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The body’s largest microbial community, the gut microbiome, is in contact with mucosal surfaces populated with
epithelial, immune, endocrine and nerve cells, all of which sense and respond to microbial signals. These mutual
interactions have led to a functional coevolution between the microbes and human physiology. Examples of
coadaptation are anaerobes Bifidobacteria and Bacteroides, which have adjusted their metabolism to dietary
components of human milk, and infant immune development, which has evolved to become reliant on the
presence of beneficial microbes. Current research suggests that specific composition of the early-life gut
microbiome aligns with the maturation of host immunity. Disruptions of natural microbial succession patterns
during gut colonization are a consistent feature of immune-mediated diseases, including atopy and asthma.

Recent findings

Here, we catalog recent birth cohorts documenting associations between immune dysregulation and
microbial alterations, and summarize the evidence supporting the role of the gut microbiome as an
etiological determinant of immune-mediated allergic diseases.

Summary

Ecological concepts that describe microbial dynamics in the context of the host environment, and a portray
of immune and neuroendocrine signaling induced by host—-microbiome interactions, have become
indispensable in describing the molecular role of early-life microbiome in atopy and asthma susceptibility.

Keywords

atopic asthma, early-life gut microbiome, HPA axis, innate lymphoid cells, Treg/Th17/Th2 balance

The human gastrointestinal tract hosts the most
abundant and diverse community of microorganisms
in the body, the gut microbiome [1]. Many of these
microbial species interact with the intestinal mucosa
that includes the gut-associated lymphoid tissue
(GALT), composed of more than 70% of all host
immune cells. Apart from local interactions, microbes
modulate cells in more distant tissues and organs
through their metabolites and other bioactive mole-
cules that enter the bloodstream. Pioneering studies
with germ-free animals were first to show that the
absence of commensal microbes profoundly alters the
immune system’s structural and functional develop-
ment [2,3]. Apart from defects in lymphoid tissue
within the spleen, thymus and lymph nodes, the
GALT of germ-free animals displays structural abnor-
malities near the mucosal interface [4,5] and an
immune phenotype with a distorted ratio of different
T-cell types [6]. These deficits can be fully corrected by
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introducing commensal microbiota exclusively dur-
ing early life [7,8™], firmly establishing that postnatal
microbial colonization modulates the immune sys-
tem development.

An increasing number of studies are drawing
attention to the microbiome as an essential element
determining the transition from health to disease and
viceversa [9]. Epidemiological research on the effects of
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KEY POINTS

e Host—microbiome interactions in early life play a
central role in intestinal and pulmonary immune
maturation and development; however, only few
functional analyses of these interactions have
been described.

e Birth cohort longitudinal studies that explore details of
early-life exposures have become instrumental in
describing the bidirectional relationship between the
gut microbiome and the onset of allergic diseases,
including asthma.

e The dlliance of translational microbiology, gnotobiotic
animal models and high-throughput molecular
approaches has become essential to describe
properties of individual gut microbes that might impact
host physiological systems and allergic
diseases susceptibility.

e The use of probiotics as a prevention strategy for
immune-mediated diseases is currently under question
and not yet fully supported by scientific evidence, as
the most favorable strains and their dosages, together
with timing and duration of the probiotic
administration, still need to be ascertained.

prenatal and postnatal exposures has pointed out the
association between perturbations of the gut micro-
biome composition early in life and immunological
dysregulation affecting the risk of allergic diseases,
such as atopy and asthma [10,11,12%13%]. Infants at
increased risk of childhood atopy and/or asthma have
characteristic gut microbiome that exhibits the deple-
tion of specific bacterial genera, fungal expansion and
altered microbial metabolic function (Table 1)
[10,11,12%13%,14",15",16",17"]. In this review, we
outline the current ecological understanding of
early-life interactions between the host and gut micro-
biome that modulate immune responses relevant to
the development of atopy and asthma. We discuss
how microbiota sets the tone of allergen-specific
responses as an immunological priming event, as well
as the roles of specific type 2 T helper cells (Th2) and
innate lymphoid cells (ILCs). Finally, we review the
recently revealed microbiome-derived signals that
impact the neuroendocrine system, which is capable
of modulating immune mechanisms in allergic
responses, further underscoring the overall complex-
ity of allergic diseases cause (Fig. 1).

The human host and its microbiome have coevolved
in a complex relationship that combines the host

2 www.co-allergy.com

control of the microbial growth and microbial com-
petition for resources in the host environment
[18,19]. This process has led to a mutualistic symbi-
osis in which the microbiome augments host phys-
iological processes, and the host provides a
nutritious and hospitable environment for the
microbes. The gut microbiome develops with age
and reflects the history of exposures to external
factors, beginning with those encountered during
pregnancy [20]. In the case of vaginal birth, the
infant microbiota composition is initially driven
by selective seeding with maternal gut strains
[21,22] and becomes gradually dominated by anaer-
obic species of the Bifidobacteria and Bacteroides
genera. The maturation of the gut microbiome
appears to happen in an orchestrated manner,
and the timing of microbial succession may be
biologically determined [23,24]. Integrative analy-
ses of metagenomic data from 34 longitudinal stud-
ies worldwide revealed common patterns in the
relative abundance of the five most abundant bac-
terial taxa in vaginally born infants. The same bac-
teria displayed delayed colonization in infants born
by caesarian section (C-section), as reported previ-
ously [25]. By the age of 12 months, major differ-
ences in the gut microbiota composition caused by
the mode of birth seem to disappear, and this is also
true for microbiomes affected by early-life antibiotic
use [23]. Considering that the factors that drastically
alter the gut microbiota composition, including C-
section, formula feeding and antibiotic use, are also
well-established risk factors for asthma [26], it is
likely that even transient differences in the micro-
biota succession pattern may have long-term effects
on the immunological development of the host.
Applying the theoretical framework of microbial
and community ecology can help explain the con-
nection between early-life microbiome composition
and later health outcomes. An experimental study
that compared sequential order of microbial coloni-
zation in mice showed that the timing of bacterial
arrival in the gut has lasting effects on the overall
composition of the microbiota [27*%]. This phenom-
enon, also known as priority effects, influenced how
the bacterial community assembled and how eco-
logically successful the individual colonizers were.
Human longitudinal studies provide additional
evidence that discernible early-life microbiomes
associate with different microbial successional tra-
jectories and health outcomes (Table 1). For exam-
ple, infants at high risk of asthma differ from low-
risk babies by a distinct meconium microbiota and a
delay in the gut microbiota diversification over the
first year of life [13"]. Pioneer microbial species that
initially populate the infant gut might, therefore,
not only impact the ecological succession of
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FIGURE 1. Early-life host—microbiome interactions influencing atopy and asthma development. External environmental factors
shape the gut and lung microbiome in early life and can cause perturbations that lead to immune-mediated allergic diseases,
such as atopy and asthma. Gut microbiome composition can dictate susceptibility to allergen-specific responses, which are a
result of interactions between microbial molecules and immune cells. Perturbations of the early-life microbiome might mediate
alterations in the number of regulatory T cells (Tregs), type 2 helper (Th2) and Th17 cells, as well as in the cytokine and
antibody milieu. Changes that have been associated with asthmatic immune phenotype are indicated, including increase/
decrease of specific interleukins (IL) and immunoglobulins (Ig). Microbiome-derived signals also impact the neuroendocrine
system, which is capable of modulating immune mechanisms in allergic responses via the hypothalamic—pituitary—adrenal
(HPA) axis and dysregulation of cortisol release. White arrows indicate adrenal gland on top of the kidney and hypothalamus
located in the brain above the pituitary gland. Microbiome composition can also influence the activities of microglia (Glia),
neurons and neuroendocrine cells (NECs), which are known to interact with immune cells relevant in the pathogenesis of
asthma.

microbes, and the resulting microbiome functional
traits but very likely also have a strong influence on
immune tolerance and inflammation [1,28,29].
Another characteristic of infant gut microbiome
is its low resilience, that is, a reduced capacity of the
microbial ecosystem to maintain and return to a
steady state in response to an external perturbation
[1]. The gut microbiome during early life displays a

1528-4050 Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.
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lower species richness and overall microbial diversity
in contrast to the adult gut microbiome [30], in which
a large number of bacterial strains perform similar
functions [31]. Compared to the substantial func-
tional redundancy observed in adults, infant micro-
bial communities do not have the same functional
overlap and are more prone to loss of composition
and functional traits upon external disturbances.

www.co-allergy.com 5
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This aspect makes the infant gut microbiome highly
unstable during the first year of life.

One of the first colonizers of the human intestine
that commonly dominate the gut during breastfeed-
ing and dissipate through life are Bifidobacteria. Nor-
mal immune maturation appears to be dependent on
this bacterial genus, as atopic infants display reduced
bifidobacterial levels in their stool [32], and airway
inflammation in murine model of asthma can be
reduced by gut colonization with a Bifidobacterium
breve strain [33"]. From an evolutionary perspective,
increased abundance of maternal gut bifidobacteria
during pregnancy facilitates their vertical transmis-
sion from mother to newborn [34]. The species colo-
nization success is further enhanced by their unique
ability to metabolize human milk oligosaccharides
[35]. A current study by Duranti et al. [36] looked into
genetic adaptations that promote bifidobacteria-
dominant microbiome during infancy, and illus-
trated how different bifidobacterial taxa have
coevolved to maximize their colonization capabili-
ties through efficient resource sharing.

Vaginal delivery and subsequent breastfeeding
period reinforces Bifidobacterium as a keystone spe-
cies of the infant microbiome [37]. High bifidobac-
terial levels, which can reach up to 80% of the total
gut microbiota [38], temporally correlate with crit-
ical stages of immune cell maturation [39,40].
Along with other prominent human commensals,
such as Bacteroides fragilis [41], Lactobacillus reuteri
[42] and Clostridium spp. [43,44], Bifidobacterium
bifidum can induce Foxp3™ regulatory T cells (Tregs)
[45%"], a subpopulation of T cells fundamental in
promoting and maintaining mucosal tolerance to
allergens [46]. Mediating mechanisms of Tregs
induction differs among species, either via cell sur-
tace polysaccharides (B. bifidum, L. reuteri and B.
fragilis) or through the production of short-chain
fatty acids (SCFAs) (Clostridium sp.), resulting in the
release of anti-inflammatory interleukin (IL)-10.
The signaling pathways of this interaction involve
Toll-like receptors and MyD88 signal transducer
and favor the production of immunoglobulin (Ig)
A, which is essential to mucosal immunity and
balanced gut microbiota [47]. Tregs specific for
luminal antigens are the primary negative regula-
tors of inflammatory responses, maintaining
responses of other immune cells, such as Th2,
within a normal range. Failure to suppress an exces-
sive Th2 response has been considered a hallmark of
asthma and other allergic diseases.

6 www.co-allergy.com

Induced Tregs are derived from the interaction
of naive T cells with antigen-presenting dendritic
cells [48], which are critical regulators of T-cell
responses and interact closely with the gut micro-
biome. A recent animal study demonstrated that
dendritic cells produce a cytokine milieu that pro-
motes Tregs differentiation, as intraperitoneal
administration of dendritic cells reduced airway
inflammation in a model of allergic inflammation
triggered by dust mite [49%]. Conversely, a proin-
flammatory lipid commonly found in feces of
infants at risk of atopy and asthma (12,13-diHOME)
reduced in-vitro anti-inflammatory cytokine secre-
tion in human dendritic cells [15™].

In line with the view of commensal-induced
antigen tolerance, germ-free mice cannot be toler-
ized to oral antigens, have reduced levels of IL-10-
producing Tregs and IgA antibodies, abnormally
high serum levels of the allergic marker IgE and
overall phenotype characterized by a Th2 cell-
biased immune response [S0-53]. Although the
susceptibility of the Th2 responses can be restored
in germ-free animals by introducing commensal
bacteria, this strategy is only effective when done
within a narrow early-life window, emphasizing the
essential role of microbes in immune system prim-
ing. In addition to these mechanistic studies in
mice, a recent study in two European longitudinal
infant cohorts revealed that microbiome features
linked with asthma protection were associated with
increased tolerance to bacterial lipopolysaccharide
(LPS) [14"™], suggesting that microbiome-induced
mucosal tolerance is a critical mechanism of pre-
venting allergic responses.

Among the molecular mechanisms that pro-
mote and maintain mucosal tolerance to luminal
antigens is the differentiation of induced Tregs
expressing the transcription factor RORyt in the
draining lymph nodes of the small intestine [54].
The gut microbiota, and bacterial commensals of
the order Clostridiales and Bacteroidales in particular,
has been reported to elicit the RORyt™ Tregs induc-
tion [55,56]. Abdel-Gadir et al. [57] recently showed
that infants with food allergy display dysbiotic fecal
microbiota accompanied by decreased IgA and
increased IgE levels, and deficiency of RORyt" Tregs.
In mouse models, the absence of RORyt" Tregs
results in dysregulated Th2 [55] and Th17 cell
responses [56]. In addition, mice genetically engi-
neered to be prone to food allergy have altered gut
microbiota [58] and impaired generation of aller-
gen-specific Tregs, whose function is marked by
Th2-like reprogramming [59].

Microbiota-induced Tregs RORyt™ differentiate
along a pathway that also promotes Th17 immune
responses [55]. Several studies demonstrated that
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Th17 cells coexist in a well-regulated balance with
Foxp3* Tregs, which is dependent on the composi-
tion of the intestinal microbiota [60]. Details of how
the intestinal microbiota controls the Th17 devel-
opment remain unclear but may involve the under-
studied fungal microbiota, or mycobiota [61,62].
Th17 cells are abundantly present under a steady-
state condition in the small intestinal lamina prop-
ria where they act protectively during extracellular
bacterial and fungal invasion by producing proin-
flammatory cytokines IL-17 and IL-22. At the same
time, excessive Th17 responses have been impli-
cated in lung pathogenesis in response to exogenous
stimuli [63,64].

In addition to modulating dendritic and T-cell
responses to reduce inflammation and promote
commensal immune reactions, the gut microbiome
acts on other cell types, including epithelial cells
[65], basophils [66], macrophages [67,68] and ILCs
[69]. The past decade has witnessed the discovery of
ILCs, the innate counterparts of T cells that play
essential roles during early life when the adaptive
immunity has not been fully developed [70]. It is
important to note that composition, development
and function of ILCs are regulated by the gut micro-
biome [71].

From three distinct ILC types (ILC1, ILC2 and
ILC3), ILC2 promote type 2 immunity in an antigen-
independent manner and secrete IL-5 and IL-13 cyto-
kines that induce eosinophilic inflammation, mucin
overproduction and tissue remodeling. Experiments
in mice and human cohort studies identified the role
of ILC2 in causing airway hyperreactivity and eosin-
ophilic inflammation and suggested that ILC2 are
involved in allergic asthma development and exacer-
bation [72-76]. ILC2 have been found in intestinal
lamina propria as well as in circulating blood and
lungs of both healthy and asthmatic individuals [75],
and ILC2 accumulation in airways appears to be
driven by cytokine IL-33 and chemokine CXCL16
in murine models of asthma [77]. However, parabio-
sis studies in which mice are surgically joined, and
thus develop a shared blood circulation, showed that
ILC2 cells found in lungs did not circulate in either
steady-state conditions or inflammatory conditions
[78,79], suggesting that the ILC2 accumulation in
lungs mostly results from the proliferation of a tissue-
resident ILC2 population. Still, there appears to be a
crosstalk between cells responsible for gut and pul-
monary immune homeostasis that might determine
respiratory immune responses to airborne allergens,
irritants and respiratory viruses [80]. In relation to the
latter, early-life respiratory viral infections are well-
known factor associated with an increased risk of
developing childhood asthma [81]. The bidirectional
relationship between lungs and gut is evident from
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studies describing, for example, intestinal complica-
tions following viral respiratory infection [82], oral
antibiotic treatment impairing pulmonary host
defense [83] and commensal fungus gut colonization
modulating invasive fungal lung infection [62™"]. The
lung microbiome plays a vital role in promoting
airway tolerance [84], and alterations of lower airway
microbiota have been linked to the severity of airway
obstruction [85]. Moreover, a recent study showed
that microbial diversity and the relative abundances
of Gram-negative bacteria Veillonella and Prevotella in
the airways at age 1 month are associated with
asthma by age 6 years [86]. However, it remains to
be elucidated whether lung microbial dysbiosis drives
or reflects immune hyperreactivity.

Apart from the crosstalk between ILCs and intes-
tinal microbiome, ILCs colocalize and function-
ally interact with cells of the enteric nervous
system (ENS) and neuroendocrine cells. Con-
tained within the lamina propria, these cells share
a common biochemical language, consisting of
cytokines, chemokines, neuropeptides, neuro-
transmitters, hormones and related receptors,
which enable them to respond to the same signals
and interact with each other [87]. Analogous to
the GALT, the ENS is the largest and most complex
part of the peripheral nervous system, and, unsur-
prisingly, the gut microbiota regulates the post-
natal maturation of ENS [88]. Enteric glial cells,
the supportive cells for enteric neurons located in
the lamina propria, can directly modulate ILC3
cytokine release [86], sense the microbiota as well
as tissue damage and respond to host-derived
alarmin cytokines IL-1B and IL-33 [89]. It is note-
worthy that the IL-18 and IL-33 have been
recently shown to differentially regulate the func-
tional adaptation of Foxp3™* Tregs during mucosal
inflammation [90].

In the context of asthma and other allergic
diseases, neuronal regulation of ILC2 can modulate
the induction of type 2 inflammation. As first evi-
denced in a murine model [91%], ILC2 colocalize
with adrenergic neurons in the intestine and
express the p2-adrenergic receptor (32AR), which
interacts with the neurotransmitter epinephrine
(adrenaline), a representative of catecholamines.
The same study demonstrated that B2AR signaling
suppresses ILC2 proliferation, whereas B2AR-defi-
cient mice exhibited exaggerated ILC2-mediated
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type 2 inflammation in the intestine and lungs.
Thus, catecholamines, such as adrenaline, nor-
adrenaline and dopamine, may have the capacity
to suppress ILC2 and regulate type 2 inflammation.
Other B2AR agonists, such as Ventolin, have been
commonly used in pulmonology as bronchodila-
tors, the first-line inhaled medications used to treat
asthma. From the microbiota perspective, catechol-
amines act as signals in the gut lumen [92], and
noradrenaline levels in the cecal and colonic con-
tents of specific-pathogen-free mice are substan-
tially higher than those in germ-free mice.
Although the gut microbiota can produce or stimu-
late the production of neurotransmitters, such as
serotonin [93], GABA and dopamine [94], their
exact contribution to the levels of the neuroactive
compounds remains to be determined [95]. Finally,
catecholamines and other biogenic amine neuro-
transmitters are potent hormones primarily
released during the body’s stress response [91™],
which has a strong effect on the gut microbiome
composition [96].

Prenatal and neonatal stress is yet another
strong risk factor for asthma [97]. Among the bio-
logical pathways by which stress amplifies the
immune responses in asthma are cortisol metabo-
lism and the hypothalamic-pituitary—adrenal
(HPA) axis (Fig. 1), which is essential for normal
neuroendocrine adaptation to stress. Inflamma-
tory mediators, including cytokines and prosta-
glandins, are potent activators of the HPA axis
[98], leading to the release of glucocorticoids that
have inhibitory effects on a broad range of immune
responses. The HPA axis dysfunction in asthma has
been suggested by an animal model of bronchial
asthma in which exposure to early life-stress
increased the number of eosinophils and total
mononuclear cells [99]. Early-life events program
the sensitivity of the HPA axis to stress [100], and
multiple evidence support the role of the gut
microbiota in this process. An early groundbreak-
ing study showed that when neonatal rats are
exposed to bacterial LPS (endotoxin), they exhibit
significantly greater hormonal responses to stress,
a decreased glucocorticoid feedback inhibition of
the HPA axis in adulthood and reduced glucocor-
ticoid receptor density in the brain [101]. Further,
SCFAs produced by the gut microbiota influence
the maturation of intestinal enteroendocrine cells
and microglia, the latter being cytokines releasing
neuroimmune cells that activate the HPA axis. In a
series of animal experiments, Ermny et al. [102]
showed that germ-free mice or antibiotic-treated
animals displayed global defects in microglia, lead-
ing to impaired innate immune responses. The gut
microbiome thus profoundly impacts the normal
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functioning of the HPA axis that is necessary for
diminishing ongoing allergic reactions.

Given the documented link between alterations of
the early-life gut microbiome and the risk of atopy
and asthma, there has been rising interest in the role
of probiotics, including bacterial strains of the Lac-
tobacillus and Bifidobacterium genera, for the preven-
tion and treatment of the immune-mediated
disorders. However, an extensive body of research
on probiotics has not yet been translated into clearly
defined health benefits or clinical recommenda-
tions [103-105]. Part of the issue is the substantial
heterogeneity in the strains used, their dosage, use
of different prebiotics, as well as in the timing and
duration of the interventions among various stud-
ies. Although several systematic reviews and meta-
analyses showed a benefit in some probiotic admin-
istrations to both mothers during pregnancy and
infants in their first month of life for the prevention
of atopic dermatitis [106-108], currently, there is
not enough scientific evidence that would support a
general use of probiotics in the prevention of atopy
and asthma.

Similarly, the role of breastfeeding in preventing
allergic diseases has gained significant attention.
Breastmilk shapes the infant’s gut microbiota by
delivering live microorganisms present in the milk
and maternal skin, as well as active immune factors
and prebiotic oligosaccharides that affect bacterial
growth and metabolism. Even though there is sig-
nificant discrepancy regarding the effect of breast-
milk on allergic diseases development [109], both
rodent and human studies suggest that breastmilk
factors modulate essential aspects of infant gut
physiology, such as gut barrier function, gut micro-
biota composition and associated metabolites pro-
duction, and oral tolerance induction [110-113].
Variations in breastmilk immune and microbial
composition [114,115], together with differences
in the infant gut microbiota response, can in part
explain why breastfeeding seems to have an incon-
sistent relationship with allergy and asthma preven-
tion. For example, a study of 40 mother—child dyad
identified that breastmilk from mothers whose chil-
dren developed allergic symptoms during early
childhood had lower bacterial richness when com-
pared to milk that was consumed by children with-
out the symptoms [116]. Maternal lifestyle,
including dietary habits and physical activity, have
a considerable influence on breastmilk composi-
tion, as well as pre and postnatal probiotic
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supplementations that can alter the breastmilk
microbiota composition and subsequently the
infant’s gut microbial colonization [116,117]. A
number of longitudinal birth-cohort studies cur-
rently seek to determine the effects of probiotic
use on later health outcomes [118,119], still, more
hypothesis-driven research is needed before com-
mencing with intervention trials in large popula-
tions. Nonetheless, current findings emphasize that
the immunological and microbial interactions
between mother and infant are critical factors in
the child immune development and indicate the
possibility of modulating microbiota of pregnant
and breastfeeding women as a strategy to promote
healthy gut microbial colonization and normal
immune maturation [113].

The balance between effector, tolerogenic and reg-
ulatory immune mechanisms relies on continuous
microbial signals, especially during early life. Emerg-
ing evidence suggests that infant’s immune matura-
tion is synchronized with specific microbial
molecules that match gradual gut colonization by
microbes adapted to the early-life diet. Our modern
lifestyle has been remodeling the early-life micro-
biome, and human birth cohort studies are increas-
ingly connecting individual microbial species with
the risk of immune-mediated diseases. Animal stud-
ies studying perturbations of the early-life micro-
biome in the context of whole-body physiology will
expand the mechanistic understanding of the
strains function and interactions with host cells.
Ultimately, the findings from in-vivo models need
to be translated back into human trials that can
inform the development of future microbiome-
based health interventions, for example, for
asthma prevention.
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