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Abstract A balanced gut microbiota is crucial for the devel-
opment of healthy immunoregulation and gut barrier function
to allow brisk immune responses to pathogens and systemic
hyporesponsiveness to harmless antigens such as food.
Although the first allergic disease to manifest itself, atopic
eczema, is not equivalent to food allergy, pre- and postnatal
administration of specific probiotic strains has emerged as a
promising tool for the prevention of this condition, with poten-
tial implications for food allergy development. For food allergy
proper, however, we lack markers and risk factors and mecha-
nisms, i.e., targets for preventive measures. The focus here is
therefore on the treatment. Indeed, the potential of specific
probiotic strains to alleviate food allergy resides in their ability
to modify antigens, repair gut barrier functions, balance altered
microbiota, and restore local and systemic immune regulation.
In patients with multiple food allergies, induction of oral toler-
ance by specific probiotics continues to attract research interest.
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Introduction

Food allergy, like other allergic conditions, is an immune-
mediated disease characterized by dysregulated immune

responses to innocuous antigens encountered by the body.
The majority of food-allergic reactions are provoked by
relatively few foods including cow’s milk, hen’s eggs,
peanuts, tree nuts, fish and shellfish [1]. The overall
prevalence rates of challenge-proven allergy to any food
have been estimated to range from 1 % to 10.8 % [2].
The prevalence of food allergy is age- dependent, affecting
particularly infants and young children, among whom milk
and egg allergies dominate [3].

There is a substantial body of evidence suggesting that
decreased environmental exposure to microbes is associated
with an increased prevalence of allergic disease. In the indus-
trialized world environmental changes reducing microbial
contact early in childhood have occurred parallel with the
growing epidemic of atopic eczema, food allergy, allergic
rhinoconjunctivitis and asthma, but also with disorders such
as inflammatory bowel disease, type 1 diabetes and obesity
[4–7]. The development of these conditions implies a failure
to generate and maintain a balanced host-microbe interaction
promoting a tolerogenic milieu for harmless antigens in the
gut mucosae. An imbalance in the compositional configura-
tion of the gut microbiota, dysbiosis, alters the host-
microbiota homeostasis, which is requisite for the develop-
ment and function of immune cells in the gut-associated
lymphoid tissue. The importance of this reciprocal regulation
of the microbiota and immune system culminates in early
infancy, when the balance between homeostasis and inflam-
mation programs later disease risk.

While the normal response to food antigens is the genera-
tion of antigen-specific regulatory T (Treg) cells, in patients
with food allergy the dominant immune response is a Th2-
skewed T-cell response and, in the case of IgE-mediated
allergy, the production of food-specific IgE antibodies from
B-cell-derived plasma cells. The symptoms may vary
according to age: in early childhood, gut and skin involvement
is common, whereas respiratory symptoms and the oral aller-
gy (or pollen-food-related) syndrome are more frequent in
older children and adults [3, 8].
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Food Allergy: The Focus is in the Gut and in Infancy

According to Hippocrates (460-377 B.C.), all diseases begin
in the gut, and the mucosal surface of the gastrointestinal tract
indeed acts as an important organ of host defense. In addition
to its principal physiological function, digestion and absorp-
tion of nutrients, a protective interface is created between the
internal environment and the constant challenge from antigens
such as food and microorganisms in the external environment.

The unique immune system in question comprises an im-
portant element in the total immunologic capacity of the host
constituting two arms: immune exclusion performed by the
innate immune system and immune regulation pertaining to a
specific systemic hyporesponsiveness, oral tolerance, induced
by prior oral encounter with the antigen [9]. Mucosal surfaces
in the intestinal tract are also continuously exposed to a
massive microbial load, both detrimental and beneficial. The
key element in health is the equilibrium between tolerance and
immunity. A critical balance needs to be generated and
maintained between protective mucosal immunity, including
a vigorous immune response to pathogenic antigens, and
systemic hyporesponsiveness specific to ubiquitous antigens
such as food and beneficial commensal microorganisms. The
key mechanisms by which the commensal microbiota induces
Treg differentiation involve transforming growth factor-β
(TGF-β). However, the microbiota have an impact not only
on the development of Tregs, but also on their functional
regulation [10].

Many immunoregulatory aberrations such as inadequate
production of antiinflammatory cytokine TGF-β favor sensi-
tization instead of tolerance induction and prevail in early
infancy. Moreover, during a variable period after birth, the
mucosal immune system is functionally immature [11]. The

binding of antigens to the immature gut microvillus mem-
brane is excessive compared to the mature mucosa and the
uptake of intact macromolecules is increased. Furthermore,
the immature enterocyte preferably responds to antigen chal-
lenges with proinflammatory cytokines. In the context of
inflammation, again, a greater amount of antigens may tra-
verse the mucosal barrier and the routes of transport may be
altered [12]. During the ensuing mucosal dysfunction caused
by immaturity, infection or hypersensitivity reaction, the nor-
mal pattern of antigen handling is impaired [13], which may in
turn further evoke aberrant immune responses and lead to a
vicious circle of sensitization (Fig. 1). These data would imply
that an allergic response to dietary antigens is caused by
failure of the gut-associated lymphoid tissue to establish or
maintain oral tolerance to these antigens; immaturity of the gut
barrier may lead to aberrant antigen transfer and immune
responses and thus explain the predisposition to food allergy
development in infancy. At a later age, inflammatory bowel
disease is characterized by analogous dysregulated antigen
handing in the gut, and in particular failure in immunological
tolerance to microbial exposures [9], and conversely, disrup-
tion in the microbiota may lead to clinically significant im-
mune dysfunction [14].

To date, diseases as diverse as allergy, inflammatory bowel
disease, diabetes and metabolic syndrome are either causally
or consequently linked to dysbiosis. Characteristic of all of
these, however, is a rising trend in prevalence in Westernized
countries [15–17]. The normal diverse gut microbiota contrib-
utes to host health by promoting the development and function
of the immune system and gut barrier. In return, the microbiota
strains benefit from the specific environment and interface
with the host in terms of available nutrients. The host-
microbe interaction is thus mutually advantageous, and the

Fig. 1 During mucosal
dysfunction, caused, e.g., by
immaturity or hypersensitivity
reaction, antigen handling is
impaired. This may, in turn, evoke
aberrant immune responses and
lead to a vicious circle of
sensitization. A balanced gut
microbiota counterregulates
immune dysfunction and
strengthens impaired gut
barrier function
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importance of this reciprocal relationship, the way microbiota
and host immune system co-evolve, culminates in clinical
states associated with immaturity or inflammation in the gut
barrier function.

Gut Microbiota

Exposure of the Fetus to Bacteria

Conventionally, the human fetus has been considered sterile
and microbial colonization has been thought to begin during
the delivery process. However, this dogma has recently been
challenged by reports that bacteria are found in the umbilical
cord blood and placenta, suggesting that term fetuses are by
no means sterile and that a prenatal mother-to-child
microbiota transfer may exist [18–20, 21•]. Contact with the
complex bacterial load of the extrauterine world during preg-
nancy and following birth is initiated by changes in the
mother’s intestinal microbiota during pregnancy and alter-
ations in the intestinal barrier allowing transfer of bacteria
from the intestine to breast milk, for example [22, 23].
Current knowledge suggests that the exposure of the fetus to
microbes takes place through bacteria residing in the amniotic
fluid, very likely derived from the placenta and cord blood and
reported to be present in the meconium of cesarean-born
infants [24]. Under normal circumstances, microbes from the
maternal vaginal and colonic microbiota provide the largest
and most diverse initial inoculum of important bacteria to the
newborn infant.

Colonization of the Infant Gut Following Delivery

Following delivery, the compositional development of the gut
microbiota takes place in a stepwise pattern, with sequential
periods of specific microbial strains appearing and disappearing
in the breastfed infant. The initial stage of colonization during
the first days of life is characterized by facultative anaerobic
bacteria (e.g., Staphylococcus, Streptococcus, Enterococcus
and Enterobacteriaceae spp.), which are rapidly outnumbered
by anaerobes due to high levels of Bifidobacterium and, as
recently reported, also Bacteroides [25]. These are followed by
members of the Firmicutes. In general, vaginally delivered and
breast-fed infants have been demonstrated to form a relatively
simple microbiota dominated by Bifidobacterium species dur-
ing the first weeks of life, and breast-fed infants harbor a fecal
microbiota containing twice as many Bifidobacterium cells
when compared to formula-fed infants. On the other hand,
formula-fed neonates are likely to harbor a more diverse
microbiota, including Enterobacteriaceae, Bacteroides and
Enterococcus [26, 27]. After formula feeding, Atopobium has
been found in significant numbers in the infant feces, and the
concentrations of bifidobacterial species have been reported to

be decreased while at the same time Bacteroides popula-
tions increase [28, 29]. After weaning, the diversity of the
microbiota rapidly increases, and several studies suggest
that the microbiota become adult-like already by 2-3 years
of age [4, 30].

Although the differences between the impact of formula
feeding and breastfeeding on intestinal microbiota develop-
ment have decreased, there still appear to be small diver-
gencies suggesting that breastfed infants have a relatively
simple microbiota dominated by several bifidobacterial spe-
cies while formula-fed infants harbor a more diverse pop-
ulation with a wider variety of Bacteroides, Enterococcus
and Enterobacteriaceae. On another level, the microbiota
profile of breastfed infants is usually dominated by
Actinobacteria (mainly genus Bifidobacterium) and various
genera of Firmicutes, while formula-fed infants have an
increased abundance of species with larger amounts of
clostridia and Bacteroides [25, 31].

Breast Milk Modulates Gut Colonization

Early colonization is modulated by breast milk, which contains
factors promoting the growth of bifidobacteria and, according
to recent research reports, also a variety of bacteria such as
staphylococci, bifidobacteria and lactic acid bacteria, which
support healthy immune maturation [32, 33]. It has recently
been reported that the human milk microbiome changes over
lactation [23]. In colostrum, Weisella, Leuconostoc,
Staphylococcus, Streptococcus and Lactococcus appear to be
predominant, while in later milk samples, oral cavity bacteria
including Veillonella, Leptotrichi and Prevotella increase. It
has also been observed that milk from obese mothers contains
a different and less diverse bacterial community compared
with milk from normal-weight mothers. In a similar manner,
milk from mothers who have undergone elective cesarean
delivery contain a different bacterial community than do milk
samples from individuals giving birth by vaginal delivery [23]

Taken together, breast-milk and infant feces have specific
identical bacterial strains, which suggests that breastfeeding
contributes to the bacterial transfer from the mother to the
infant [23, 34]. Consequently, healthy term breast-fed infants
whose gut microbiota are dominated by bifidobacteria may be
considered the model of healthy early colonization and mi-
crobial contact.

Is There a Target for Probiotics in Food Allergy?

Mechanisms of Food Allergy: How Much Do We Know?

Absorption and processing of ingested allergen, immune re-
sponses and target organ hyperreactivity are regarded as deter-
mining elements in the expression of food allergic disorders.
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Tolerance is defined as any mechanism by which a potentially
injurious immune response is prevented, suppressed or shifted
to a non-injurious class of immune response [35]. The systemic
hyporesponsiveness to dietary antigens is induced in mesen-
teric lymph nodes as a result of inactivation of antigen-specific
T-cells when antigen-loaded dendritic cells (DCs) seed anti-
gens from the intestinal mucosa [36]. Thus, the phenomenon is
both an antigen-specific and an active process. A subset of
DCs mediate the selective induction of Treg cells in response
to an antigen encountered in the gastrointestinal mucosa.
CD103+ DCs are migratory and traffic to the mesenteric
lymph nodes, where, under homeostatic conditions, gut
intraluminal antigens are presented by CD103+DCs [37].
These DCs also induce the development of Treg cells through
mechanisms dependent on factors such as TGF-β and retinoic
acid [38]. Anti-inflammatory cytokine TGF-β is necessary for
the induction of tolerance through the gastrointestinal mucosa,
whereas the data about the role of IL-10 in oral tolerance are
more controversial [39–42].

The power of the intestinal microbiota in oral tolerance
induction to the IgE response was documented in germ-free
mice [43]. In contrast to control mice, germ-free animals
maintained a T helper 2-type immune response to orally
administered ovalbumin. This could be corrected by the
reconstitution of the microbiota at the neonatal stage, but
not by any reconstitution implemented at a later age. These
findings point to a decisive role of the gut microbiota early
in life.

Changes in gut microbiota composition have been docu-
mented in patients with food allergy [44], and these may
precede the development of allergic disease [45, 46]. A strong
inflammatory response may be mounted to microbiota bacte-
ria, leading to perpetuation of the inflammation and gut barrier
dysfunction. Intestinal permeability can be secondarily in-
creased as a result of inflammation in the intestinal mucosa
induced by viruses, bacteria or dietary antigens [47]. A greater
amount of antigens may thus traverse the mucosal barrier, and
the routes of transport may be altered. These data would imply
that an allergic response to dietary antigens is caused by
failure of the gut-associated lymphoid tissue to establish or
maintain oral tolerance to these antigens.

The gut microbiota per se does not, however, represent the
only or even primary treatment target in patients with food
allergy. Recent characterization of the immunomodulatory
potential of specific strains of the gut microbiota, probiotics,
beyond their effect on the composition of the microbiota, has
led to novel applications, e.g., in allergic diseases. The poten-
tial targets of the probiotic effect in food allergy are presented
in Table 1.

Food Allergy: Treatment Targets

Inflammation, irrespective of the etiology or trigger, is frequent-
ly accompanied by an imbalance in the intestinal microbiota
[48]. Inflammation and infection are again frequently accom-
panied by an imbalance in the intestinal microbiota.
Inflammation then aggravates gut barrier dysfunction, allowing
aberrant antigen uptake and immune regulation. The necessary
initial step is thus management of the inflammatory response
(Fig. 1) induced by the offending food antigen.

The key elements in the current approach to food allergy
are:

& Identification of the offending antigen (diagnosis)
& Elimination of the offending antigen (for an individually

determined period of time)
& Reintroduction of the antigen and tolerance induction

Probiotic Effects in the Gut and Beyond

Probiotics, live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host [49],
currently represent one of the best-characterized immunomod-
ulatory compounds for the allergic host. They may aid in
degradation/ structural modification of enteral antigens, nor-
malization of the properties of aberrant indigenous microbiota
and of gut barrier functions, regulation of the secretion of
proinflammatory mediators and direction of the development
of the immune system during the critical period of life when
the risk of allergization is heightened.

Table 1 Potential targets of pro-
biotic effect in food allergy Target of effect Studies Comments

Prevention Ref. 65–83 A moderate risk reduction for eczema especially in studies with
pre- and postnatal administration of probiotics. No direct
evidence of effect on food allergy

Treatment Ref. 99, 100•• Lactobacillus casei CRL431 and Bifidobacterium lactis
Bb-12 – no effect on cow’s milk allergy.

Lactobacillus rhamnosus GG – hastened tolerance acquisition in
cow’s milk allergy

Tolerance induction Ref. 101–104 Attenuation of barrier dysfunction and proinflammatory response

Curr Allergy Asthma Rep



The modern view on probiotic therapy is based on specific
effects of clearly defined strains or strain combinations.

Selection of Probiotics

Hitherto, specific probiotics have been selected and character-
ized based on their in vitro properties, for example, tolerance
to gastric acid, adhesion to the intestinal mucus or epithelial
cells, and competitive exclusion of target pathogens [50–52].
Recent work on intestinal microbiota aberrancies and on the
genomic properties of probiotics and probiotic combinations
has revealed new possibilities for future selection criteria
involving both the health benefits and the safety of probiotics,
extending the idea of specific strains and strain combinations
to specific microbiota compositions that would be safe and
applicable even during the early life of the infant.

Genomic research corroborates the conception that differ-
ent species, and even strains of the same species, show clin-
ically important differences in these characteristics [53, 54].
Thus, the probiotic potential of specific strains differs, and
their properties cannot be extrapolated from other, even close-
ly related strains. Unfortunately, information published thus
far frequently lacks accurate information on strain and strain
combination identity and characteristics. A good example of
such deficits may be deposits missing from international cul-
ture collections and deposit numbers, which should be report-
ed along with the mode of administration and the preclinical
documentation, together with the selection criteria. We have
extended this concern also to the food matrix used to deliver
the probiotic to the study subject, providing experimental
evidence that the impact of Lactobacillus rhamnosus GG
(ATCC 53103) on antigen transport depends on the quality
of protein, unhydrolyzed vs. hydrolyzed [55], in the diet. We
have also drawn attention to the importance of quality control
of current probiotics in preserving their original properties
[56, 57], and these need to be further investigated.

The use of probiotics is currently extending from research to
recommendations [58, 59], but rigorous scientific effort is still
required to validate specific strains with anti-allergic potential
for preventive and therapeutic applications. The production of
functional probiotic foods presupposes stability of strain fea-
tures in the final product. This requirement is emphasized in
treating young infants with impaired gut barrier function,
aberrant gut microbiota and sensitization to dietary substances.
Questions of probiotic efficacy have arisen because of the
European Union health claim regulation, which requires effi-
cacy to be demonstrated in healthy normal consumers [60, 61].
This requirement calls for new types of efficacy studies, but for
clinical practice, studies on patients or studies on prevention
are still required in the same manner as hitherto. Human
intervention studies and subsequent meta-analyses will contin-
ue to provide evidence-based recommendations on probiotic

use. Such recommendations have been given by an American
expert group, and the use of probiotics in necrotizing en-
terocolitis, childhood diarrhea, inflammatory bowel disease,
irritable bowel syndrome and Clostridium difficile diarrhea
has been reviewed. Recent positive experiences with
bacteriotherapy (fecal microbiome transplant) may also open
new therapeutic possibilities, and a positive recommendation
has been made for use of microbiota transplant in severely
resistant C. difficile diarrhea [62].

Recent advances in microbiota and probiotic research are
likely to further alter future selection criteria. More specific
data will also be obtained by treatment in Clostridium difficile
colitis by fecal transplant and alleviation of obesity by fecal
transplants from lean individuals [63, 64]. These reports sug-
gest that future selection criteria will involve more specific
knowledge of probiotic combinations and their use in patients
with severe microbiota-associated challenges.

Clinical Evidence of Probiotics in Food Allergy

Several papers have been published on the preventive effect of
probiotics on the development of atopic eczema, mainly in
infants of families with a history of allergic disease. Although
atopic eczema is not tantamount to food allergy, moderate to
severe eczema is often associated with food allergies, and
results from eczema studies may thus have implications for
food allergy development.

Timing, duration, and the strain or strain combination seem
to be major factors in determining the beneficial effects of
probiotics. In most of studies [65–74], but not in all [75],
where probiotics have been administered both pre- and post-
natally, a significant reduction in the cumulative incidence of
eczema and/or IgE-associated eczema up to 7 years of age has
been demonstrated. Huurre and associates [76] reported a
reduced risk of IgE sensitization in probiotic-treated infants
in a subgroup of sensitized mothers, though no effect on
eczema was seen.

In one recent study, maternal administration of probiotics
during pregnancy and breast-feeding reduced the risk of ec-
zema during the first 2 years of life [77]. A meta-analysis,
again, concluded that maternal probiotic supplementation dur-
ing pregnancy and lactation significantly reduced the risk of
eczema in children by 2-7 years of age with the use of
lactobacilli but not with other probiotic species and strains
[78]. Another meta-analysis [79] including probiotic preven-
tion studies found that probiotic treatment reduced the risk of
eczema [RR=0.79 (95 % Cl=0.71–0.88)] regardless of the
time of the probiotic use (pre- or postnatal) or the subject
receiving the probiotics (mother or infant).

In most studies using only postnatal probiotic administra-
tion, no effect on eczema has been demonstrated [80–82],
though a controversial result has also been obtained [83].
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Probiotic treatment with LGG, Bifidobacterium lactis
Bb12, or B. breve M-16 V for up to 8 weeks showed dimin-
ished eczema symptoms in children compared to placebo
treatment [84, 85]. Likewise in several other probiotic treat-
ment studies improvement of clinical symptoms has been
demonstrated [86–89]. However, a number of studies have
not confirmed the beneficial effects of probiotics in the treat-
ment of atopic eczema [90–95]. According to several system-
atic reviews and meta-analyses, the evidence for a beneficial
effect of probiotics in the treatment of atopic eczema is incon-
clusive [96–98]; this probably reflects the great heterogeneity
in populations and probiotic strains used in the studies.

Studies investigating the effect of probiotics on challenge-
confirmed food allergy are scant. In one randomized double-
blind placebo-controlled study of infants with challenge-
proven cow’s milk allergy, administration of L. casei
CRL431 and B. lactis Bb12 for 12 months did not affect the
acquisition of tolerance to cow’s milk [99]. Berni Canani and
associates [100••] prospectively evaluated the effect of five
different dietary treatment strategies on the rate of acquisition
of tolerance in infants with cow’s milk allergy, confirmed by
the double-blind placebo-controlled food challenge. The
groups compared received one of the following treatments:
extensively hydrolyzed casein formula (EHCF), EHCF +
Lactobacillus rhamnosus GG (LGG), hydrolyzed rice formu-
la, soy formula or amino acid-based formula. After the treat-
ment period of 12 months, the proportion of children acquir-
ing tolerance to cow’s milk protein was significantly higher in
the groups receiving EHCF (43.6 %) or EHCF + LGG
(78.9 %) than in the other groups, this implying the ability
of LGG to enhance tolerance development in cow’s milk-
allergic children. This is in accordance with the results from
studies showing that LGG is able to modulate immune func-
tions through different pathways including enterocytes, mono-
cytes, mast cells, DCs and Tregs [100-104].

Conclusions

There is strong evidence to support the fundamental impact of
the gut microbiota in the development and functional regula-
tion of the immune system. At an early age, both processes are
vulnerable; the stable adult-type microbial community de-
velops concomitant with the consolidation of the immune
responder type. There is, moreover, reciprocal regulation of
these systems: the compositional development of the gut
microbiota stimulates and shapes the maturation of immune
cells, and immune regulation supports the development of a
healthy microbiota. Differences in the neonatal gut microbiota
were shown to precede the expression of atopy, suggesting that
the composition of the gut microbiota is crucial for the matu-
ration of the human immune system to a non-allergic mode.
Promising results have been reported regarding perinatal

administration of specific probiotic strains in reducing the risk
of atopic eczema. As atopic eczema in infancy is accompanied
by food allergy, repercussions on their incidence are expected,
but not proven. Nevertheless, probiotics counterregulate food
allergy, not only by providing maturational signals for the gut-
associated lymphoid tissue and balancing the generation of
pro- and anti-inflammatory cytokines, but also by their capac-
ity to reduce the dietary antigen load by degrading and mod-
ifying macromolecules. Probiotics reverse the increased intes-
tinal permeability characteristic of children with atopic eczema
and food allergy, and enhance gut-specific IgA responses,
frequently defective in children with food allergy. Promotion
of gut barrier functions by probiotics also includes normaliza-
tion of the gut microecology, alterations in which have been
demonstrated in allergic subjects. Recent studies indicate that
certain probiotics alleviate allergic inflammation both locally
and systemically, and may aid in tolerance induction. The
heterogeneity of results in probiotic studies in general may be
explained by different study protocols, especially in relation to
the probiotic strains used and the study populations. More data
are needed regarding specific probiotic strains and their com-
binations, as well as the optimal food matrix and mode of
treatment.
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