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Abstract

Environmental, maternal and early life microbial/immune networks program human
developmental trajectories and health outcomes and strongly modify allergic disease risk. The
effects of environmental microbiota are illustrated by the “farm effect” (the protection against
asthma and allergy conferred by growing up on a traditional farm) and other natural experiments
in populations exposed to microbe-rich environments. The role of gut microbiome maturation in
the asthma/allergy trajectory is demonstrated by the most recent farm studies, which identified
microbial metabolites specifically associated with asthma protection, and studies in other cohorts,
which defined dynamic microbial community profiles associated with allergic disease phenotypes.
Current and future studies in germ-free mice associated with gut microbiota from human disease
states are providing novel mechanistic insights into the role of microbiota in shaping immune
function and allergic disease susceptibility
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Introduction

The prevalence of allergic diseases such as asthma, food allergy, rhinitis and eczema has
increased dramatically over the past decades, especially in nations where westernized
environmental exposures and lifestyles predominate [1]. Central to the effects of

these exposures are maternal and early life microbial/immune networks that program
developmental trajectories and health outcomes. A recent working model [2] suggests that
environmental exposures during pregnancy shape the mother’s microbiome and immune
function, which in turn affect immune and microbiome development in the fetus. These
integrated influences train the neonatal innate immune system, calibrating its ability to
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respond to microbes that are vertically transmitted by the mother and colonize neonatal
body habitats. Depending on their composition and functional properties, these “pioneer
microbes” shape the composition and accumulation rate of exogenous microbes during

the child’s first year of life, thereby regulating trajectories of microbiome and immune
maturation, and ultimately allergic disease risk [3*]. Here we discuss the cross-talk between
microbiota and allergic disease pathogenesis, focusing on data from human models.

Environmental microbiota and allergic diseases

Few epidemiologic findings demonstrate the effects of environmental microbial exposures
on allergic disease risk as eloquently as the “farm effect” [4]. Children raised on traditional
farms are strongly protected from asthma and allergies, and this protection is largely
explained by the child’s contact with farm animals and their microbiota in early life [5,6].
The farm effect has been observed world-wide [4] but its multiple facets are especially
clear in Amish and Hutterite children who share genetic ancestry and lifestyles but follow
distinct farming practices (traditional among the Amish, industrialized among the Hutterites)
and have sharply different asthma and allergy prevalence [4-5 times lower in the Amish].
This is accompanied by different levels of house dust endotoxin (7-fold higher among the
Amish) and proportions, phenotypes and functions of innate and adaptive immune cells [7—
9]. Importantly, inhalation of Amish, but not Hutterite, house dust was sufficient to protect
mice against cardinal allergic asthma phenotypes through mechanisms that required innate
immunity [8].

The asthma- and allergy-protective role of microbe-rich environments has been further
dissected by modeling differences in house dust microbiota composition between farm and
non-farm homes in Finnish birth cohorts. In children who grow up in non-farm homes,
asthma risk decreases as the similarity of their home bacterial microbiota composition to
that of farm homes increases. Protection was independent of microbial richness and total
bacterial load and was associated with low abundance of Streptococcaceae and reduced
production of proinflammatory cytokines in response to bacterial cell wall components.
These findings were replicated in rural German children whose asthma risk was lower if they
lived in non-farm homes with indoor microbiota more similar to Finnish farm homes. Thus,
indoor dust microbiota composition appears to be a robust predictor of asthma risk [10].

Other “natural experiments” highlight the relation of environmental microbiota with
microbiome maturation and composition in the host. For instance, Finnish and Russian
Karelia represent socio-economically distinct but geo-climatically similar regions, and
allergies are much more common in Finnish than Russian children. Microbial load in

house dust and drinking water is associated with allergy protection in Russia [11,12], while
genotype differences between Finns and Russians could not explain the allergy prevalence
gap. In contrast, blood cell gene expression profiles and skin and nasal microbiota networks
were richer and more diverse, while innate immunity pathways were suppressed, in Russian
subjects. High abundance of Acinetobacter in these subjects correlated with suppression of
innate immune responses [13].
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Comparable observations were made in two populations of Mexican ancestry who reside
only 70 miles apart on the two sides of the US/Mexico border but differ significantly in

both their rates of childhood asthma (4-fold lower in Mexico) and their house dust and
bacterial load (strikingly higher in Mexico) [14]. Moreover, a study of scholchildren from a
Croatian county where drinking water is provided through public mains supply or individual
wells found that cumulative bacterial load in drinking water was higher, and lifetime
prevalence of allergic diseases was significantly lower, among children with individual
supply. In a quantitative analysis, the risk of allergic diseases decreased significantly with
increasing bacterial load in drinking water in the first year of life [15]. Another study tracked
the transfer of environmental microbes to the human skin and respiratory tract following
outdoor exposure to urban green space (air, soil, and leaves) from cities (Adelaide, Australia;
Bournemouth, United Kingdom, and New Delhi, India) in different continents. Microbial
richness and phylogenetic diversity in skin and nasal samples increased after urban green
space exposure. Interestingly, the post-exposure microbial composition of skin samples
became more similar to soil microbiota, while nasal samples became more similar to air
samples [16].

The interactions between environmental microbes and allergic disease are not limited to
children. In the first large-scale house dust microbiome study performed in an adult US
farming population [17], the association between indoor bacterial community profiles and
allergy outcomes also held in this age group, albeit with more subtle and variegated
effects. Bacterial communities in house dust were associated with asthma, atopy, and
hay fever, and were less diverse in homes of atopic individuals. Specific bacterial taxa
were differentially abundant by current asthma or atopy outcomes: several taxa from
Cyanobacteria, Bacteroidetes, and Fusobacteria were more abundant with asthma, atopy,
or hay fever. In contrast, several taxa from Firmicutes were more abundant in homes of
individuals with adequately controlled asthma, individuals without atopy, or individuals
without hay fever. Thus, environmental microbial exposures are associated with risk of
allergic diseases across a variety of environments and age groups.

Early-life microbiome and asthma development

Immune and microbial development in early life are intimately linked, particularly in

the gut, which houses the largest microbial diversity and burden [18]. The nascent

gut microbiome integrates dietary [18] and antibiotic [19] encounters that decisively

affect microbiome membership, productivity and development, and gut microbial products
influence immune function both locally and at remote mucosal sites [2]; moreover, these
early events are likely influenced by a combination of maternal, genetic [20], and epigenetic
factors (DeVries at al., under review). Consistent with this hypothesis, data from several
independent birth cohorts demonstrate that early life gut microbiota perturbations (often
described as dysbiosis) are associated with increased risk of atopy and/or asthma later in
childhood [21-23] (Fig. 1).

These findings have been further refined by recent studies. Analyses in the Copenhagen
Prospective Studies on Asthma in Childhood,q1g have shown that 1-year-old children
with an immature gut microbial composition characterized by lower relative abundance
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of Lachnospiraceae (including Roseburia) and Ruminococcaceae (including Ruminococcus
and Faecalibacterium, a butyrate producer) have increased asthma risk at age 5 years. This
association was only apparent among children born to asthmatic mothers, suggesting that
inadequate microbial stimulation during the first year of life may license their inherited
asthma risk, and conversely, adequate maturation of the gut microbiome in this time window
may protect these predisposed children [24].

The same group then asked whether changes in gut microbiota mediate the association
between cesarean section delivery and the risk of childhood asthma by age 6 years.
Compared to vaginal delivery, delivery by cesarean section was indeed accompanied by
marked changes in gut microbiota composition at 1 week and 1 month of age, but by 1 year
of age only minor differences persisted. Interestingly, children born by cesarean section had
increased asthma risk only if their gut microbiota composition at age 1 year still retained

a cesarean section microbial signature, suggesting that appropriate maturation of the gut
microbiota could mitigate the increased asthma risk associated with gut microbial changes
linked to cesarean section delivery. It is also noteworthy that none of the taxa driving the
cesarean section microbial signature at age 1 year were themselves associated with later
asthma when tested individually. This finding suggests that microbial communities rather
than single taxa drive the observed effects [25].

Finally, the farm studies again decisively illuminated the link between microbiome
development and asthma protection by showing that gut microbiome maturation during the
first year of life significantly contributes to the protective effect of farming on childhood
asthma. Modeling gut microbiome maturation between 2 and 12 months of age in the
Protection against Allergy: Study in Rural Environments (PASTURE) birth cohort showed
that the estimated microbiome age at 12 months not only was strongly associated with
previous farm exposure and reduced risk of asthma at school age, but also mediated a
substantial proportion of the asthma protection associated with the farm effect [26].

Shifting the focus from the microbes to their metabolites

Metabolites produced by gut microbiota are both key determinants of host-microbe
mutualism and critical mediators of a host-microbe crosstalk that influences inflammation
in peripheral tissues, such as the lung - a concept referred to as the gut-lung axis (reviewed
in [27]). For instance, elegant mouse studies demonstrated that dietary fermentable fiber
content changed the composition of gut and lung microbiota and dampened lung allergic
inflammation. Gut microbiota metabolized the fiber, thereby increasing the concentration of
circulating short-chain fatty acids (SCFASs) that protected against allergic inflammation in
the lung. Treatment of mice with the SCFA propionate altered bone marrow hematopoiesis
and seeded the lungs with dendritic cells impaired in their ability to promote T helper type 2
cell responses [28].

Soon thereafter, studies in humans identified pro-inflammatory metabolites that were
associated with compositionally distinct neonatal gut microbiota states and /ncreased'risk of
childhood atopy and asthma. Ex vivo culture of adult human peripheral T cells with sterile
fecal water from subjects carrying these microbiota expanded interleukin-4-producing CD4*
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cells and reduced the relative abundance of Foxp3*CD25*CD4" cells. 12,13 DiHOME, a
metabolite that discriminated high from lower risk groups, recapitulated the immune effects
of fecal water, pointing to a central role of neonatal gut microbial metabolites in driving
atopy-associated immune dysfunction [22]. Moreover, introduction into the mouse gut
microbiome of bacterial epoxide hydrolase genes responsible for 12,13 DiHOME production
was sufficient to reduce airway regulatory T cell populations and exacerbate airway allergic
inflammation [29], confirming the asthma-promoting role of this microbial lipid and linking
early life gut microbiome metabolic productivity to airway immune alterations associated
with allergy and asthma development.

At the opposite, protective end of the metabolite spectrum, the PASTURE study found
inverse associations between asthma, levels of the fecal SCFA butyrate, the bacterial taxa
that predict butyrate production (Roseburia and Coprococcus), and the relative abundance
of the gene encoding butyryl-coenzyme A (CoA):acetate-CoA-transferase, a major enzyme
in butyrate metabolism. However, changes in overall bacterial composition over time far
outweighed the role of single taxa, none of which was protective in itself. These findings
suggest that asthma-protective microbial communities act through the gut-lung metabolic
axis [26]. In other studies, higher fecal levels of iso-butyric, iso-valeric and valeric acid at
age 3 years (indicative of more rapid maturation of gut microbiota) were found in Swedish
farm children compared to rural controls, and high levels of valeric acid were associated
with low rate of eczema at 8 years of age [30]. Conversely, the microbiome of infants

who developed allergic sensitization during childhood lacked genes encoding key enzymes
for carbohydrate breakdown and butyrate production [31]. Studies in an Estonian/Finnish
birth-cohort followed from 3 to 36 months of age also unveiled associations between
profound changes in regulatory T cell frequency and activation and colonization with
butyrate-producing bacteria, which occurred earlier in Estonian children at low risk of
allergic disease [32].

The last few years have also seen a rise in untargeted mass spectrometry-based metabolomic
analyses that seek to correlate microbial metabolic profiles with allergic disease outcomes.
Studies of serum samples from children with food allergy alone, asthma alone, or both

food allergy and asthma unveiled disease-specific metabolomic signatures in patients with
food allergy compared with both control subjects and asthmatic patients. Food allergy was
uniquely associated with a marked decrease in sphingolipids and other lipid metabolites,
while a comparison of food allergy and asthmatic patients revealed differences in aromatic
amino acid and secondary bile acid metabolism. Among children with food allergy, a history
of severe systemic reactions and multiple sensitizations were associated with changes in
tryptophan metabolites, eicosanoids, plasmalogens, and fatty acids [33]. Another analysis,
focused on the intestinal metabolome, identified inverse associations between asthma and
polyunsaturated fatty acids and other lipids [34]. Finally, a study of fecal samples from a
well-controlled cohort of twins concordant or discordant for food allergy revealed a bacterial
signature of 64 operational taxonomic units, especially Clostridia, that distinguished healthy
from allergic twins. Distinct metabolic pathways were enriched in each group, particularly
diacylglycerol in healthy twins. Interestingly, twin pairs differed significantly in their fecal
microbiomes and metabolomes through adulthood, suggesting that the gut microbiota may
play a protective role in patients with food allergies beyond the infant stage [35].
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The critical role of intestinal bacteria in regulating allergic responses to dietary antigens

is also supported by the recent finding that colonization with dysbiotic fecal microbiota
from infants with food allergy fails to protect germ-free mice in food allergy models
[36*,37*]. These studies identified selected microbes from healthy subjects that protect
against allergic responses to food, for instance Clostridiales such as Anaerostipes caccae
[36*] or Subdoligranulum variabile [37], and bacterial consortia such as immunomodulatory
Bacteroidales [37*]. Commensals were found to activate a MyD88/ROR-yt pathway in
nascent Treg cells to protect against food allergy, while dysbiosis impairs this regulatory
response to promote disease [37*]. As importantly, these results illustrate how studies in
germ-free mice can help decipher the mechanisms underlying the interplay between human
microbiota and immune responses in disease states.

What lies ahead

Our discussion of the relations between microbes and allergies is by no means exhaustive.
Several emerging lines of investigation promise to further our mechanistic understanding
of these relations: epigenetic remodeling as an effector of microbial exposures [38], the
role of genetic background in constraining the spectrum of microbiome-triggered immune
responses [39], the largely unexplored role of fungi and their products [40], and the growing
list of immune events triggered by microbial metabolites through receptors considered
“orphans” not too long ago [41]. The repertoire of allergy-relevant metabolites will also
likely expand. On the analytical side, uniform data and reporting formats will be required
to facilitate replication and meta-analysis efforts, and sample sizes will need to increase
by orders of magnitude [42]. All in all, though, the evidence currently available already
shows that the (microbial) company we keep is critical to determine trajectories of health
and immune development. Truly, “we are (fortunately) not alone” [43].
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In utero and early life profiles of microbiome and immune maturation in children who do or
do not develop asthma. Distinct developmental trajectories are shown as a dashed (asthma)
or continuous (no asthma) line. The red horizontal arrow highlights the delay in immune
and microbiome maturation that emerges at birth, persists through early life, and shifts the

developmental trajectory to the right in children who later develop asthma.
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