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Abstract The prevalence of asthma and allergy has been
constantly increasing in Westernized countries in the last
decades. Asthma and allergies are complex diseases with a
local tissue inflammation that are determined by genetic and
environmental factors. Because the commensal microflora is
crucial to maintain inflammatory homeostasis and to induce
immune regulation, the microbiome may play an important
role for the development of allergic conditions. New tech-
niques such as next-generation sequencing methods give the
opportunity to explore the microbial community structure of
the human body comprehensively. In this review, we will
discuss the available literature concerning the human micro-
biota and asthma and allergy development and occurrence.
The focus is on studies of the local microbiome of the place of
inflammation, the gastrointestinal microbiome, and the influ-
ence of intrinsic factors relating to the host and extrinsic
factors relating to the external environment on the
microbiome.
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Introduction

Microbes are ubiquitous. They are in water, soil, air, and in
and on plants and animals. Microbes have been around for
billions of years and adapted to their environment and envi-
ronmental changes. In a symbiotic manner, microbial meta-
bolic activities are crucial for the surrounding environment.
For several decades starting more than a century ago, isolation
and cultivation have been the main techniques to analyze
microbes of a specific environment. Gram staining and mor-
phological and metabolic characterization were mainly used
for differentiation. Over the years, it became obvious that only
a minority of microorganisms could be cultivated in the lab-
oratory [1]. For certain environments, just about 1 % of the
microbes are culturable [2]. This is caused by the fact that we
do not know the conditions microbes require for growth.
Additionally, we introduce stresses by applying cultivation
conditions, which, for example, include oxygen exposure
and breaking symbiotic interactions.

Microbiologists kept on looking for new methods to un-
ravel the whole microbial diversity. In 1977, Woese and Fox
[3] discovered that the nucleotide sequence of 16S ribosomal
RNA (16S rRNA) (see Table 1 for a glossary of terms),
present in every bacterial and archaeal cell, can be used for
phylogenetic classification. 16S rRNA is a component of the
30S small subunit of prokaryotic ribosomes and contains
highly conserved regions among all bacteria. These conserved
regions flank sequence regions that are variable among differ-
ent bacterial species, altogether nine of them (V1-V9). The
variable regions permit phylogenetic classification of the dif-
ferent microbial groups and species. In the last decade, several
techniques combining high throughput methods such as
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Table 1 Glossary of terms

Term

Explanation

Microbiome
16S rRNA gene

PhyloChip

Next-generation sequencing
(NGS)
Phylogenetic classification

Taxonomy

Dysbiosis

Gut-lung axis
Short chain fatty acids
Polysaccharide A

Probiotics
Prebiotics

All microorganisms present in or on the human body or other environments
(e.g., human microbiome, soil microbiome)

Component of the 30S subunit of prokaryotic ribosomes used for bacterial
and archaeal classification

Phylogenetic DNA microarray with oligonucleotide probes against 16S rRNA
genes with the ability to identify bacteria and archaea from complex microbial
samples; detection limited to probes on the chip; only known 16S rRNA
genes may be detected

High-throughput DNA sequencing; through the use of barcodes, several samples
may be sequenced at the same time

Classification of organisms based on their assumed evolutionary histories and relationship

Classification of the organisms in a rank-based classification (from high to low for Haemophilus influenzae): domain
(bacteria)— phylum (Proteobacteria)— class
(y-Proteobacteria)— order (Pasteurellales)— family (Pasteurellaceae)— genus
(Haemophilus)— species (Haemophilus influenzae)

Deviation from an optimal, health promoting microbial community through (i) loss of
beneficial microorganism, (ii) expansion of potentially pathogenic microorganisms,
and (iii) loss of overall microbial diversity [4]

Communication way from the gut to lung, based on observational changes in
gut microbiome effecting lung immunity

Metabolic products of dietary fibers produced by commensal gut bacteria
(e.g., acetate, propionate, butyrate)

Zwitterionic capsular polysaccharide—immunomodulatory molecule produced
by Bacteriodes fragilis

Living microorganisms that are supplemented to provide health benefits

Non-digestible food component that supports beneficial bacterial colonization

microarray or next-generation sequencing (NGS) with 16S
rRNA gene analysis were developed. One of them, the
PhyloChip, is a phylogenetic DNA-microarray with oligonu-
cleotides binding different bacterial and archaeal 16S rRNA
genes [5]. The actual PhyloChip G3 permits the detection of
over 50,000 different taxa [6]. With the help of NGS, the 16S
rRNA genes from several barcoded samples can be sequenced
in parallel. The taxonomic classification of the bacteria can be
obtained by comparing the sequences against databases in-
cluding 16S rRNA sequences such as the National Center for
Biotechnology Information (NCBI; http:/www.ncbi.nlm.nih.
gov/nucleotide ) or specialized databases like the Ribosomal
Database Project (RDP; http://rdp.cme.msu.edu ), Greengenes
( http://greengenes.Ibl.gov/cgi-bin/nph-index.cgi ) or SILVA
( http://www.arb-silva.de ). Both methods are used to study
complex bacterial communities. They open up the
possibility to characterize microbial communities in a depth
not known before. They allow drawing a comprehensive
picture of the microbial composition and diversity of a
certain environment.

Microbes are present not only in the environment but also
in and on human beings. The human body harbors tenfold as
many microbial than human cells and orders of magnitude
more microbial genes than the human genome [7]. In 2008,
the Human Microbiome Project was launched in the USA with

@ Springer

the goal of identifying and characterizing the microorganisms
that are found in association with healthy human adults [8e].
Five body parts were analyzed (gastrointestinal tract, skin,
oral cavity, nasal cavity, urogenital tract). Each body habitat
harbors a characteristic microbiome. Within the same body
habitat, the microbiome is variable between different individ-
uals and over time [9, 10].

The best analyzed human microbial compartment is the
gastrointestinal tract. The current knowledge about the gas-
trointestinal microbiota, also referred to as gut microbiota, is
mainly based on fecal samples, due to its easy accessibility.
But the gastrointestinal tract has a specific anatomy with
different environmental conditions and different microbial
communities. The microbial diversity differs between the oral
cavity (highest diversity), the stomach (lowest diversity), and
different parts of the intestines (increased diversity from stom-
ach to stool) [11]. Dominated by anaerobes, commensal bac-
teria play an important role in gut homeostasis. They are
involved in the conversion of indigestible food components,
production of essential vitamins and cofactors, regulation of
epithelial development, and instruction of immune maturation
[10, 12—17]. One of the most important factors influencing
diversity and composition of the gut microbiome may be the
diet. The skin microbiome shows the greatest diversity within
the different body sites with high intra- and inter-individual
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differences [11]. It seems rather obvious that the skin
microbiome is highly influenced by the environment. Not
long ago, the lung was thought to be sterile but recent studies
revealed the existence of a lower airway microbiome [18].

It appears that each adult human gut has a unique microbial
community, with a structure that remains stable on the time
scale of months [10, 19]. After birth, the infant intestinal tract
progresses from sterility to extremely dense colonization in
the first 3 years of life, resulting in a distinct colonization that
is very similar to that found in the adult intestine [20-23]. An
equilibrated colonization with commensal bacteria is benefi-
cial to protect from invasion and colonization with pathogens
[24¢]. From studies in germ-free mice, we know that gut
microbes interact with the host tissue, especially the epitheli-
um and lymphatic tissue like Gut/Mucosa Associated
Lymphatic Tissue (GALT/MALT). This is crucial to guarantee
efficient immune activation in case of pathogens but also to
protect from chronic inflammation to a broad spectrum of
commensal bacteria. Microbes impact on both the develop-
ment of local tissue and of the immune system. Microbial
colonization is furthermore essential for the development of
lymphoid structures [25] and immune cells like natural killer
cells (iINKT), and T and B cells [24, 26-28]. In germ-free
mice, lymphatic tissue size is reduced and lymph nodes and
GALT/MALT are underdeveloped [25]. The numbers of pro-
inflammatory cells like invariant natural killer T cells are
increased in the gut and also in the lung of germ-free mice
[29¢]. Depending on gut microbial colonization, regulatory T
cells (Treg) are induced [30] which is important in maintain-
ing tissue homeostasis and protecting from chronic
inflammation.

Several inflammatory diseases, such as inflammatory bow-
el disease [31, 32] and rheumatoid arthritis [33, 34], have been
associated with gut microbial alterations. In this review, we
focus on asthma and allergy as T helper (Th) 2-driven inflam-
matory diseases and will discuss how microbial diversity may
affect disease pathogenesis and development. Asthma and
allergies are complex diseases that are determined by genetic
and environmental factors. Common to all allergic diseases is
a local tissue inflammation. Because the commensal micro-
flora is crucial to maintain inflammatory homeostasis and to
induce immune regulation, the microbiome may play an im-
portant role for the development of allergic conditions. There
are a number of ways in which the microbiome may contribute
to allergic diseases:

1. The local microbiome is causally related to the new onset
of disease, i.c., the composition of the airway microbiome
determines the development of asthma and the composi-
tion of the skin microbiome determines the manifestation
of atopic dermatitis.

2. The local microbiome is merely a secondary epiphenom-
enon of disease. In other words, the illness creates the

environmental niche where certain bacteria grow and
reproduce well.

3. The local microbiome may trigger or sustain preexisting
inflammation that is induced primarily by the underlying
disease.

4. The gastrointestinal microbiome as the central microbial
body habitat influences asthma and allergy development
at other body sites.

5. The human microbiome is determined by a host’s genetic
background and by environmental microbial exposures.
In other words, the microbiome is the interface between
the host and the environment and thereby influences the
development of allergic diseases.

6. The potential effects of the microbiome described above
may operate in a limited time window in early life when
microbial influences may decide about establishment or
reversibility of disease development.

Not much is known about these potential pathways. In the
following sections, we will discuss the available literature.

Airway Microbiome and Asthma

The mechanistic hallmark of asthma is inflammation of the
lower airways. Until recently, the lower airways were consid-
ered sterile. This paradigm was first challenged by Hilty et al.
[18]. Investigations of the microbiome of the lower airways,
including bronchoalveolar lavage [35], brushings taken at
bronchoscopy [18, 36], and induced sputum [37] have re-
vealed that the microbiome in asthmatic airways has an altered
bacterial composition as compared to the microbiome in
healthy airways. Although there are some inconsistencies
between studies [35], a greater microbial richness and diver-
sity may exist in asthmatic samples [36, 37].

If bacterial diversity is increased in asthma, certain bacte-
rial species may prevail. In several studies, an increased
abundance of the phylum Proteobacteria was seen in asth-
matic samples [18, 37]. A decreased abundance of the phylum
Bacteroidetes also was found in one study [18] but not in
others. Haemophilus spp. (belonging to the phylum
Proteobacteria) was more frequently detected in the orophar-
ynx (upper airways) from toddlers with wheeze [38] and also
in the lower airways of adult asthmatics [18]. Moreover, there
are hints for an association of the presence of Moraxella
catarrhalis (phylum Proteobacteria) or members of the gen-
era Haemophilus or Streptococcus (phylum Firmicutes) in
lower airways with a certain phenotype of asthma, character-
ized by neutrophilic inflammation and resistance to treatment
with steroids [39]. Recently, a study analyzing the fungal
composition of induced sputum samples [40] found several
differences in species composition between asthmatics and
controls. Malassezia pachydermatis, a fungus previously
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associated with atopic dermatitis [41], was one of the more
frequent fungi found in asthmatic samples.

All these studies reveal that there are differences in the
microbial community structure and composition of the lower
airways between asthmatics and healthy controls. But it has
not been determined if these changes are a cause of asthma or
rather a consequence of the disease which may change the
environmental niche for certain microbes to grow and repli-
cate. The strongest evidence for a causal relationship between
the local airway microbiome and asthma comes from prospec-
tive studies in which microbial colonization before the onset
of disease has been investigated. In the prospective study from
Bisgaard et al. [42], the occurrence of Streptococcus
pneumonia, Haemophilus influenzae, and M. catarrhalis in
the hypopharyngeal region of neonates was associated with an
increased risk of asthma later in life [42]. This detection in
neonatal samples before disease onset as well as in asthmatic
patients with established disease suggests that those potential
pathogens may persist and possibly impact on disease initia-
tion and progression.

To further differentiate between the lower airway
microbiome as cause or consequence of asthma, more longi-
tudinal birth cohort studies with repeated sampling are neces-
sary. For epidemiological studies, easier accessible samples
like throat swab samples can be collected, but their validity
with respect to the lower airways is still not clear [43, 44].

Skin Microbiome and Atopic Dermatitis

In atopic dermatitis, there is local inflammation of the skin.
Only one longitudinal study among atopic dermatitis patients
studied the skin microbiome during different stages of inflam-
mation (preinflammation, inflammatory flare, and
postinflammation). A shift in bacterial diversity, a distinct
change in Staphylococcus proportion and also in many non-
staphylococcal species over different time points, was shown.
Especially in untreated patients, the species diversity was
reduced and the proportion of Staphylococcus (predominantly
Staphylococcus aureus, but also prominently Staphylococcus
epidermis) at flare sites was increased [45¢]. Therapy restored
microbial diversity.

Bacterial superinfection with S. aureus is one of the
common complications in atopic dermatitis. It is not
clear whether a change in skin inflammation first trig-
gers changes in species composition, allowing over-
growth with Staphylococcus, or if Staphylococcus over-
growth is a primary event that enforces other species to
change in abundance and triggers inflammation. But
reversibility of bacterial diversity through treatment in-
dicates that underlying skin inflammation is crucial for
aberrant bacterial colonization.
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Gut Microbiome and Food Allergy

Food allergy differs from asthma and atopic dermatitis as it
elicits a large variety of symptoms in different organs.
Symptoms may originate in the gastrointestinal tract like
nausea, vomiting, or diarrhea, but aggravation of preexisting
atopic dermatitis or systemic anaphylactic reactions also can
occur. This symptom pattern may reflect a central role of the
gut for the development of allergic diseases. With respect to
food allergy, a recent publication demonstrated that gut mi-
crobial composition, but not diversity, was altered in infants
with food allergy as compared with healthy controls [46].
Especially the phyla Bacteroidetes, Proteobacteria, and
Actinobacteria were reduced, whereas Firmicutes were
enriched [46].

Influences of the Gastrointestinal Microbiome on Asthma
and Allergy

There are several studies strongly suggesting that gut micro-
bial colonization does not only have a local but also a systemic
immune regulatory effect [29+, 47, 48]. Children developing
asthma or allergies may have a lower gut microbial diversity
in the first year of life as compared to healthy children [49,
50ee, 51]. Infants developing allergic sensitization or atopic
dermatitis later in life had less Enterococci and Bifidobacteria
but more Clostridiae in the early gut microbiome [52—54]. But
what exactly is the underlying mechanism by which the gut
microbiome influences the inflammation in other organs? Is
there a communication between the gut and other organs like
the lung? If the interaction/communication is not mediated by
the microorganisms themselves, could migratory immune
cells and immune mediator release or bacterial metabolites fill
up this missing link [55]?

Several results from experimental studies in asthma mouse
models point towards the existence of a gut-lung axis through
the immune system involving a number of different immune
cells [29e, 47, 48, 56¢¢]. Oral infection of mice with the human
gastric pathogen Helicobacter pylori has been shown to sig-
nificantly reduce airway hyperresponsiveness, tissue inflam-
mation, and goblet cell metaplasia [47]. This protection
against experimentally induced asthma was associated with
an increase in pulmonary regulatory T cell infiltration and
impaired dendritic cell (DC) maturation. Another study in
germ-free mice demonstrated a positive correlation between
the accumulation of invariant natural killer T cells in the lung
and increased morbidity and asthma severity [29¢]. Both
studies addressed living microorganisms. Zhang et al. [48]
showed that also the oral administration of lysed and heat-
killed bacteria might be effective. Dead Enterococcus faecalis
FK-23 cells suppressed Th17 cell development in the lung and
attenuated allergic airway responses. Consequently, it is
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conceivable that not only colonization with living bacteria
may be important but also exposure to bacterial components
may induce immune tolerance. Furthermore, metabolic prod-
ucts of microbes such as short chain fatty acids [56¢e, 57, 58]
or zwitterionic polysaccharides containing both positive and
negative charges, such as polysaccharide A from Bacteroides
fragilis [59, 60], may play an important role in mediating
inflammation. In a recent study, Trompette et al. [S6°¢] dem-
onstrated that an increased level of circulating short chain fatty
acids was protective against allergic lung inflammation in an
experimental asthma model. Increased levels of systemic short
chain fatty acids influenced DC hematopoiesis and function.
These experimental studies show clear evidence for the exis-
tence of a gut-lung communication mediated by immune
regulation. But the exact mechanism by which the gut micro-
biota influences the development of experimental allergic
asthma has still to be clarified.

Intrinsic and Extrinsic Factors Affecting Asthma
and Allergy Development via Microbial Interactions

Intrinsic factors relating to the host and extrinsic factors relat-
ing to the external environment may influence the human
microbial community structure affecting asthma and allergy
development (Fig. 1). Genetic host factors may determine
microbial homeostasis or dysbiosis by altered bacterial recog-
nition or binding on body surfaces. This might provide differ-
ent proliferation and growth conditions as well as induce
different tissue or immune reactions [61]. The hypothesis of
infectogenomics or genetic dysbiosis suggests that some indi-
viduals are predisposed to develop inflammation towards
microbes or microbial components by misrecognition, which
may result in the development of inflammatory diseases like
asthma or allergies.

Extrinsic factors such as the surrounding environment,
birth mode, diet, or antibiotics may also influence asthma
and allergy development by affecting the human microbiome.
Interactions between environmental and host microbes may
elicit microbial disturbances at mucosal surfaces. In turn,
microbial exposure is essential for the development of a
healthy human microbiome [25]. Several studies suggest that
the exposure to a rich environmental microbial flora is pro-
tective against the development of asthma and allergy [62,
63]. Ege et al. [62¢] showed that children who lived on
traditional farms have a lower prevalence of childhood asthma
and atopy. In contrast to the reference group, they were
exposed to a greater variety of environmental microorgan-
isms. It has been suggested that farm exposures permit pro-
tection via the microbial species associated with these envi-
ronments. Certain bacteria isolated from protective farm en-
vironments have been shown to mediate potent anti-allergic
effects in mouse models [64—66].

Epidemiologic studies indicate that the perinatal and post-
natal period represents an important window of opportunity to
modulate immune responses, affecting the development of
asthma and allergy later in life. Farm studies indicate that
environmental microbial exposure during pregnancy and
within the first 3 years of life are important [67].
Experimental studies in mice support this notion showing that
exposures to certain microbes are most protective against
airway inflammation when given during the perinatal life span
[68] or the neonatal period [29¢, 47]. During the first 2 weeks
after birth, an increase of bacterial load in murine lungs with a
shift from predominant Gammaproteobacteria and
Firmicutes towards Bacteroidetes was associated with de-
creased aeroallergen responsiveness [69].

The first direct microbial exposure a human being has in
life is during birth. Mode and place of delivery have been
associated with the manifestation of wheeze, atopic eczema,
and asthma until school age, mediated by specific bacterial
groups [54]. A higher abundance of Bacteroides and
Bifidobacteria, both discussed as protective microorganisms,
was described in vaginally home-born term infants [70]. In
contrast, preterm children who were born by cesarean section
in hospital showed more frequent colonization with the facul-
tative pathogen Clostridium difficile, which was associated
with disease development [70]. Gut microbial diversity was
found to be lower after cesarean section during the first 2 years
of life. The decreased diversity was associated with reduced
Th1 chemokine levels in peripheral blood [71]. Diet plays a
dominant role in the development of the gut microbiome [72].
Longer duration of breast feeding was shown to be protective
against the development of wheeze and eczema in infants
[73]. Breast-fed infants have a gut microbiome dominated
by Bifidobacteria, whereas colonization rates of C. difficile
and Escherichia coli were higher in formula-fed infants [70,
74]. Vaginal birth and breast feeding as the natural way of
microbial exposure permit the infant to interact with the
human flora very early in life. Human beings and microbes
adapted to each other over thousands of years to form a well-
defined symbiosis. Therefore, microbial transmission from the
mother may be essential to establish a healthy infant
microbiome.

Other studies showed that exposure to pets, such as dogs, in
early life may protect against allergic sensitization and allergic
disorders [75, 76]. The bacterial community structure in house
dust is significantly impacted by the presence of dogs [77-79].
Moreover, dog ownership significantly increased the number
of shared skin microbiota between humans. In a study by
Song et al. [80], household members shared more of their
microbes than individuals from different households. Thus,
direct and frequent contact with our cohabitants (human and
animal) may significantly shape the composition of our mi-
crobial communities [80]. In a recent study, Fujimura et al.
[81] exposed mice by gavage to dog-associated house dust.
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Fig. 1 The microbiome-
mediated genetic and
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This dust was protective against allergen-mediated airway
pathology. The gut microbiome of mice fed dog-dust was
found to be enriched with Lactobacillus johnsonii. The oral
supplementation with L. johnsonii mediated airway protection
in the mouse model.

Supplementation with protective microbiota in infants is
heavily discussed. Numerous pre- or probiotics have been
tested to enforce the establishment of a protective
microbiome. Despite the many studies, reproducible results
and clear treatment strategies are still missing. The existing
studies often have limited case numbers and show a broad
range of protocols that differ either in time point and duration
of intervention or in mixture of bacterial strains for prevention
or treatment. Despite all these inconsistencies, there might be
a protective effect of a probiotic treatment with Lactobacillus
alone or with a mix of Lactobacillus and Bifidobacterium for
the prevention of atopic dermatitis, especially when given in
the pre- and postnatal period [82¢]. Results on the effect on
allergic sensitization remain unclear [83, 84], and a beneficial
effect of pre-/probiotic treatment for wheeze and asthma has
not been demonstrated [85]. However, both asthma and atopic
sensitization develop progressively until school age, and the
follow-up of the probiotic studies has not exceeded 3 years of
life. Therefore, repeated studies with identical protocols and
longer follow-ups are needed to develop evidence-based clin-
ical treatment or prevention recommendations.

Further, the use of antibiotic treatment in early life has been
scrutinized as a risk factor as it may disturb the gut
microbiome and thereby affect immune maturation and toler-
ance induction. Several studies suggest a positive association
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from asthma and allergy risk with the use of broad spectrum
antibiotics in early life [86-88]. However, confounding fac-
tors like respiratory infections as indication for antibiotic use
(reverse causation) or subgroup analyses may bias these re-
sults. In fact, after adjustment, most studies no longer found
increased risk of asthma and allergies associated with antibi-
otic use [89+, 90].

Conclusions

We are at the very beginning of unraveling the complex
network between the human body and the indigenous and
environmental microbiome in health and disease. The number
of publications regarding the microbiome in association with
asthma and allergy has been rising significantly in the last
years, but differences in sampling methods, experimental
protocols, and bioinformatic and data analysis complicate
comparisons. There appears some evidence that the microbial
community of the lower airways differs between asthmatics
and controls. But it remains to be seen whether these differ-
ences are cause or consequence of the disease. There is some,
but still limited, evidence that the gut microbiome may con-
tribute to asthma and allergy development. The clinical appli-
cation of these findings is still unclear. Although the supple-
mentation with probiotics seems a promising preventive ap-
proach by stabilizing microbial homeostasis, the available
literature remains inconclusive and no clear recommendations
can be given. Future studies investigating the very same
probiotic mixes in large, very well-characterized populations
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with rigorous and standardized study instruments and suffi-
cient follow-up are needed to understand better the potential
benefit of such interventions and eventually develop clear
recommendations. Lifestyle factors such as cesarean section,
formula feeding, or the use of antibiotics may disturb micro-
bial homeostasis, but again, there is no unequivocal evidence.
In particular, the potential harm of antibiotic use has been
overestimated as most of the effects disappeared after proper
adjustment.
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