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Allergies and asthma have increased in prevalence over recent

decades while the development of therapies to treat or prevent

them has stagnated. Genetic predisposition and lifestyle

changes influence the constituents of the microbiome and

these host–environment–microbe interactions represent a key

underlying pressure influencing disease susceptibility.

Consequently, there has been a surge of interest in shaping the

microbiome to a health-promoting state particularly through

nutritional intervention strategies. However, mechanistic

insights into the nutrition–microbe–host interplay are still

needed in order for such approaches to succeed. In addition,

little is known about how trans-kingdom interactions might

influence disease susceptibility and progression. Future steps

toward revealing the underlying mechanisms of host–microbe

interactions will be pivotal for the development of effective

dietary intervention strategies for the prevention and treatment

of allergic diseases.
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Introduction
The prevalence of allergies and asthma has increased over

the last few decades, now affecting 20–30% of the world’s

population [1]. Asthma is a multifaceted disease that is

influenced by risk factors including genetics, upper respi-

ratory tract infections in early life, atopy, and deficits in

lung function [2]. In recent years, a common hypothesis

has been that the rise in allergies and allergic asthma is

due to lifestyle changes, particularly those that influence

the microbiome such as diet, hygiene, and antibiotics [3].

Indeed, antibiotic usage in the first year of life, and thus

disruption of the microbiota, is associated with episodes
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of wheeze, risk of exacerbations, reduced antiviral

responses and increased hospital admissions [4]. Animal

studies support this notion, as germ-free mice (lacking

any microbiome) and young mice treated with antibiotics

exhibit exaggerated allergic airway inflammatory

responses [5,6]. The ongoing development of sequencing

technologies and multi-omics approaches is facilitating

the exploration and potential use of the microbiome in

new preventive and therapeutic strategies. To date,

nutritional interventions (e.g. prebiotics, probiotics or

synbiotics) to alleviate or prevent allergic airway inflam-

mation have been largely unsuccessful. In order to

develop successful personal medicinal nutrition strate-

gies, we require a thorough understanding of the interplay

between nutrition, the intestinal microbiome and host

immunity at different stages of life. In this review, we

address recent advances in the microbiome field and

speculate how manipulation of this complex ecosystem,

by means of nutritional intervention, could lead to effec-

tive approaches to combat allergies and asthma.

Early life: a ‘window of opportunity’ for allergy
and asthma prevention?
In utero

Viviparity gives the unique possibility to nurture and

protect the infant during gestation. The mother’s lifestyle

is thereby inherently linked to the health of her infant.

Mouse models show that colonization of the mother’s

intestine during gestation increases intestinal innate

immune cell numbers and enhances expression of anti-

microbial peptides in the intestine that protect the off-

spring against microbial-induced inflammation [7]. Anti-

biotic use during pregnancy induces dysbiosis of the

maternal microbiome and was shown to increase the risk

of allergic airway inflammation in the offspring [8].

Dietary interventions that aim to restore microbial

‘harmony’ during gestation could be beneficial for both

mother and child. Epidemiological and clinical studies

show that raw cow’s milk exposure, supplementation with

vitamin D, or omega-3 during pregnancy, all decrease the

risk of developing asthma [9–11]. Although vitamin D

levels in utero are associated with the presence of specific

gut bacteria in the infant’s stool in the first months of life

[12] and omega-3 fatty acids shape microbiota composi-

tion in mice [13], it is to date unknown whether these

dietary compounds affect asthma directly via modulation

of the microbiota. Future work is required to elucidate the

underlying mechanisms by which diet during gestation

influences airway responses.
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Vertical transmission of the microbiome upon delivery

Upon delivery, the neonate’s mucosal surfaces are exposed

to the maternal microbiome. Transmission of the micro-

biome between mother and newborn may have allowed for

cospeciation between humans and the microbiome, which

is a hallmark of the intimate symbiotic relationship with the

bacteria residing in our gut [14]. The gut of vaginally

delivered infants are seeded with the maternal vaginal

and rectal microbiome and show a community dominated

by Lactobacillus and Prevotella species directly after birth

(Figure 1), while infants born by Caesarean section show a

community resembling the mothers skin microbiota [15]

and show a decreased prevalence of Bacteroides in the

intestine duringthe first yearof life [16]. Ithasbeen debated

whether this differential seeding of the gut upon delivery

has long-term consequences on the composition of the

microbiota. It was recently reported that mode of delivery

doesnotaffectmicrobiotacompositionandfunction beyond

the first six weeks of life [17]. Nevertheless, birth by

caesarean section has been associated with a 20% increased

risk of developing childhood asthma [18] and allergic rhini-

tis in children with a parental history of atopy [19]. Prelimi-

nary evidence of a small cohort showed that exposure of
Figure 1
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caesarean born neonates to maternal vaginal fluid at birth

partially aligned their microbiome with vaginally born

babies during the first month of life [20]; however, the

implications of this microbial seeding are unknown.

Horizontal transmission in early life

The composition and function of the microbiome are

highly variable between neonates and converges as it

matures during the first years of life [21]. This exposure

to microbes in early life plays a central, albeit not exclu-

sive, role in maturing the immune system [22]. Studies

indicate that there are discrete timeframes during devel-

opment where signals from microbes are particularly

important for driving immune development. Although

it remains challenging to firmly define this timeframe,

Olin et al. showed that immune cells in peripheral blood

of neonates reaches adult-like phenotypes in the first

three months of life [22]. A current view is that the

neonate’s immune system could be educated during this

‘window of opportunity’ by microbes and their constitu-

ents. Nutrition holds promise for the supplementation of

microbes and shaping of microbiome composition, for

example by prebiotic or probiotic. In early life, exposure
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 asthma.

, early life exposures to raw cow’s milk and endotoxin levels in house

l and rectal microbiome and breast milk promote an ecosystem

spectively. Cessation of breastfeeding and introduction of a diet rich in

omposition, which is characterized by high diversity, clustering by

butyrate) levels. At one year of age this more mature microbial profile
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to a farming environment is negatively associated with

the development of allergies and asthma in childhood

[23]. The consumption of raw cow’s milk is, indepen-

dently of potential confounding factors (e.g. sibling size),

a consistent factor that shows strong negative associations

with the prevalence of allergy and asthma [24–27]. It is

uncertain whether this association can be attributed to the

microbial community and their constituents present in

raw cow’s milk, its nutritional components (e.g. whey

proteins) or both. The potential of raw cow’s milk sup-

plementation is highly topical; however, safety concerns

rule out its use as a widespread nutritional supplement. A

greater understanding of the mechanism of action of raw

cow’s milk could lead to strategies to minimally process

raw milk to ensure it is safe, but efficacious; or alterna-

tively, purification of the active components could open

the door to more refined strategies.

The impact of farming environments was also recently

illustrated in a study comparing Amish and Hutterite

children. Both are agricultural communities in the U.S.

with a similar genetic background but distinct farming

practices. The Amish practice traditional farming, while

the Hutterite live on industrialized communal farms. The

Amish children showed a several fold lower allergic

sensitization and asthma prevalence than Hutterite chil-

dren. The fact that Amish were better protected was

attributed to higher endotoxin levels in house dust that

has been shown in mice to protect against allergic inflam-

mation [28,29��]. Interestingly, infants exposed to higher

endotoxin concentrations in house dust also show differ-

ences in gut microbiota composition, including a higher

abundance of Bifidobacterium species [30]. Although the

vast majority of studies have focused upon bacteria and

their associated products, the microbial diversity, includ-

ing both bacteria and fungi, is high on a farm and both are

negatively associated with the risk of developing asthma

[31]. The potential protective effects of fungi are

unknown, with their presence typically being associated

with infections or allergens; however, fungi could repre-

sent important parts of a healthy microbiome, and might

hold potential as probiotics as do bacteria. The idea that

not only bacteria, but also fungi and helminths play an

important role in intestinal homeostasis is supported by

mouse studies. Intestinal helminth infection with Helig-
mosomoides polygyrus bakeri (Hpb) was shown to change

microbiota composition and function that attenuated

allergic airway inflammation [32]. Intestinal dysbiosis of

the microbiome after oral supplementation with antifun-

gal drugs resulted in exacerbated airway inflammation

[33]. One of the mechanisms through which intestinal

fungi impacted airway inflammation was dependent on

their sensing by gut-resident CX3CR1+ mononuclear

phagocytes and Syk-dependent signalling in the cells

[34]. Whether fungal dysbiosis was due to the depletion

of keystone ‘healthy’ fungi, or a bloom of opportunistic

fungi is unknown. Fungi can be pathobionts (e.g. Candida)
Current Opinion in Immunology 2019, 60:10–18 
that are abundant in children at high risk of developing

asthma [35��]. Indeed, supplementation of antifungal

drugs to mice also resulted in outgrowth of specific fungal

pathobionts in the intestine that were linked with an

exacerbation of allergic airway inflammation [33,34]. Thus,

environmental microbial exposures and the establishment

of a healthy intestinal trans-kingdom microbiome compo-

sitionmay be important factorscontributingtoprotectionor

susceptibility to disease.

Shaping the microbiome — breast milk

The meconium is suggested to reflect the maternal bac-

terial community that is transmitted to the infant during

gestation (e.g. by swallowing amniotic fluid) [17].

Although actual colonization of the foetus is unproven,

early microbial communities rapidly expand and diversify

in the intestine during the first weeks of life. Newborns at

high risk of developing asthma, which was based on

parental history and an array of clinical markers including

total serum IgE levels, were found to have a distinct

bacterial profile in the meconium as compared to healthy

controls [36]. As a potential consequence, the fecal micro-

biota of neonates at high risk showed a delay in the

expansion and diversification of the microbiota and a fecal

metabolic profile depleted of specific anti-inflammatory

lipids [36]. The authors showed that daily supplementation

of the probiotic Lactobacillus strain LGG restored this

metabolomic profile to one similar to healthy controls.

Although the metabolic profile was no longer similar to

healthy controls six month after the intervention compared

to neonates at high risk of developing asthma, this study

shows the potential of future dietary intervention strategies

aimed very early in life. A powerful factor for shaping the

neonate’s gut microbiome is breast milk. Breast milk

protects against gastrointestinal and respiratory infections,

and prospectivecohort studies report that it also reduces the

risk of developing childhood asthma [38], although this is

controversial [37]. This discrepancy has partly been attrib-

uted to variation in breast milk composition between

women [39]. Human milk is unique among mammals for

its extremely high oligosaccharide concentration compared

to other mammals. These human milk oligosaccharides

(HMO) are an important carbon source for the microbiota

and are fermented in the colon. HMO shape microbiota

composition during the first month of life into a bifidobac-

terial-dominated ecosystem. The utilization of HMO by

specific Bifidobacterium species is tightly regulated and

essential for the development of the ecosystem and func-

tion [40��]. Breast milk supports a community dominated

by bifidobacteria and lactobacilli and creates a highly acidic

environment composed of acetate and lactate [41]. It has

been suggested that the acidification of the intestinal

environment has decreased (i.e. pH increase) over the last

century in breastfed infants [42]. Although its implications

remain to be investigated, it could be indicative of changes

in microbiome composition over generations that could

have adverse consequences for health. Neonates at high
www.sciencedirect.com
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risk of developing multi-sensitized atopy at two years of age

and doctors-diagnosed asthma at four years of age show a

microbial community profile characteristically depleted of

genera including Bifidobacterium, Lactobacillus, Akkermansia
and Faecalibacterium [35��]. Cessation of breast feeding (i.e.

introduction of solid food) induces drastic changes to the

microbiota [41]. Moreover, the ecosystem shifts toward an

adult-like state, as shown by a reduction in bacteria belong-

ing to the genera Bifidobacterium and Lactobaccilus, while

other genera such as Bacteroides increase [41]. Since the age

of the neonate largely determines microbiota composition

during the first year of life, the faecal microbiota composi-

tion of healthy neonates can be modelled to the age of

neonates to visualize the maturation process over time

[43��]. Interestingly, an ‘immature’ microbiota composition

at one year of age was shown to increase the risk of allergic

sensitization at five years of age in children from asthmatic

parents [43��]. In line with this finding, higher faecal

butyrate or propionate levels, which are indicative of con-

sumption of plant-derived polysaccharides and maturation

of the microbiota, at one year of age were associated with

lower food and inhaled allergies at six years of age [44]. The

immature microbiome signature induced by breast milk

may be beneficial only during a special time window

(Figure 1). Prebiotic supplementation (often a 9:1 mixture

of galactooligosaccharides: fructooligosaccharides) to

infant formula also stimulates the outgrowth of bifidobac-

teria and acidification of the intestinal milieu [45,46].

Although the use of these prebiotics induces a microbial

pattern that is more similar to breast milk compared to non-

fortified infant nutrition, they poorly reflect the high variety

and concentrations of HMO. Therefore, there is an urgent

need for fundamental research to decipher the complex

interplay between milk glycans, the microbiome, metabo-

lome and its consequences for the host. This will open up

new avenues for specific fortification of infant nutrition that

could benefit the neonate through to adulthood.

Can lifestyle changes impact microbiome
composition and alleviate airway
inflammation?
The bacterial community in adults shows long-term steady

states based on clustering of the microbiota, so called enter-

otypes (i.e. threeclustersdominated bythegenusBacteroides,
Prevotella or Firmicutes) [47]. The Bacteroides-dominated

enterotype is associated with a diet rich in animal protein

and saturated fats, while the Prevotella-dominated entero-

type is associated with a plant-derived carbohydrate-based

diet [48,49,50��,51] (Figure 1). The intestinal microbial

community in adults is highly resilient and returns to its

original steady state after perturbations. Hence, for nutrition

to have an impact on microbiota composition long-term

dietary intervention strategies are required [48,52] and

may need to be personalized depending on an individual’s

immunological, microbiological and genetic profile [53].

The notion that long-term dietary changes can induce

changes in the microbiota was recently shown by studying
www.sciencedirect.com 
hunters-gathers living in Tanzania. The activities of this

Hadza tribe are largely based around food acquisition and

their faecal microbiota composition and function showed

annual cyclic reconfiguration. In the dry-season, the com-

munity was dominated by the family Prevotellaceae and

showed a higher capacity to utilize carbohydrates compared

to the wet-season [50��]. Cyclical microbial signatures simi-

larly differentiate individuals from non-industrialized and

industrial countries [49,50��]. Individuals from industrialized

countries generally show a higher abundance of Verrucomi-

crobia and higher mucin degrading activity. Smits et al. [50��]
provided evidence that drastic nutritional and lifestyle

changes can induce shifts between two alternative stable

states of the microbial ecosystem. It has been shown that

shifts between these alternative states are maintained by

severalbacterial taxa[52].Thesetaxamaybeessential for the

functioning of the complete ecosystem. Therefore, targeting

these taxa may allow radical shifts in microbiota composition

into alternative states. Future research needs to investigate

whether therapeutics or nutrition could target these taxa to

restore the microbiota into its more favorable state. To date,

the challenge is to identify underlying mechanisms that

translate such microbial and functional shifts into personal-

ized nutritional strategies that have health benefits.

Potential immunological mechanisms
Early life

The largely immature immune system of the neonate

needs to be able to discriminate between harmful and

harmless antigens. To prevent allergies it must mount

regulatory responses to establish tolerance to allergens.

The regulatory compartment of the immune system,

particularly regulatory T cells (Treg cells), is essential

to maintain tolerance against allergens. Recently, it was

shown that allergic patients have Treg cells that

are highly antigen-specific; however, they lack Treg

cells to specific allergens. These results imply that

early-life exposure to allergens is required to mount

allergen-specific Treg cell responses [54��]. In early

life, it was suggested that the immunoregulatory com-

pounds and allergens in breast milk promote oral tol-

erance toward inhaled or ingested allergens [55]. Tol-

erance to food antigens is induced in the small intestine

shortly after weaning [56]. Nevertheless, neonatal mice

are not susceptible to ovalbumin-induced food allergy,

supporting the notion that milk components can sup-

press allergic responses [56]. For instance, immuno-

globulin (Ig) G:allergen complexes in maternal milk

were shown to protect mouse pups from developing

ovalbumin (OVA)-induced food allergy, which was

mediated via uptake by dendritic cells (DC) in a

neonatal Fc-receptor-dependent manner [57]. Simi-

larly, the induction of a local regulatory milieu by

exposure to homologous regulatory proteins (e.g. tumor

growth factor (TGF) b, interleukin (IL) 10 or lactofer-

rin) present in cow’s milk was postulated to be one of

the mechanisms by which the consumption of cow’s
Current Opinion in Immunology 2019, 60:10–18
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milk in early life protects against the development of

allergies and asthma [58–60]. In contrast to this hypoth-

esis, high levels of the major house dust mite allergen,

Der p 1, in breast milk is positively correlated with

allergic sensitization in children five years old whose

mother’s had a family history of asthma [61]. Addition-

ally, a farming environment activates peripheral innate

immune responses in children [29��], which may

oppose the idea that environmental exposures trigger

immune regulatory responses. Indeed, breast milk and

cow’s milk contain microbes that could activate innate

immune responses and shape microbiota composition

[62]. Interestingly, Veillonella, and Rothia are bacterial

genera that are transferred in breast milk, and are

associated with a reduced risk of asthma [63]. In the

context of allergy, it has been postulated that horizontal

transfer of bacteria to the neonate shapes a long-lasting

protective IgA repertoire that could be cross-reactive to

allergens [64,65]. Bacteria (i.e. Enterobacter cloacae and

Streptococcus pneumoniae [64,65]) known to induce pro-

tective cross-reactive antibodies in mouse models are

also found in raw cow’s milk [66]. Microbial exposure

and the induction of a regulatory milieu may thereby go

hand in hand to prevent allergen-specific T cells from

becoming pathogenic T helper (Th) 2 cells.

Fibers and allergic airway inflammation

A wealth of information has become available in the last

decade showing that long-term dietary interventions with

fibers and fat alter microbiota composition and function

that affects host physiology [67]. Fibers are plant-derived

complex carbohydrate structures that are fermented in

the colon by the microbiota into metabolites. To date the

best studied metabolites are short-chained fatty acids

(SCFA). SCFA are small volatile molecules such as ace-

tate, propionate and butyrate, which are present in high

levels (20–100 mM) in the colon [68] and can also reach

the circulation, albeit at lower concentrations [69]. The

mechanistic evidence of the impact of fibers on allergic

diseases comes from mouse models. These models

show that a diet low in fibers changes the microbiota

drastically — even at a phylum level. In mice fed a low-

fiber diet, the Firmicutes/Bacteroidetes ratio was ele-

vated, with a consequently lower production of SCFA

[70]. Comparatively, a high fiber diet was shown to

increase the abundance of Bacteroidetes and SCFA levels

[70]. House dust mite (HDM)-induced asthma exacerba-

tion, as seen in mice fed a low-fiber diet, can be rescued

by supplementation with acetate or propionate [70].

Inducing microbial dysbiosis by vancomycin treatment

reduces faecal and caecal SCFA levels and leads to

exacerbated OVA-induced allergic airway inflammatory

responses [71]. Conversely, chronic Hpb infection altered

the commensal community and boosted the production of

SCFA that protected against allergic asthma [32]. Immu-

nological mechanisms through which fibers/SCFA allevi-

ate airway inflammation are coming to light. A high fiber
Current Opinion in Immunology 2019, 60:10–18 
diet or SCFA supplementation dampens airway inflam-

mation indirectly via modulating haematopoiesis in the

bone marrow. In the bone marrow, macrophage-DC pro-

genitors (MDPs) differentiate into monocytes or common

DC precursors (CDPs). Propionate increases the number

of MDPs and CDPs [70]. In the lung, these newly

differentiated and recruited DC were present but

expressed lower levels of costimulatory molecules and

a reduced capacity to re-activate Th2 cells in a HDM-

induced asthma model (Figure 2) [70]. In addition, it was

shown that a mixture of acetate, propionate and butyrate

directly dampens DC activation and migration, Th2 cell

activation and circulating IgE levels in vancomycin-trea-

ted mice (Figure 2) [71]. Butyrate and propionate, but not

acetate, have been shown to induce de novo Treg genera-

tion. These SCFA were shown to enhance Treg func-

tioning and enhance the capacity of DC to support Treg

differentiation through inhibition of histone deacetylases

(HDAC) (Figure 2) [72]. The role of SCFA has been

extensively researched in the last decade while the func-

tion of the vast majority of other metabolites is poor

understood. However, recently the fecal metabolomic

profile of neonates at high risk of developing childhood

multi-sensitized atopy and asthma was shown to be

different to low risk children [35��]. The functional con-

sequences of such metabolic difference were illustrated

by in vitro cultures of autologous DC:T cell cultures. DC

that were exposed to faecal water of children at high risk

of developing atopy and asthma showed higher IL-4

production and reduced Treg function, which was attrib-

uted to the metabolite 12,13 DiHOME [35��]. This

example illustrates the importance of broadening the

study of microbiome-derived metabolites in order to

tap their potential for modulation of immune pathways

underlying respiratory health.

Beyond allergy

This review has focused upon the relationship between

intestinal microbiota composition and the development

of asthma. Asthma is a multifaceted disease that underlies

multiple immune pathways. Upper respiratory tract infec-

tions induced by viral (e.g. respiratory syncytial virus

(RSV) or rhinovirus) infections can induce structural

damage to the airways, result in severe wheezing and

are also major risk factors for allergy and asthma [73].

Preventing the negative sequalae of respiratory viral

infections with the aid of nutrition may thereby be an

important means of preventing asthma exacerbation. For

instance, the consumption of raw cow’s milk in early life

has been associated with reduced respiratory tract infec-

tions and fever [74]. Feeding mice a high fiber diet also

confers protection against influenza via SCFAs [75]. One of

the few mechanisms so far identified involved recruitment

of Ly6c-patrolling monocytes from the bone marrow to the

lung where they differentiated into alternatively activated

macrophages. These macrophages had a limited capacity to

recruit neutrophils to the site of inflammation, which
www.sciencedirect.com
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Figure 2
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Mechanisms dampening allergic airway inflammation in mouse models.

Fibers escape enzymatic hydrolysis in the gut and are fermented in the colon into SCFA. SCFA are taken up into the circulation where they may

reduce DC activation or enhance the generation of Treg and their function, which dampens Th2 pathology. SCFA are also shown to induce

haematopoiesis of macrophage-DC progenitors and common DC precursors that seed the lung. These cells have enhanced phagocytic activity

and are impaired in their capacity to activate Th2 cells.
dampened immunopathology. In parallel, SCFA boosted

CD8+ T cell effector functioning by enhancing cellular

metabolism [75]. Future studies should investigate if and

how microbial-metabolites also protect against RSV and

rhinovirus infections, two of the most common viruses
www.sciencedirect.com 
linked with asthma. Modulation of the intestinal micro-

biome in early life could potentially educate the immune

system to induce tolerance against allergens and in addition

boost antiviral immunity — a two-pronged approach to

confer protection against asthma.
Current Opinion in Immunology 2019, 60:10–18
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Conclusions
Environmental and intestinal microbes play an important

role in the development of our immune system in early

life. After the first year of life the microbiome has reached

a stable community structure that is more resilient to

perturbations. Early life nutrition holds the promise to

shape microbiome composition and consequently prevent

allergic airway inflammation. Microbial changes are par-

ticularly apparent in genetically predisposed neonates,

which indicates a crucial role for host genetics and the

need for personalized strategies to target the microbiome

(e.g. by means of nutrition). We know that specific

microbial and nutritional exposures are associated with

a reduced risk of developing allergy and asthma. The

underlying mechanisms, however, remain poorly under-

stood and vice versa, new mechanistic studies from mice

need to be translated into clinical settings. The ongoing

advances in sequencing technologies, annotation of

microbial sequence databases, metabolomics and trans-

kingdom interactions will aid in our understanding of how

nutrition shapes microbial communities, their function

and their impact upon the development of allergies and

asthma.
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