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Purpose of review

Microbiota consist of symbiotic microscopic neighbors that interact on and within our bodies in diverse and
incompletely understood ways throughout our lifetime. Though various associations with allergic disease
have been described, clear effective therapeutic interventions to prevent allergy have been elusive.

Recent findings

The human microbiome is influenced by multiple factors, including: mode of infant delivery (vaginal vs.
cesarean section), breastfeeding, diet, presence of siblings and pets, exposure to antibiotics and other
medications (particularly antacids), lifestyle, and developmental context. Microbial species promoting
atopic responses and tolerance have been described. Specific microbiota likely act through distinct
metabolic pathways to promote the health of their human hosts, optimally directing the developing immune
system away from pro-allergic, Th2-dominated responses to more T-regulatory-influenced behaviors.

Summary

Evidence suggests that specific healthy infant microbiome signatures may influence development of some
components of the allergic march of childhood by decreasing atopic dermatitis, asthma, and food allergy.
Further understanding of factors that influence healthy microbiota may lead to specific strategies tailored for
early intervention and disease prevention.
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INTRODUCTION

The developing microbiome of childhood

Both inside and out, the human body is home to a
microscopic pantheon. Our microbiota includes bac-
teria, archaea, fungi, protozoa, and viruses. Although
the terms ‘microbiota’ and ‘microbiome’ are often
used interchangeably, the term ‘microbiome’ refers
to the combined genomes of these microorganisms,
whereas the ‘microbiota’ describe the microorganisms
themselves. The most commonly studied microbiota
are bacteria that reside in the human intestinal tract.
The composition and diversity of these gut bacteria
play important roles in human health, from nutrient
extraction to immune system modulation [1,2]. In
particular, these bacteria produce short-chain fatty
acids, such as acetate, propionate, and butyrate,which
help to regulate metabolism and the immune system
and protect against colonization by pathogens
[3,4

&

,5
&

]. Shortly after birth, the intestinal tract is
rapidly populated by bacteria from the environment,
including the vaginal tract, skin, and breastmilk [6

&

–
9

&

]. Differences in mode of delivery (vaginal delivery
vs. cesarean section), diet, and antibiotic exposure
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have all been linked to variation in gut bacterial
composition and development of disease in children,
including allergic and atopic disorders, obesity, and
infection [10

&&

,11
&&

,12
&

–16
&

,17,18
&

,19
&&

].
The intestinal tract of a vaginally delivered,

breastmilk-fed infant born in a westernized country
is initially colonized by facultative anaerobes, such
as the genera Enterococcus, Escherichia/Shigella, and
Streptococcus [20]. These bacteria consume oxygen,
creating an anaerobic environment in which obli-
gate anaerobes, such as Bifidobacterium spp., Bacter-
oides spp., and Clostridium spp. can proliferate as the
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KEY POINTS

� The microbiome influences the development of allergic
disease, and we are just beginning to understand how
specific microbiota relate to disease prevention
and susceptibility.

� The developing microbiota is influenced by interactions
with family members, siblings, pets, infections,
antibiotics, antacids, and cultural influences.

� Greater specificity is needed to understand particular
populations most likely to benefit from microbiome-
targeted therapies, and in what settings the therapies
will be most effective.
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infant matures [20–22,23
&&

]. Although the bacterial
composition of the gut is relatively dynamic in the
first years of life, a notable shift occurs after the
introduction of solid foods [23

&&

]. After the third
year of life, the microbiome stabilizes and resembles
the adult gut microbiome [24].

The skin microbiome may influence eczema
development [25

&

] and varies by body site, with
fungal organisms making up a significant propor-
tion [26]. The infant skin is predominantly colo-
nized by Staphylococcus spp. and Streptococcus spp.,
the former of which decreases in abundance over the
first year as overall skin diversity increases. In indi-
viduals with atopic dermatitis, microbial diversity is
diminished whereas Staphylococcus aureus abun-
dance is enhanced [27]. Reintroduction of skin com-
mensal bacteria has been shown to decrease S. aureus
colonization and improve atopic dermatitis symp-
toms [28

&&

,29
&&

].
In children with rhinitis, the maturation of the

nasal microbiome differs significantly from healthy
controls over the first 18 months of life, with a
decrease in diversity over time [30

&

]. Children with
rhinitis were found to have greater abundance of
the Oxalobacteraceae family (from the Proteobac-
teria phylum) and Aerococcaceae family (Firmi-
cutes phylum), whereas healthy controls had
greater abundance of the Corynebacteraceae family
(Actinobacteria phylum).

The nasal microbiome can reflect disease con-
trol, and enrichment of Prevotella buccalis, Dialister
invisus, Gardnerella vaginalis, and Alkanindiges hon-
gkongensis has been associated with asthma exacer-
bations compared with nonexacerbated asthma
and healthy controls in adults [31

&

]. Furthermore,
in the upper airways of children with asthma,
whether current or in remission, there is a greater
abundance of Staphylococcus spp., as well as the
genera Dolosigranulum, Parvimonas, Corynebacte-
rium, and Prevotella [32

&

]. Controls, on the other
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hand, have higher abundances of Haemophilus spp.
and Moraxella spp. Children with severe asthma
have an enrichment of Bacteroides spp., Faecalibac-
terium spp., and Roseburia spp. in their lower airways
[33

&

].
As illustrated, there is a clear pattern for micro-

bial acquisition after birth: the microbiomes at vari-
ous body sites are initially more uniform, often
reflecting early environmental exposures, and as
they mature over time, they become more diverse.
A common theme developing in the field of pediat-
ric allergy is that early diversity is beneficial. Not all
children acquire the same microbes, and the micro-
bial composition at these body sites is often related
to the development of allergic disease.
The gut microbiome in pediatric allergic
disease

The atopic (allergic) march of childhood includes an
association of genetic risk, atopic dermatitis, food
allergy, asthma, and allergic rhinitis. Although still
an emerging field, specific patterns within atopic
microbiomes have developed, as summarized in
Fig. 1. For example, the development of allergic
disease (atopic dermatitis, allergic rhinitis, asthma,
or food allergy) by 36 months of age was found to be
associated with an increase in gut Klebsiella spp. and
a decrease in Bifidobacterium spp. at 3 months of age
in a Chinese cohort [34

&

]. Additionally, a Taiwanese
twin-cohort study showed that children who devel-
oped allergic rhinitis, asthma, and atopic dermatitis
had high abundance of species within the Lachno-
spiraceae family, particularly Ruminococcus gnavus.
Transferring R. gnavus to mice resulted in the devel-
opment of airway inflammation with an increase in
interleukins (IL) IL-4, IL-5, and IL-13, indicating
increased Th2 activity [35

&&

]. Decreased intestinal
microbiota diversity in infancy is associated with
the development of allergic disease at school age
[36]. Specific signatures have also been linked to the
development of certain food allergies in childhood
[37

&

,38]. For example, an enrichment of Lachnospir-
aceae, Streptococcaceae, and Leuconostocaceae has
been associated with egg sensitization [37

&

], whereas
milk allergy resolution has been associated with a
greater abundance of Clostridia and Firmicutes [38].
There is speculation that low biodiversity and dys-
biosis (microbial imbalance) cause decreased pro-
duction of short-chain fatty acid and create a pro-
inflammatory and Th2-weighted immune system
[39]. One study showed that the microbiota trans-
ferred from allergic infants to mice led to the devel-
opment of a Th17 inflammatory signature [10

&&

].
However, it can be difficult drawing direct lines

between specific microbes and disease outcomes
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FIGURE 1. Microbiome development is influenced by several factors, resulting in establishment of a population, which
influences health and disease during infancy over the lifetime. Particular microbial influences have been associated with atopic
responses (asthma, allergic rhinitis, food allergy, and atopic dermatitis) whereas others have been associated with absence of
these conditions and environmental tolerance.
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because similar microorganisms have been reported
to have different atopic effects in different studies.
For instance, although a few studies show support
for the association between Lachnospira abundance
and allergy development, other studies have sug-
gested Lachnospira may protect against allergy. In
the Canadian Healthy Infant Longitudinal Develop-
ment (CHILD) cohort, decreased Lachnospira and
1040-8703 Copyright � 2019 Wolters Kluwer Health, Inc. All rights rese
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increased Clostridium neonatale at 3 months were
associated with the development of asthma at pre-
school age [40]. Further studies of this Canadian
cohort found that decreases of the genera Lachno-
spira, Veillonella, Faecalibacterium, and Rothia in the
first 100 days of life were associated with the devel-
opment of asthma. In addition, the transfer of
these microbes to germ-free mice decreased airway
rved. www.co-pediatrics.com 3
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inflammation [41]. In another study of children
from infancy to school age, children with IgE-asso-
ciated allergic disease at 8 years of age had an
enrichment of Bifidobacterium in their gut and a
depletion of Lachnospira, Lactobacillus and Enterococ-
cus compared with nonallergic children [42

&

]. Other
studies have shown opposite associations for Veillo-
nella spp. and Bifidobacterium spp. A study of Danish
children found that a higher abundance of Veillo-
nella spp. but a lower abundance of Bifidobacterium
spp. (along with Roseburia, Faecalibacterium, Alis-
tipes, Lachnospiraceae incertae sedis, Ruminococcus,
and Dialister) at age 1 were associated with increased
risk of asthma at age 5 [43

&

]. Regional, environmen-
tal, and industrial influences may explain some of
the differences between study outcomes, along with
individual variations in metabolic pathways and
diet. In one study of rural Ecuadorian infants with
atopic wheeze, dysbiosis was also found at age 3
months, similar to the Canadian Healthy Infant
Longitudinal Development (CHILD) cohort with
atopic wheeze. However, a different set of micro-
organisms, including fungi, were implicated, indi-
cating geographic and population influences in
dysbiosis [44

&

]. Results may also be difficult to com-
pare because many studies are only able to identify
bacteria within a higher taxonomic rank (class,
order, or family) rather than a lower taxonomic rank
(genus, species), which contains fewer taxons but
offers greater specificity. Consequently, it is unclear
whether a small or large number of genera or species
are associated with the outcome of interest.

Not only does the type of microbe matter, but
also the maturity and diversity of entire microbial
populations. Lower microbial maturity at 1 year of
age was associated with development of asthma by
age 5 [45,46]. Specific patterns and combinations
may also provide potent immune influences. One
example is seen in a United States cohort in which
gut microbial composition at 3 months of age was
associated with childhood atopy and asthma [45].
Infants at highest risk of developing asthma and
atopy had depletions of Bifidobacteria, Lactobacillus,
Faecalibacterium, and Akkermansia, as well as higher
abundance of the fungi Candida and Rhodotorula.
Interestingly, their fecal metabolome (total metab-
olites found in stool) had enriched pro-inflamma-
tory metabolites, and when adult peripheral T cells
were cultured in fecal water from these infants, there
was an increase in CD4þ T cell IL-4 production and a
decrease in abundance of CD4þCD25þFOXP3þ
(Treg) cells. This finding is remarkable because IL-
4 stimulates IgE production whereas Tregs play a
role in downregulating the immune system
and preventing autoimmunity. Therefore, increased
IL-4 in the context of decreased Treg function would
4 www.co-pediatrics.com
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be expected to drive allergic inflammation and sen-
sitization.

The subject of atopic dermatitis, skin barrier
function, and allergic sensitization is a growing area
of interest given that the presence of severe atopic
dermatitis is a risk factor for food allergy [47

&

].
Specific perturbations in the gut microbiome may
influence the development of atopic dermatitis. In
Korean infants, depletion of the species Akkermansia
muciniphila, Ruminoccocus gnavus, and Lachnospira-
ceae bacterium 2_1_58FAA actually seems to
decrease components of normal immune develop-
ment, such as antigen processing and presentation
through gene expression [48

&

]. In a multicenter
study, infants with atopic dermatitis by 18 months
of age had lower levels of two Enterobacteriaceae
genera and increased levels of Parabacteroides spe-
cies. There were also decreased levels of lactate-
utilizing, butyrate-producing Eubacterium spp. and
Anaerostipes spp. [15

&

]. Similar to the results of stud-
ies on the development of allergic disease, the devel-
opment of atopic dermatitis specifically was also
associated with reduced fecal microbiota diversity
in infancy [49].
Prevention and treatment of allergic disease
through the microbiome

A variety of interventions have been proposed to
prevent and treat allergic disease. These include: diet
changes, prebiotics and probiotics, decreased cesar-
ian section (C-section) deliveries, vaginal bacterial
transplantation after C-section, decreased antibiotic
use, and decreased use of acid-suppressive medica-
tions in infancy [39,50

&&

,51
&&

,52,53]. Environmental
exposures have also been implicated in the develop-
ment of atopic disease [54,55

&

,56
&

].
Dietary exposures associated with the preven-

tion of allergic disease include consuming more
breastmilk, ever consuming unpasteurized cow’s
milk, and dietary fiber. Breastmilk feeding, com-
pared with formula feeding, has been associated
with a more protective gut bacterial structure in
infants [57] and may decrease risks for atopic der-
matitis and asthma in early childhood, increase the
likelihood of preschool eczema remission, and even
protect against recurrent cough in adulthood [58–
60,61

&

,62
&

]. Ever consuming unpasteurized cow’s
milk has been associated with decreased risk of
asthma, rhinoconjunctivitis, and environmental
and food sensitization, though obvious safety con-
cerns persist [63]. Dietary fermentable fiber also
confers benefits. Mice fed a high-fiber diet had
increased levels of short-chain fatty acids and were
protected from allergic lung inflammation [52] and
food allergy [64]. Depriving the gut microbiota of
Volume 31 � Number 00 � Month 2019
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dietary fiber leads to degradation of colonic mucus
and increased susceptibility to pathogens [65], and
as mentioned earlier, dietary co-factors may be a
critical and often overlooked factor in microbiome
health.

The administration of probiotics has been
extensively investigated and found to have mixed
effects in altering gut microbiome composition and
preventing the development of allergic disease. Lac-
tobacillus spp. supplementation has been shown to
modify the gut microbiota of infants at high risk for
asthma development [66

&&

]. However, in another
analysis, supplementation with a probiotic mixture
to mothers in the last 6 weeks of pregnancy and to
infants during the first year of life was associated
with only minor and short-term differences in gut
microbiota composition [67]. Although prenatal
and postnatal supplementation with Bifidobacteria
was found to be effective in preventing atopic der-
matitis in a Japanese cohort [68], supplementation
with Lactobacillus rhamnosus GG in the first
6 months of life was not found to prevent develop-
ment of atopic dermatitis or asthma at 2 years of age
in an United States cohort [69

&&

]. Bacterial extracts,
such as the immunostimulant OM-85, have been
found to be effective in preventing wheezing attacks
in young children [70]. Additionally, probiotic use
to supplement oral immunotherapy has been
explored [71,72

&

] and may be cost-effective [73
&

],
but direct comparison of oral immunotherapy with
and without probiotic supplementation requires
further study.

C-section delivery has been associated with dif-
ferences in gut microbiome composition compared
with vaginal delivery [57] as well as with increased
risk of asthma, autoimmunity (ulcerative colitis,
celiac disease, juvenile idiopathic arthritis), and
infection (laryngitis, lower respiratory tract infec-
tion, and gastroenteritis) [74]. The transfer of vagi-
nal bacteria to babies born by C-section has been
proposed to expose these infants to normal vaginal
microbiota [53]. However, new evidence suggests
that the exposure to the maternal vaginal flora
may not be as important as exposure to maternal
rectal microbiota during birth. One study profiling
the microbiota of 42 mother–infant pairs showed
that there was actually greater overlap between
infant gut and maternal rectal – rather than vaginal
– microbiota [75

&

].
Certain environmental exposures have also

been shown to be associated with gut microbiome
structure and development of allergies. Living with
both siblings and furry pets has been found to affect
gut composition in infants [56

&

] and increase micro-
biota diversity [76]. A landmark study of Amish and
Hutterite children showed significantly lower
1040-8703 Copyright � 2019 Wolters Kluwer Health, Inc. All rights rese
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prevalence of asthma in the Amish compared to
the Hutterites despite their common ancestry [54].
The Amish farms of Indiana use traditional farming
practices on small family farms, whereas the Hutter-
ite farms in South Dakota are more industrial. Farm
dust endotoxin has been found to be protective
against allergy development [77], and accordingly,
Amish children – whose home dust endotoxin lev-
els are almost seven times higher than those of
Hutterite children – had a lower prevalence of
asthma. Differences in the characteristics of the
innate immune system between the groups included
an increase in genes encoding anti-inflammatory
enzymes and more monocytes with decreased
expression of HLA-DR and increased expression of
ILT3 (both indicating anti-inflammatory function)
in Amish children [54].

H2-antihistamines are sometimes used in infants
for regurgitation, and there is evidence that they
could be associated with allergy development. His-
tamine, a biogenic amine, is not only secreted by
mammalian cells, but also by gut microbes [78

&

].
Histamine-2 receptor blockers have been found to
lower the diversity of the gut microbiota of prema-
ture infants (also decreasing Firmicutes while
increasing Enterobacteriaceae species) [79]. Some
older studies have suggested that histamine enhan-
ces T helper 1-type responses [80,81]. Recent studies
have shown that acid-suppressive medications,
including H2 blockers, used in the first 6 months
of life are associated with subsequent development
of allergic disorders, such as food and drug allergies,
allergic rhinitis, anaphylaxis, and asthma [51

&&

].
CONCLUSION

In reviewing the literature regarding the association
between the gut microbiome and allergy develop-
ment, a number of patterns have emerged. Reduced
gut microbial diversity in infancy and inadequate
colonization with beneficial microbes have been
associated with the development of allergic disease.
A number of factors could be responsible for intesti-
nal microbial dysbiosis. These include infant deliv-
ery mode, diet, antibiotic exposure, acid-suppressive
medications use, and environmental exposures.
Studies of the use of probiotics to improve the
microbiome have produced mixed results, and fur-
ther investigations are needed to understand the
importance of specific microbial patterns, prebiot-
ics, developmental stages, and diet cofactors. Simi-
larly, the relationship between allergy treatments
and the gut microbiome deserves attention to deter-
mine if treatments have an actual effect on gut
microbial composition and whether success is
dependent on correcting the dysbiosis. Greater
rved. www.co-pediatrics.com 5
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understanding of dietary and environmental
interventions is needed to help prevent disease in
children at risk for developing allergies, with focus
on the optimal timing, delivery, and context
of therapies.
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