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While certain bacteria and respiratory viruses promote local

inflammation and disease onset, a more diverse colonization of

the different species in the (gut) microbiome may be linked to

more regulatory responses and protection against asthma and

allergies. These processes are also influenced in part by food

intake, both targeting the composition of the gut microbiome

and influencing the immune system via metabolites. Early life

environmental microbial exposure also contributes to

protection against asthma and allergy and is linked with an

early activation of the innate immune system and the

development of regulatory immune responses. Although

greater mechanistic insight is needed, it is tempting to

speculate that part of the environmental effect can be

explained by modulation of the microbiome composition at

mucosal surfaces, epithelial barrier function and/or local

immunity. A review of the latest studies is provided.
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Introduction
Children with asthma and respiratory allergies suffer from

symptoms of the upper and lower airways. Here, the

airway epithelium is the first site of contact between

inhaled allergens and the body, and is composed of

various cell types, including basal cells, ciliated cells,
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mucus-producing goblet cells and club cells. It not only

acts as a selective physical barrier against inhaled com-

ponents, but is also actively involved in host defense,

inflammation and immunity [1]. This is illustrated by the

ability of airway epithelial cells to mount robust antimi-

crobial responses, produce pro-inflammatory mediators

and contribute to resolving inflammation. Airway epithe-

lial cells are also actively involved in regulation of adap-

tive immunity, and may orchestrate Th2 immunity and

tolerance in allergy and asthma by for example recruiting

and activating dendritic cells (DC) and type 2 innate

lymphoid cells (ILC2) [2]. Recent studies have highlight-

ed a role for the epithelial barrier and its interaction with

the innate immune system in preventing or reducing

allergic and/or asthmatic symptoms [3,4]. An intact barrier

layer reduces allergen passage, contributes to host de-

fense against infection and enhances protective innate

immune responses. Variations in several genes are asso-

ciated with asthma and allergies, and a substantial num-

ber of these genes are specifically expressed in epithelial

cells and contribute to their barrier function. In addition, a

variety of environmental (e.g. air pollution, smoke, aller-

gens and respiratory pathogens) and endogenous triggers

(e.g. inflammation) may decrease or increase epithelial

barrier function suggesting that gene-environment inter-

actions are central to the role of epithelial cells in allergy

and asthma.

In the past 50 years childhood asthma and allergies have

markedly increased. It is suggested that this partly results

from microbial changes in the environment. Here we will

discuss recent studies on how these microbial changes

may affect the barrier function and local immunity in the

lung and the subsequent development of allergic airway

diseases. These studies highlight the importance of early-

life events by these environmental triggers, suggesting

that there is a window of vulnerability for development of

allergies and asthma which can be turned into a window of

opportunity for early intervention aimed at the preven-

tion of development of these diseases (see also Figure 1).

Role of respiratory infections and the airway
microbiome
The conventional view that the larger part of the lung is

sterile has recently been challenged especially due to the

availability of high-throughput sequencing methods for

analysis of microbes not captured by conventional culture
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Early environmental factors shaping childhood asthma and allergy.

The basis for healthy lungs starts with an intact lung epithelial barrier, keeping pathogenic micro-organisms and allergens at bay and maintaining

local immune homeostasis, in which innate antimicrobial responses and regulatory responses are well balanced. Early environmental factors can

be distinguished that are of protective or destructive influence on the lung barrier. For example, exposure to air pollution, the presence of certain

pathogenic bacteria in the lung microbiome, combined with a relative low abundance and richness of the gut microbiome are all associated with

increased risks on early virus-induced wheeze, asthma and allergies. Part of this effect may be explained by an increased type 2 inflammation in

the lung at the expense of innate anti-microbial responses and regulatory cells. In contrast, microbial exposure, including infections with worm

parasites, during a critical early time window in life is associated with protection against asthma and allergies. Examples are found in the

composition of the lung and the gut microbiome, the production of short chain fatty acids (SCFAs) in response to a high fiber diet, the

consumption of milk, growing up on farms. These conditions are linked to reduced type 2 inflammation and more pronounced regulatory cells,

possibly via the modification of lung DCs and enhanced antimicrobial responses.
techniques [5,6]. Several studies have revealed the pres-

ence of an airway microbiome, and showed that the

composition of this microbiome is altered in chronic lung

diseases such as asthma, chronic obstructive pulmonary

disease (COPD) and cystic fibrosis. In both asthma and

COPD, the airway microbiome is enriched with members

of the Proteobacteria phylum (e.g. Haemophilus and Pseu-
domonas spp. [6], suggesting that dysregulation of the

host–microbe relationship may be an important determi-

nant for disease development. Interestingly, a study in

severe asthma demonstrated that specific members of this

airway microbiome are associated with specific asthma

phenotypes [7]. To begin to understand their role in these

processes, it is important to evaluate microbial presence

in (early) childhood and review how these micro-organ-

isms may help to shape (and derange) immune responses

contributing to allergy and asthma development [8].

Early life respiratory tract infections with respiratory

syncytial virus (RSV) and rhinovirus (RV) are of special

interest because of their association with development of

asthma [9,10]. Notably, these viruses target the airway

epithelial cells directly and studies on RV have shown

that airway epithelial cells from asthmatics are more
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susceptible to RV infections due to decreased antiviral

responses. In addition, RV infection of airway epithelial

cells may contribute to Th2 immune responses by in-

creasing epithelial production of innate cytokines such as

IL-25 and IL-33 [11�,12��]. These observations help to

explain the role of virus infections during and following

asthma exacerbations. Interestingly, various studies also

suggest a role for early viral infections to increase the risk

to develop asthma, which has been further explored in

experimental models. For example, when comparing

neonatal mice to adult mice, RV infection caused more

pronounced IL-13 and IL-25 production, mucus hyper-

secretion and airway hyperresponsiveness in neonatal

mice [13]. These mechanisms were mediated by IL-25

as demonstrated by antibody-mediated blockade, and

involved production of IL-13 by ILC2s. Although the

authors noted that higher RV titers are needed in mice

than in humans, and that RV replication is more pro-

nounced in neonatal mice, this study provides new insight

into the role of early-life infection in asthma develop-

ment. Interestingly, parallel findings were recently

reported in a mouse model of RSV infection, showing

that neonatal RSV infection causes an IL-33-mediated

induction of ILC2s and Th2 immunopathology that is
www.sciencedirect.com
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characteristic of RSV infection [14]. These observations

of RV-mediated and RSV-mediated Th2 type inflamma-

tion in neonatal models are in line with for example the

observation of high titers of IgE antibodies directed

against house-dust mite (HDM) allergen in wheezing

children infected with RV [15].

The first association between bacterial presence in the

(upper) airways and development of recurrent wheeze,

asthma and allergy was demonstrated in a birth cohort of

children born to mothers with asthma [16]. Here, the

presence of Streptococcus pneumoniae, Haemophilus influen-
zae or Moraxella catarrhalis in nasal samples from neonates

was associated with increased risk of asthma diagnosis at

the age of 5 years. Whereas this association can also be

explained by a shared risk for wheeze, asthma and infec-

tion, other studies provided further evidence for such

relationships. For example, defective antibody responses

to H. influenzae and S. pneumoniae were reported in chil-

dren that are sensitized to HDM [17], and characteriza-

tion of their nasopharyngeal microbiome demonstrated

that its composition was associated with infection spread

to the lower airways, severity of inflammation, and —

especially for S. pneumoniae — increased risk for asthma

development [18��]. Importantly, early life viral infec-

tions may weaken airway host defenses resulting in

infection with the above-mentioned opportunistic respi-

ratory pathogens and as a consequence, may contribute to

development of asthma. Indeed, interactions between

bacterial and viral infections have been suggested, as

in children aged 4-12 years the presence of RV in nasal

samples increased the likelihood of detecting upper air-

way bacteria, and the detection of RV together with M.
catarrhalis and S. pneumoniae increased the risk of asthma

exacerbations [19].

Collectively these data provide evidence for interactions

between respiratory viral and bacterial infections that are

associated with or even may contribute to the develop-

ment of (persistent) airways inflammation, allergy and/or

asthma. As a result of such infections or altered coloniza-

tion and the ensuing inflammatory process in the airways,

the barrier function of the airway epithelium may be

decreased resulting in increased penetration of allergens.

Nevertheless, it is important to consider that the weak-

ened antimicrobial defenses and an altered microbiome,

as observed in cross-sectional studies, might also be a

consequence of allergy and asthma instead of the cause.

Role of gut microbiome and the influence of
diet
New studies, mostly in mouse models, have suggested

that not only local interactions between the microbiome

and the airway epithelium may affect the balance be-

tween health and disease in the lungs, but also microbe-

host interactions at other, more distant mucosal areas,

such as the gut and the skin. For example, the gut
www.sciencedirect.com 
microbiome maintains a symbiotic relationship with the

host, interacts with the host’s intestinal mucosal immune

system and is critically involved in generating immune

tolerance [20] and immune maturation, such as the for-

mation of B cell memory [21]. Indeed, frequent use of

antibiotics and subsequent dysbiosis early in life is for

example associated with the development of allergic

diseases and asthma [22]. Although this relationship

may not be causal, it is tempting to speculate that part

of the effect is mediated by a defect in the development

of regulatory responses at mucosal surfaces. For example,

LPS of Bacteroides (more abundant in westernized popu-

lations with an increased prevalence of inflammatory

diseases) was less immunogenic compared to LPS of

Escherichia coli and even strongly inhibited the innate

immune signaling and endotoxin tolerance induced by

E. coli LPS. Furthermore, it could not reduce type 1 dia-

betes in NOD mice, suggesting that a predominant

colonization of LPS-silencing bacteria can affect certain

aspects of immune education by microbiota and enhance

the risk to develop inflammatory diseases [23��]. In addi-

tion, mucosal Treg cells were shown to be key players in

the protection against allergic responses such as in the

airways [24]. Furthermore, also IgE production is influ-

enced by the microbiome as germ-free mice or mice with

a low diversity microbiome developed elevated levels of

serum IgE early in life [25]. Importantly, another expla-

nation for the association between early life antibiotic

prescription and childhood asthma may be provided by

the early respiratory diseases for which these antibiotics

were prescribed [26] and an impaired anti-viral immunity

in children with a genetic ‘risk’ variant at chromosome

17q21 to develop asthma [27].

The microbiome not only consists of bacteria, but it is

becoming increasingly clear that also other species like

fungi, viruses and worm parasites are, or can be, part of

this community in the gut. Changes in the abundance of

(specific) gut bacteria will affect the relative abundance

of those other species, or vice versa, and may have

functional consequences for the final immune outcome.

For example, antibiotic treatment with high doses of

clindamycin and cefoperazone was shown to enhance type

2 responses and allergic airway inflammation as a conse-

quence of Candida-induced PGE2 [28]. Alternatively,

other gut microbiome members, like helminth species,

can promote a higher abundance of gut bacteria and a

higher degree of phyla variation [29,30]. It was demon-

strated that experimental helminth infection can have

direct protective effects against secondary challenges by

respiratory viruses [31] or against allergic airway inflamma-

tion in mice [32]. Part of these effects are accomplished via

the formation of regulatory cells [33] or by acting directly

on the epithelium of the airways [34�]. In addition, a recent

study suggested an additional and/or alternative mecha-

nism via the modulation of the gut microbiome and their

capacity to produce short chain fatty acids (SCFAs) [35].
Current Opinion in Immunology 2016, 42:41–47
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SCFAs, such as propionate, butyrate and acetate, are

metabolites produced by the selected species of gut bac-

teria that can be used as energy sources by host cells and the

gut bacteria itself. Their production is influenced by food

intake and diet-mediated changes in the gut microbiome.

SCFA can also profoundly influence the host immune

system, as demonstrated by their ability to directly induce

Treg cells [36], influence DC precursors in the bone

marrow compartment [37��], or to increase (gut) epithelial

barrier function (reviewed in [38]). The importance of

these microbiome-derived SCFA for regulation of allergic

airway inflammation was recently demonstrated in a mouse

model by Trompette et al. [37��]. The authors fed a high

fiber diet to change the composition of the gut microbiome,

resulting in enhanced production of SCFAs such as propi-

onate. This led to accumulation of tolerized DC precursors

in the lungs and increased protection against allergic airway

inflammation [37��].

Milk is one of the earliest dietary components to which

neonates are exposed to. Breastmilk contains indigestible

carbohydrate fibers and a wide range of fatty acids, which

can impact the composition of the gut microbiome and its

capacity to produce metabolites. Interestingly, drinking

of unprocessed farm milk during the first year of life is

strongly linked to protection against allergies and asthma

[39], and the development of more Treg cells [40]. Part of

this effect could be explained by higher levels of peptides

in the whey fraction and unsaturated omega-3 fatty acids

in farm milk compared to shop milk [41]. Although the

composition of the microbiome has not been evaluated in

these studies, it is tempting to suggest that at least part of

the milk effect is due to modifications in gut microbiome.

Altogether, it can be concluded from mouse studies that

the gut microbiome is dominant in shaping the matura-

tion of the immature immune system and the develop-

ment of mucosal tolerance in neonates and that the

composition can be influenced by diet. An early habita-

tion of the gut by a wide range of species, leading to a rich

composition of the microbiome can positively influence

the development of regulatory responses needed to pre-

vent allergic responses at mucosal surfaces, such as in the

airways. Studies are needed to investigate whether this

concept can be extended to newborn children.

Environmental microbial exposure
Recent studies have highlighted a role for environmental

microbial exposure in the education of the immature

immune system and the development of sufficient regu-

latory immune responses in early life, and thus in the

protection against allergies and asthma. Environmental

microbial exposure may exert these effects through mi-

crobial colonization of microbial surfaces, or through other

mechanisms. For example, growing up on traditional,

family-based farms protects against allergies, asthma

and early virus-triggered wheeze [42]. Part of this effect
Current Opinion in Immunology 2016, 42:41–47 
was explained by the exposure to certain gram negative

bacteria and fungi that were found in animal sheds [43]. We

found an increased barrier resistance in cultured human

primary bronchial epithelial cells (PBEC) in response to

farm dust [44], suggesting that environmental microbial

exposure — like on farms — can affect the epithelial bar-

rier in the airways. In this context, it has been shown that

chronic exposure to microbial compounds in farm dust

reduces the innate cytokine production of epithelial cells

via the enhanced expression of A20, an ubiquitin-modify-

ing enzyme that inhibits production of pro-inflammatory

mediators via attenuation of NF-kB signaling. A single

nucleotide polymorphism (SNP) in the A20-encoding gene

of farm children was associated with protection against

asthma risk [45�]. In addition, children with a SNP at the

chromosome 17q21 locus have an increased risk to develop

recurrent wheezing and asthma. In farm children with the

‘risk allele’, animal shed exposure was inversely associated

with early virus-induced wheeze, suggesting that the

17q21 gene locus modulates susceptibility to environmen-

tal influences and virus infections on asthma development

[46�]. The effect of this modulation is likely an altered

maturation of the immune system, a process which has

been linked to different expression of anti-inflammatory

genes and genes that are associated with a risk for allergy

and asthma, and these modifications are probably promot-

ed by a farming environment [47,48].

Similar studies in Karelia at the Finish border with Russia

(still a traditional and rural area), also suggested that a

traditional lifestyle and more green areas around the house

reduce the risk to develop allergic diseases [49,50]. A

recent study among Finnish people pointed at the role

of the skin microbiome, showing a more abundant pres-

ence of Acinetobacter Iwoffii in the skin microbiome of

healthy individuals compared to allergic ones, which was

correlated with a higher expression of anti-inflammatory

molecules by their peripheral blood mononuclear cells

[51�]. This bacterium was also isolated from farm cowsheds

and was able to confer transmaternal protection against

allergic airway inflammation in mice [52]. Furthermore, the

link with development of immune regulatory processes by

commensal bacteria in the skin was confirmed in a study

where increased Treg cell development was found follow-

ing commensal colonization of intact neonatal skin [53].

This effect was limited to a critical time window early in

life, which might be explained by the fact that during this

period the neonatal immune system is still immature and

will develop in a more balanced way (both regulatory and

inflammatory arms) by appropriate external signals from

the environment. Exposure to the commensal flora is

currently considered as one of the first and strongest signals

in this perspective.

The mode of delivery also has a substantial impact on the

first composition of the microbiome: children born by a

caesarean (C)-section initially have a gut microbiome that
www.sciencedirect.com
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is more similar to the skin microbiome. A meta-analysis of

studies comparing vaginal and caesarean deliveries,

showed an increased risk to develop allergies and asthma

during childhood for children born by C-sections [54].

Interestingly, the composition of the gut microbiome

from children delivered by C-section could partially be

restored by immediate exposure to maternal vaginal fluids

after birth [55], but the long-term health impact of the

restoration of the gut microbiome needs to be established.

Questions are raised whether this risk is any different in

elective versus post-labor C-sections, as the process of

labor may ‘stress’ the immune system and form the first

signal to drive immune activation [56]. A recent study

suggested that in addition to the mode of delivery also the

gestational age was contributing to immune maturation of

circulating cord blood cells [57]. It was hypothesized that

neonatal immune maturation is influenced by maternal

hormonal changes that normally initiate labor. Immune

maturation was less prominent in elective pre-labor de-

liveries by C-section compared to C-sections or natural

births at a higher gestational age [57]. In addition, pro-

duction of pro-inflammatory innate cytokines in response

to exposure to various, but not all, TLR ligands was

higher in whole blood cultures from African children in

rural and semi-urban areas compared to Europeans [58].

Since previous studies have pointed at an inverse associ-

ation with allergies and asthma and a high microbial

environmental exposure in rural areas of developing

countries [59], it would be interesting to study the role

of an early development of innate immune responses in

this context.

Altogether, these studies suggest that exposure to envi-

ronmental microbes at early age is a determinant in the

risk to develop asthma and allergies. Although part of this

effect may be explained by the microbiome composition

at mucosal surfaces and a shifted maturation of the

(innate) neonatal immune system, several studies now

also point at an additional role of maternal hormonal and

immune ‘stress’ during birth in the maturation of the

neonatal immune system.

Concluding discussion
Recent developments point to an important role of

changes in early life epithelial barrier function and im-

mune maturation in determining the risk of asthma and

allergy development. These changes are driven by a

variety of factors, including genetic, microbial, diet and

environmental factors, potentially influencing the com-

position of the airway and gut microbiome and the chance

to develop acute respiratory tract infections. Variables

known to influence asthma and allergy development,

including early life exposures, mode of delivery and diet

have been shown or are likely to impact on epithelial

barrier function and promotion of innate, regulatory and

Th2 responses, and involve activation of ILC2s. It will be

important to investigate how these findings on complex
www.sciencedirect.com 
gene-environment interactions at the epithelial surface

can be translated into better prevention strategies for

allergies and asthma. To this end, animal models could

provide important information to further develop such

strategies, but one of the difficulties in studying the role

of a changed microbiome in disease development and

progression is that mouse models pose specific problems.

These include the fact that the murine airway and gut

microbiome is markedly different from that of humans

[60], and the notion that mice are relatively resistant to

bacteria that readily colonize human airways such as

Staphylococcus aureus [61]. As discussed in the previous

paragraphs, despite these limitations animal models have

provided important information on parallel pathways that

are operative in mice and humans. These all point to the

neonatal period as a decisive time window in which

interaction with the microbiome or environmental

microbes can modify the risk for asthma and allergy

development.
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