.

1, Prebiotics and probiotics can influence the mother’s gut microbiome, potentially inducing regulatory

cytokines that might pass the placenta and prime the fetal immune system toward tolerance. 2, Through
vaginal birth, the newborn’s gut acquires the maternal vaginal microbiome. 3, Oral application of prebi-

otics/probiotics might support a homeostatic colonization of the infant’s gut.
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compared with newborns in highly developed hygienic regions,
such as Australia.25,26 At the end of gestation, antigen-presenting
cells from PNG neonates already show much higher baseline ex-
pression of markers of activation (HLA-DR and CD86) and inhi-
bition (immunoglobulin-like transcripts 3 and 4) compared with
Australian newborns.25 However, on activation, antigen-
presenting cells from PNG cord blood are relatively quiescent
with reduced activation and antigen processing and evoke an at-
tenuated T-cell response compared with Australian neonates.25

Although there aremanyenvironmental differences between these
settings,microbial burden is one of themost striking, and themore
tolerogenic responses of PNG newborns might protect against the
development of harmful inflammatory responses in early life.
These and other experiments of nature all strongly support the
role of the prenatal maternal environment in early immune pro-
gramming and raise the challenging question of how to harness
this to improve immune health in the setting of globally increasing
propensity for allergy and other chronic inflammatory diseases.
Thus the effects of maternal microbial exposures on offspring are

multifaceted, including direct effects on the maternal immune
system, how these effects can modulate events at the maternofetal
interface to influence patterns of fetal immuneprogramming, and the
more obvious effects on postnatal colonization of the infant (Fig 1).

To date, most of the intervention studies using microbial
products in pregnancy for allergy prevention have been limited
to probiotics, and the clinical findings are discussed further below,
with other clinical trials. Because prenatal use of prebiotic and
probiotic products has been largely in combination with postnatal
supplementation, the specific antenatal effects are difficult to
determine in many studies. In some of these studies, examination
of cord blood immune function has been one strategy to examine
the immunologic effects of antenatal probiotics. Although animal
studies with probiotics show antenatal effects,16 the effects of ma-
ternal probiotics on cord blood immune responses in human ran-
domized controlled trials are conflicting.25,26 In one study the
administration of probiotic bacteria during the finalweeks of preg-
nancy was associated with an increase in cytokine (IFN-g) detec-
tion in cord blood,27 whereas another study performed a much
more comprehensive investigation of immune function and found
no effects on any aspect of neonatal cellular profile of function.28

Importantly, these studies examined different strains, and the in-
consistencies between strainsmight reflect the strain-specific clin-
ical effects that have also been seen (as discussed below).29
OUTCOMES OF CLINICAL TRIALS WITH

PROBIOTICS AND PREBIOTICS FOR PRIMARY

PREVENTION
When it comes to clinical intervention studies using microbial

products in human subjects, these have beenmainly focused on the
use of probiotic bacteria, although the prebiotics fructo-
oligosaccharide (FOS) and galacto-oligosaccharide (GOS) are
also used to modify colonization patterns (Table I).29-42 Most of
these studies looked primarily at early outcomes of allergic disease,
such as eczema and IgE-mediated food allergy,with far fewer look-
ing at longer-term outcomes on respiratory allergic disease.



TABLE I. Data from clinical trials that included either prenatal or the prenatal and postnatal or postnatal intervention phase of

probiotics, prebiotics, or both

Author Intervention Country Inclusion criteria

Participants and

dropout rate

Only prenatal intervention

Boyle et al,41 2011 Lactobacillus GG Australia Mother, father, or a previous child
affected by a doctor-diagnosed
allergic disease

NR 5 250 mothers/infants
NE 5 212 infants
Dropout: 15%

Prenatal and postnatal intervention
Kalliomaki et al,30 2001 Lactobacillus GG Finland One family member (mother, father,

or older sibling) with an atopic
disease

NR 5 159
NE 5 132
Dropout: 17%

Abrahamsson et al,35 2007 Lactobacillus reuteri Sweden One or more family members with
eczema, asthma, gastrointestinal
allergy, allergic urticaria, or allergic
rhinoconjunctivitis

NR 5 232
NE 5 188
Dropout: 19%

Kukkonen et al,33 2007 Lactobacillus rhamnosus GG,
L rhamnosus Bifidobacterium
breve Propionibacterium
freudenreichii plus galacto-
oligosaccharides

Finland At least 1 parent of the unborn child
had a doctor-diagnosed allergic
disease, as evaluated in telephone
interviews by trained personnel

NR 5 1223
NE 5 925
Dropout: 24%

Kopp et al,31 2008 Lactobacillus GG Germany One family member (mother, father,
or older sibling) with an atopic
disease

NR 5 105
NE 5 94
Dropout: 10%

Niers et al,38 2009 Bifidobacterium bifidum,
Bifidobacterium lactis,
and Lactococcus lactis

The Netherlands Allergic diseases of mother or
father plus an older sibling

NR 5 156
NE 5 102 (3 mo)
Dropout: 34%
NE 5 89 (12 mo)
Dropout: 43%

Huurre et al,32 2008 Lactobacillus rhamnosus strain
GG and Bifidobacterium lactis
Bb12

Finland Healthy mothers and mothers with
an allergic disease (probiotic group,
80%; placebo group, 77%)

NR 5 171
NE 5 140
Dropout: 18%

Wickens et al,29 2008 Lactobacillus rhamnosus or
Bifidobacterium animalis
HN019

New Zealand Mother or father with a history
of treated asthma, eczema,
or hay fever

NR 5 512
NE 5 446
Dropout: 13%

Kim et al,37 2010 Bifidobacterium bifidum and B lactis
and Lactobacillus acidophilus

Korea Family history of allergic diseases NR 5 112 mothers
NE 5 68 infants
Dropout: 39%

Dotterud et al,36 2010 Lactobacillus rhamnosus GG and
L acidophilus La-5 and
Bifidobacterium lactis Bb-12

Norway Nonselected population NR 5 415 mothers
NE 5 278 infants
Dropout: 33%

Rautava et al,42 2012 Lactobacillus rhamnosus and
Bifidobacterium longum (I)
or L paracasei ST11 and
B longum (II)

Finland Mothers with allergic diseases and
sensitization

NR 5 241
NE 5 205
Dropout: 15%

Only postnatal intervention
Taylor et al,39 2007 Lactobacillus acidophilus Australia Mothers with allergy NR 5 231

NE 5 178
Dropout: 23%

Soh et al,34 2009 Lactobacillus rhamnosus and
Bifidobacterium longum

Singapore Family history of allergic disease;
first-degree relative with a doctor’s
diagnosis of asthma, allergic
rhinitis, or eczema and a positive
skin prick test response

NR 5 253
NE 5 245
Dropout: 3%

Gr€uber et al,40 2010 Prebiotic mixture of neutral
oligosaccharides and pectin-
derived acidic oligosaccharides

Europe Families with low atopy risk;
formula-fed infants were
randomized.

NR 5 830
NE 5 735
Dropout: 11.5%
A total of 300 infants

were followed in the
breast-feeding group.

NE, Number of participants followed to the primary end point; NR, number of randomized participants; OR, odds ratio.
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Primary end point Allergic sensitization Follow-up Comments

Cumulative incidence of eczema during
the first year: probiotic group, 34%; placebo
group, 39% (RR, 0.88; 95% CI, 0.63-1.22)

No effect on allergic sensitization No

Chronic recurrent atopic eczema at age 2 y: probiotic
group, 23%; placebo group, 46% (R, 0.51; 95%
CI, 0.32-0.84)

No effect on allergic sensitization 4- and 7-y
Follow-up:
persistent effects

Allergic diseases at ages 12 and 24 mo:
no differences between groups

Cumulative incidence of eczema: probiotic
group, 36%

Placebo group, 34%

No effect on allergic sensitization No Less IgE-associated eczema
during second year:

8% vs 20% (P 5 .02)

Cumulative incidence of allergic diseases
(food allergy, eczema, asthma, and allergic
rhinitis): no effect (OR, 0.85; 95%
CI, 0.64-1.12)

No effect on allergic sensitization 5-y Follow-up:
no difference
between groups

Probiotic treatment reduced
eczema (OR, 0.74; 95% CI,
0.55-0.98; P 5 .035) and
atopic eczema (OR, 0.66;
95% CI, 0.46-0.95; P 5 .025).

Atopic eczema at age 2 y: probiotic group,
28%; placebo group, 27.3% (OR, 0.96;
95% CI, 0.38-2.33)

No effect on allergic sensitization No Same design and intervention
as Kalliom€aki et al

Parent-reported eczema at age 3 mo: Probiotic
groups, 12%; placebo group, 29% (OR, 0.322;
95% CI, 0.108-0.960); no difference between the
groups at ages 12 and 24 mo

No effect on allergic sensitization No High dropout rate; parent-reported
eczema only in a small group
was confirmed by doctor’s
diagnosis

Infant sensitization at age 12 mo; no difference
between infant sensitization between probiotic
(29%) and placebo (31%) groups (OR, 0.92; 95%
CI, 0.45-1.90)

Subgroup of of infants with a maternal
sensitization: probiotic group had a
smaller number of sensitizations (26%)
compared with placebo group (50%;
OR, 0.34; 95% CI, 0.13-0.88)

No Part of an ongoing study with
nutrition modulation by dietary
counseling and probiotic
supplementation

Infant’s cumulative prevalence of eczema at age 2 y
Infants receiving L rhamnosus HN001 had a significantly

reduced risk of eczema by 2 y (14.8%) compared with
infants in the placebo group (26.8%; hazard ratio, 0.51;
95% CI, 0.30-0.85)

No effect was seen in the Bifidobacterium species group

No effect on allergic sensitization 4-y Follow-up:
persistent effect

Cumulative incidence of eczema during first 12 mo:
significantly reduced in probiotic group (36.4%) over
placebo group (62.9%; P 5 .029)

No effect on allergic sensitization No High dropout rate

Cumulative incidence of atopic dermatitis
at age 2 y age; reduced in the probiotic
group (OR, 0.51; 95% CI, 0.30-0.87)

No effect on allergic sensitization No High dropout rate

Cumulative incidence of eczema during first 24 mo:
significantly reduced in infants of mothers
receiving probiotics (I: OR, 0.17; 95% CI,
0.08-0.35; II: OR, 0.16; 95% CI, 0.08-0.35)

No effect on allergic sensitization No Only supplementation of the
mother 2 mo before delivery
and during first 2 mo of
breast-feeding

Atopic dermatitis at ages 6 and 12 mo; no difference
between probiotic group (25.8%) and placebo group
(22.7%)

No effect on allergic sensitization Yes

Eczema at age 1 y; atopic eczema: probiotic
(7.3%) vs placebo (5.8%) group (P 5 0.86)

No effect on allergic sensitization No

Cumulative incidence of atopic dermatitis at age 12 mo;
significantly reduced incidence in prebiotic group
(5.7%) compared with placebo group (9.7%; P 5 .04)

No effect on allergic sensitization No Incidence of atopic dermatitis
in prebiotic group was in the
low range of breast-feeding
group (7.3%)

TABLE I. (Continued)
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When considering probiotic studies collectively,29-39,43-49

around half showed a significant reduction in the development of
eczema (from 25% to 50% reduction), whereas therewere no ben-
efits in the remaining studies, evenwhen the same probiotic strains
and similar protocols were used. There have been no consistent ef-
fects on other allergic outcomes, and fewer studies have assessed
the longer-term effects on respiratory allergic disease. Although
2 follow-up studies observed a persistent protective effect of pro-
biotics on eczema prevention after 444,50 and 743 years, another
study saw no sustained effect of a mixture of prebiotics and probi-
otics after 5 years.45 Several meta-analyses have now been per-
formed, generally concurring that probiotics reduce the risk of
eczema but not other allergic outcomes,51-55 although more spe-
cific conclusions have varied (see below). The most recent meta-
analysis55 included 13 prevention studies30,31,33-35,37-39,46 and
found that probiotic treatment reduced the incidence of eczema
by 21% (relative risk [RR], 0.79; 95% CI, 0.71-0.88). This effect
was still evident when the analysis was restricted to patients
with IgE-associated eczema (RR, 0.80; 95% CI, 0.66-0.96).
For GOS/FOS prebiotics, the focus of the allergy-preventive

effects has largely been in the postnatal period. However, animal
studies have shown that maternal consumption of FOS prebiotics
during pregnancy and lactation diminished eczema-like skin
lesions in offspring.56 In this model the maternal intervention was
more effective than direct feeding to offspring after weaning.
Human studies with GOS/FOS prebiotics have also shown early
promise in reducing some allergic manifestations. Again, it is
also important to consider the other systemic benefits of these in-
terventions in pregnancy. For example, maternal consumption of
high-prebiotic fiber during pregnancy can also have favorable ef-
fects on glucose and lipid metabolism in offspring,57 and this
might have lasting benefits for the risk of obesity and type 2 dia-
betes and other chronic inflammatory diseases. In one of the first
major studies to investigate the effect of prebiotics on the inci-
dence of eczema, a mixture of GOS/FOS prebiotics was adminis-
tered during the first 6months of life to formula-fed infants at high
risk of atopy.58 After 6 months, 10 (9.8%; 95% CI, 5.4% to
17.1%) infants in the prebiotic group and 24 (23.1%; 95% CI,
16.0% to 32.1%) infants in the placebo group had eczema. The
follow-up assessment at 2 years of age, although limited to
approximately half of the original population, showed a signifi-
cant reduction in the cumulative incidence of eczema, recurrent
wheeze, and allergic urticaria in the treatment group compared
with the control group.59 Further studies are also needed to
confirm these findings, although there is another large study in
a population at low risk of allergic disease with randomized
formula-fed infants given a formula with a mixture of neutral
oligosaccharides and pectin-derived acidic oligosaccharides or
regular formula. Breast-fed infants served as a nonrandomized
reference group. The cumulative incidence of eczema at 12
months of age was significantly reduced in the prebiotic group
compared with the placebo group (5.7% vs 9.7%), and the cumu-
lative incidence of eczema in the breast-fed group was 7.3%.40

More studies of GOSs/FOSs are needed before any recommenda-
tions can be made in either high- or low-risk infants.
Many of the inconsistencies in the findings between these

studies, particularly of probiotics, can be attributed to the wide
range ofmethodological heterogeneity, which hampers both direct
comparison and meta-analysis (ie, different probiotic strains or
combinations, method of delivery, dose, inclusion criteria, timing
and duration of the intervention, and measurement of clinical
outcomes). The results are conflicting, even for Lactobacillus
rhamnosus GG, the most extensively studied strain.30,31,41,60

Differences in the timing of the intervention have been
proposed as one major reason for differences in study outcomes,
with some earlier speculation that favorable effects might bemore
likely if a prenatal component were included.35 The protective
effect of probiotics on infantile eczema is evident both when all
eligible studies are examined collectively (regardless of strain
and regardless of prenatal supplementation, postnatal supplemen-
tation, or both)51,55 and when analyses are limited to studies that
included a prenatal component.55 However, there has also only
been 1 randomized trial to specifically examine the effects of pro-
biotics administered only in the prenatal period on subsequent al-
lergic disease. In that study mothers were given Lactobacillus
rhamnosus GG or placebo for the last 2 to 4 weeks of pregnancy
(ie, without any subsequent postnatal supplement); however,
there was no difference in allergic outcomes between the
groups.41 With only 1 study giving a single strain for a limited
time, it is difficult to base clear conclusions on this. The majority
of studies that included a prenatal treatment typically only used
this for 4 to 6 weeks before delivery. There is only 1 study that
has used longer-term supplementation with probiotics in preg-
nancy (for the last 2 months of gestation and in lactation), and
this study found a reduction in eczema but no effect on other out-
comes.42 On the other hand, there are also several studies that
used probiotics exclusively after birth. Two commenced probi-
otics in the neonatal period with no effect on any allergic out-
comes,34,39 and one delayed the probiotic until weaning and
still achieved a reduction in eczema.47 In contrast, 6 of 9 studies
with combined prenatal and postnatal prebiotics (with or without
prebiotics) reduced the incidence of eczema.29-33,35,37,38,42-44

Collectively, these findings suggest that a combined antenatal
and postnatal approach supplementation seems to be the most
promising approach in families at risk of atopic diseases.
Another key point of heterogeneity is in the strains used and

whether these are used alone or in combination. Recently, Doege
et al54 compared monotherapy with various combinations of dif-
ferent probiotic strains and concluded that onlymonotherapywith
lactobacilli resulted in a significant risk reduction for atopic
eczema (RR, 0.82; 95% CI, 0.71-0.95),29,31,35,43 whereas a mix-
ture of different probiotic strains did not (RR, 0.92; 95% CI,
0.83-1.02).32,33,45 However, despite their quality control criteria
of excluding follow-up publications from the same populations,
the data from one large Finnish study were included twice.33,45

Moreover, a more recent study (data not published at the time
of their analysis) shows the efficacy of several combinations of
probiotics in reducing eczema, namely (1) L rhamnosus and Bifi-
dobacterium longum and (2) Lactobacillus paracasei and
B longum, respectively.42 Finally, in vitro studies have demon-
strated synergistic effects for a combination of lactobacilli and
bifidobacteria, which challenge the proposal that monotherapy
with lactobacilli is the best strategy.61

Variation in population characteristics is another important
point of difference between studies. This is illustrated in the 2
clinical trials (one in Finland and the other in Germany) that used
the same probiotics and the same study protocol but found
differing results.30,31 The most striking difference between these
2 trials is the background prevalence of eczema in the placebo
group. Although 46% (n5 31/68) of the Finnish children had ec-
zema during the first 2 years of life, only 27.3% (n5 12/44) of the
German children had doctor-diagnosed eczema. More recently,



TABLE II. List of the concepts and therapeutic implications

Key concept Therapeutic implications

Oral application of probiotic bacteria and prebiotics during pregnancy There appears to be a moderate risk reduction for eczema (but not other allergic

outcomes) in studies that have included an antenatal component. Although

studies are limited, favorable effects might be more likely when combined

with postnatal supplementation.

Oral application of probiotic bacteria and prebiotics in early infancy Collectively, studies suggest a moderate risk reduction for eczema but not for

any other allergic outcomes that is likely to be more successful when

combined with antenatal supplementation.

Oral application of bacterial lysates in childhood Moderate risk reduction for recurrent ARTIs and wheezing is seen, but there is

only minor evidence for prevention of allergic outcomes.

*Haemophilus influenzae, Diplococcus pneumonia, Klebsiella pneumoniae, Klebsiella

ozaenae, Staphylococcus aureus, Streptococcus pyogenes, Streptococcus viridans,

and Neisseria catarrhalis.
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another prevention study from Finland also observed a high prev-
alence of eczema (as high as 71% [n5 44/62]) in a high-risk pop-
ulation based on maternal atopic disease.42 Differences in both
genetic background and lifestyle (which might contribute to dif-
ferent epigenetic effects) could explain these discrepancies. In
particular, background differences in colonization patterns could
be important environmental differences in these populations. In
support of this, stool analysis of a small cohort (n 5 30) of fully
breast-fed neonates in Finland and Germany62 showed that Ger-
man infants had a more heterogeneous stool flora, with signifi-
cantly more Akkermansia muciniphila and a tendency for less
bifidobacteria compared with the Finnish population. This is a
key environmental factor in considering regional differences in
effectiveness of any intervention to modify colonization. Other
background behaviors can also contribute to difficulties in ade-
quate placebo control in the study population. Probiotics are
widely used as supplements in infant formulas, yogurts, and other
milk products confounding adequate placebo control. Recently,
published trials52 gave the participants advice to avoid these pro-
ducts, which might be a way to control for inadvertent consump-
tion of probiotics in the control group.
Achieving adequate longer-term follow-up is another major

challenge in all of these studies. However, where possible, it is
important that clinical trials with 39%38 and 40%37 of the ran-
domized children lost to follow-up also provide information about
an ‘‘intention-to-treat’’ analysis rather that reporting only results
by ‘‘per protocol’’ for the retained group. Moreover, measures
of control for the loss of follow-up should be calculated in the sta-
tistical analysis. In the subsequent considerations about the effi-
cacy of clinical trials, studies with a dropout rate of greater than
35% and no information about the intention-to-treat population
are tagged with a specific comment.
Both clinical definitions of risk (inclusion criteria) and defini-

tions of childhood disease (primary outcome measures) are
important differences between studies. The effectiveness of inter-
vention can also depend on the genetic risk of allergic disease.
Most, but not all, trials targeted populations at risk of allergywith a
first-degree family member with an atopic disease but included a
variable proportion of uniparental and biparental allergic history.
Primary outcome measures also varied, and included doctor-
diagnosed eczema, parent-reported eczema, or any atopic disease.
In conclusion, there are some encouraging results from clinical

trials that prebiotics, probiotics, or both might have a potential for
preventing atopic eczema but not asthma, allergic rhinitis, or
allergic sensitization (Table II).Most probably, intervention should
best include both antenatal and postnatal components. However,
more than 10 years after the first reported clinical trials, there is still
uncertainty about the ideal strain or strains, the target population,
the timing of introduction, dosing and the role of background fac-
tors (eg, feeding habit), and a range of complex genetic factors.

POSTNATAL ADMINISTRATION OF BACTERIAL

LYSATES TO PREVENT PRECONDITIONS OF

ASTHMA
Although treatment with probiotics is based on application of

viable bacteria, therapeutic approaches with bacterial lysates
(BLs) focus on application of lyophilized extracts from bacterial
cultures. Lyophilisates are obtained from single strains or from a
cocktail of bacterial species either through chemical ormechanical
disruption. Mechanical lysis is thought to provide more immuno-
genic lysate components because no denaturation of proteins
occurs during mechanical disruption of the cells.63 On the basis of
the concept that microbial immunogenic components are capable
of improving the host defense against pathogens, BL application
has been recommended for the prevention of respiratory and gut
infections and subsequent inflammatory conditions.64

In contrast to application of viable bacteria, BLs seem not to act
through direct modification of colonization patterns. Clinical
studies, as well as animal experiments, have indicated that
increases in (secretory) IgA levels seem to be the most important
immunomodulating activity of BLs.65-67 According to the
age-dependent development of the IgA repertoire,68 improved
IgA release observed after BL application is attributed to a
more unspecific T cell–driven enhancement of IgA maturation
in early life and an antigen-defined induction of IgA in patients
of preschool age and older (Fig 2).69 However, this mode of mu-
cosal immunization against lung pathogens might at least affect
themicrobial colonization pattern in the lung and thereby contrib-
ute to long-lasting protective effects against airway inflammation.
OM-85 BV, the best clinically evaluated BL, is composed of an

endotoxin-low alkaline-extracted fraction of pathogens causing
respiratory tract infections of the upper airways.* OM-85 BV has
been predominantly developed to prevent recurrent acute respira-
tory tract infections (ARTIs), namely acute viral infections,
including the common cold, which are recognized as closely linked
to asthma exacerbations in patients if preschool age.70 Moreover,
recurrent ARTIs are preconditions for persistent wheezing in child-
hoodand thereby linked to the development of asthma later in life.71

Evidence that orally administered OM-85 BV is able to stim-
ulate a selective TH1-driven response came fromstudies in neonate
rats72 indicating that OM-85 BV can induce maturation of



FIG 2. Gut-associated lymphoid tissue at the intestinal epithelium initiates microbial recognition. First,

M cells transfer antigens from the intestinal lumen to dendritic cells and macrophages. Second, epithelial

cells produce thymic stromal lymphopoietin (TSLP) on Toll-like receptor (TLR) signaling. Third, TSLP re-

lease induces production of a proliferation-inducing ligand (APRIL), B-cell activating factor of the TNF family

(BAFF), TGF-b, and retinoic acid by dendritic cells promoting IgA class-switching in B cells with help from

activated T cells. Fourth, B cells migrate from the intestinal submucosa through the mesenteric lymph no-

des and lymphatic and blood vessels to the target tissues andmature to plasmocytes. Finally, release of IgA

at mucosal surfaces supports preserving local homeostasis and immune exclusion.

�LW 50020 5 Staphylococcus aureus, Streptococcus mitis, Streptococcus pyogenes,

Streptococcus pneumoniae, Klebsiella pneumoniae, Moraxella (Branhamella) catar-

rhalis, and Haemophilus influenzae. Ribosomal extract5 Klebsiella pneumoniae,

Streptococcus pneumoniae, Streptococcus pyogenes, and Haemophilus influenza in

combination with cell wall proteoglycan KpOmpA from Klebsiella pneumonia.
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dendritic cells and skew the perinatal TH2 milieu toward TH1 mat-
uration. Exposure of OM-85 BV in rodent models of experimental
asthma pointed to an attenuation of the functional hallmarks of
asthma. Strickland et al73 demonstrated that OM-85 BV–pre-
treated and ovalbumin-sensitized rats displayed significantly
diminished airway inflammation accompanied by an improvement
in lung function. Similarly,Navarro et al74 showed that the abolish-
ment of the asthmatic phenotype in mice was associated with a
selective recruitment of CD41CD251Foxp31 regulatory T cells
in the tracheal compartment.74 Both studies suggest that orally
applied OM-85 BV has the capacity to affect the immune reper-
toire of the lung along themucosal lung-gut axis toward tolerance.
Human studies on the efficacy of OM-85 BV as an immunos-

timulating agent have mainly focused on attenuation of ARTIs in
early childhood. Within the last 3 decades, a number of clinical
studies investigated the efficacy of OM-85 BV in diminishing and
preventing ARTIs in children. Recently, 2 systematic reviews
provided a quantified overview of the clinical evidence. In 2007,
Steurer-Stey et al75 meta-analyzed 13 randomized and controlled
trials including 2721 patients. Because efficacy end points varied
widely between studies, pooling of data was limited to data from
up to 2 trials. A beneficial trend was observed as recurrence of in-
fections was reduced. Use of antibiotics and lengths of episodes
were significantly reduced in OM-85 BV–treated children in at
least 2 studies. The authors concluded that OM-85 BVapplication
in young children has only weak effects on the prevention of
ARTIs. A more recent meta-analysis provided by Schaad76 in-
cluded 8 randomized controlled trials (n5 851) on secondary pre-
vention of pediatric ARTIs. This revealed a significant and
consistent reduction of ARTI recurrence in OM-85 BV–treated
children (32% receiving active treatment vs 58.2% receiving pla-
cebowith >_3ARTIs/6months). Data from an exploratory analysis
indicated that benefit from OM-85 BV treatment was greater in
high-risk children. These results were underlined recently by a
well-conducted study on the prevention of wheezing episodes
in children with recurrent ARTIs. Razi et al71 observed a 37.9%
reduction in wheezing attacks (P <.001) accompanied by a signif-
icant reduction of ARTIs in the intervention arm.
Comparable results have been described for other BLs proved in

clinical application.77 For example, LW 50020 and ribosomal ex-
tracts are mixtures of slightly different BLs� and were shown to ac-
tivate TH1-polarizing innate immune responses and increase locally
and systemically specific immunoglobulin levels in human sub-
jects.78-80 Placebo-controlled clinical trials on the efficacy of LW
50020 and ribosomal extract reported similar results for the
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recurrence anddurationofARTIs in childrenas found in studieswith
OM-85BV.81-83A pilot study applying ribosomal extract to children
with allergic (IgE-associated) and nonallergic eczema revealed an
improvement in clinical manifestations of eczema after 20 weeks
of treatment.84 The safety of all of these treatments was estimated
as good, with no severe adverse events observed in the trials.85

There is increasing evidence that BLs from aeropathogenic
bacteria might be protective against ARTIs and thereby might
support the primary prevention of asthma (Table II). However,
none of the studies has shown whether there is a reduction of
risk for allergic outcomes. Randomized controlled trials specifi-
cally in atopic children are needed to evaluate the allergoprotec-
tive potential of BLs under standardized conditions.
A novel clinical approach to prevent children from having

asthma is based on the epidemiologic farm studies demonstrating
that protection against allergies and asthma is strongly associated
with increased concentrations of environmental endotoxin.86

Accordingly, Lau et al87 examined the preventive efficacy of a
BL derived from 2 bacterial gut isolates on infant eczema. This
BL (Pro-Symbioflor; SymbioPharm, Herborn, Germany) contain-
ing heat-killed, nonpathogenic, gram-negative E coli Symbio
Deutsche Sammlung f€ur Mikroorganismen 17252 and nonpatho-
genic, gram-positive Enterococcus faecalis Symbio Deutsche
Sammlung f€urMikroorganismen 16440 is already used in patients
with infections and inflammatory conditions of the gut and in the
prevention of recurrent ARTIs in infancy. The randomized,
placebo-controlled trial included 606 newborns with atopic he-
redity. Infants were treated orally with BLs or placebo from
week 5 until the end of month 7 and then followed until 3 years
of age. Although there were no effects on the primary outcome
(atopic dermatitis rates between the groups), children with 1 af-
fected parent displayed a significantly lower prevalence of AD
at 32 weeks of age when treated with the BLs. This finding was
more pronounced in infants with paternal heredity for atopy.
The renaissance of BLs in the primary prevention of asthma is

only just emerging. In contrast to older trials, newer study designs
generally should fulfill the Jadad criteria,88 including randomiza-
tion, placebo control, double blinding, and an adequate descrip-
tion of reasons for withdrawals.76 New approaches, such as the
study conducted by Lau et al,87 highlight that BLs might be suc-
cessful not only in the prevention of early risk factors for bron-
chial asthma but also in the protection against subsequent
allergic outcomes. Future study designs should therefore include
clinical end points of allergic diseases in high- and low-risk
children to clearly demonstrate a benefit for allergic conditions.
CONCLUSIONS, FUTURE PERSPECTIVES, AND

CHALLENGES
It is intriguing that many of the same environmental risk factors

(including changes in microbial exposure, diet, and environmen-
tal pollutants) are implicated in such a broad range of inflamma-
tory NCDs, including allergic disease, suggesting early
fundamental effects on common immunoregulatory pathways.
Of these, the changing diversity of microbial exposure remains
one of the leading explanations for the increase in many of these
diseases. In this context it is notable that manipulation of the
microbiome can prevent not only allergic89 and autoimmune phe-
nomena but also the longer-term risk of obesity and cardiovascu-
lar and metabolic disease90 and even have effects on mood and
behavior.91,92 This means that interventions aimed at achieving
a more favorable microbiome are likely to have multisystem ben-
efits, and it is therefore logical that we take a more interdiscipli-
nary approach in overcoming the increasing global burden of
these and other NCDs. In recent years, there have been major ad-
vances in our knowledge of the vast and complex human micro-
biome, with some insights into patterns that are less
favorable93-95 and more likely to induce inflammation and meta-
bolic dysregulation through changes in host gene expression.96

We have also seen how these physiologic and metabolic adapta-
tions can be reversed through restoring a more favorable gut mi-
crobiome.97 However, there is still considerable uncertainty in
defining optimal colonization patterns,98 how these might vary
with the broader environmental context, and how variations might
differentially determine the risk of various diseases. These inter-
relationships need to be further investigated, particularly in early
life, when patterns of physiologic, immunologic, and even behav-
ioral response are being established. Even once a potential favor-
able range is understood, the greatest challenge will be how to
achieve this. Clearly, the early environment and early nutritional
patterns are major determinants in initiating a long-lasting micro-
bial colonization pattern. Ultimately, it would be both ideal and
logical if optimal colonization for multiple health outcomes could
be achieved by optimal nutrition and other optimal environmental
conditions, rather than by taking a pill or other more invasive
strategies to manipulate the microbiome. Working toward this
goal requires a more holistic interdisciplinary approach, with a
clear recognition of the importance of the developing immune
system as one of the key pillars in this process.

What do we know?

d The gut is a central player in the ontogenic development
of immune tolerance.

d A well-balanced microbial intestinal colonization in early
postnatal life is necessary to establish immune homeosta-
sis later in life.

d Prenatal and postnatal environmental stimuli are capable
of balancing the immune system toward a tolerogenic re-
sponse.

What is still unknown?

d Whether orally administered probiotic bacteria are able
to colonize the gut in adults and thereby affect an already
established colonization pattern

d How tolerogenic effects are transferred from mother to
fetus during prenatal treatment with orally administered
probiotic bacteria

d Which are optimal conditions (eg, prenatal and/or postna-
tal application, duration, composition, and dose) for clin-
ical microbial application

d Who should be treated (low- or high-risk patients)

d Whether clinically applied microbes are able to prevent
moderate inflammatory conditions with an onset later in
life (eg, rhinitis and asthma)
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