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The trillions of microbes that colonize mucosal surfaces are
critical for educating the immune system and microbial-derived
signals continually shape and set the tone of immune
responses. Although Type 2 immune responses are important
for mediating protection from helminth infection they also
underlie atopy and allergy. Microbes modulate Type 2 immune
responses through effects on Type 2 cytokines, dendritic cells
and regulatory T cells. Microbial colonization in the gut, the lung
and the skin during an early and critical time period in immune
development appears to be of particular importance for
tolerance induction and regulation of aberrant Type 2 immune
responses. This is illustrated by studies showing microbial
alterations in early life that are associated with allergies later
in life.
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Introduction

The human body is home to trillions of microbes that play
a critical role in educating the immune system. This
microbiota is a complex community of microorganisms
that includes bacteria, archaea, fungi, viruses (including
bacteriophages), and protozoa species [1]. All mucosal
surfaces, including the gastrointestinal (GI) tract, skin,
oral mucosa and lung, are colonized by microbes,
although the colon of the GI tract exhibits the highest
density and complexity. Microbial colonization is a
dynamic process throughout the first years of life that
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is heavily influenced by external factors, such as mode of
birth, diet, breast vs formula feeding, and antibiotic use,
and ultimately leads to relatively stable microbial com-
munity in adults. The microbiome plays a dominant role
in shaping development of the immune system and helps
to regulate and fine-tune immune responses. Distur-
bances in microbial composition, termed dysbiosis, are
associated with many chronic diseases including allergic
disease, Inflammatory Bowel Disease (IBD), cancer, and
autoimmunity (reviewed in [2]). Although microbial dys-
biosis could be a consequence of disease, it is also possible
that alterations in the microbiota could occur prior to
disease onset and may even be a primary driver of disease
pathogenesis. In this short review, we discuss recent
murine and human studies that provide insight into the
role of the microbiota in inducing, regulating, or prevent-
ing Type 2 immune responses. We highlight key studies
from the past two years and discuss how they have
advanced our view of the pervasive interactions of the
microbiota and Type 2 immune responses, particularly
during the early life ‘window of opportunity’.

Microbes and regulation of Type 2 immune
responses

Type 2 immune responses are often mounted at mucosal
surfaces, in keeping with their protective role in defense
from helminth infection and their involvement in wound
healing. Many innate and adaptive immune cells are
involved in orchestrating Type 2 immune responses,
including epithelial cells, Type 2 innate lymphoid cells
(ILC2), dendritic cells, macrophages, cosinophils, mast
cells, basophils and CD4" T helper (Th2) cells. In addi-
tion, a variety of cytokines, such as Interleukin-4 (IL.-4),
IL-5, TL-13, 1L.-9, 11.-33, 1L.-25 (IL17E), and thymic
stromal lymphopoietin (TSLP), are involved in promot-
ing or mediating Type 2 immune responses. During the
last few years it has become increasingly clear that the
commensal microbes that colonize the gut, lung, and skin
mediate strong regulatory effects on Type 2 immune
responses. A clear example of this is the observation that
in the absence of microbes, germ-free or antibiotic-trea-
ted mice have increased Type 2 immune responses with
elevated levels of 1L.-4, circulating basophils, serum IgE
and susceptibility to allergy [3-6]. This indicates that
microbes are required to control Type 2 immunity
although the precise cellular and molecular pathways
involved in such regulation have not yet been fully
elucidated. However, one pathway is likely via microbial
control of induced regulatory 'T" cells (iTreg), which then
dampen the induction of Type 2 immunity. Microbial
colonization induces intestinal regulatory T cells [7-9],
predominantly through production of the short chain fatty
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acids butyrate and propionate [10-12], and these i’ Treg
appear to be critical for control of Type 2 immune
responses. In support of this, mice deficient in the intronic
Foxp3 enhancer Conserved Noncoding Sequence 1
(CNS1) do not generate microbially induced iTreg and
consequently develop increased Type 2 responses and
mucosal inflammation in both the GI tract and the lung
[13]. Targeted deletion of the autophagy gene Azg/6/1 in
T cells led to a decrease in intestinal Treg and an
expansion in Th2 cells leading to aberrant intestinal Type
2 immune responses to both dietary and microbial anti-
gens, illustrating a role for autophagy in regulating Treg
and Th2 responses [14°]. In the lung, the microbiota is
critical to promote tolerance to allergens through the
induction of Programmed Death Ligand 1 (PD-L1)-
dependent i'Treg [15]. More in-depth analysis revealed
that microbial-induced iTreg can also express the tran-
scription factor retinoic acid receptor-related orphan
nuclear receptor vy (RORvyt) and iTreg co-expressing
FoxP3 and RORwyt are required to control Type 2 immune
responses [16]. However, there is also evidence that
microbially induced Treg differ from those induced by
food. In a landmark study, Kim ¢z @/. demonstrated that
dietary antigens induce Treg in the small intestine and it
is these Treg that are responsible to control immune
responsiveness to food antigens [17°°].

Microbial control of T'ype 2 immune responses is not only
mediated through the induction of Treg and likely
involves multiple cell types, including epithelial cells,
dendritic cells, innate lymphoid cells (ILC) and other
innate cell types. The systemic increase in propionate
that occurs as a result of microbial fermentation of fiber
inhibits lung dendritic cells from promoting Type
2 immune responses and protects from allergic airway
inflammation [18]. Despite their critical role in promoting
Type 2 immune skewing (reviewed in [19]), a role for
microbes in the control of Type 2 innate lymphoid cells
(ILC2) is still scarce. Equal numbers of ILC2 in the lungs
of germ-free and colonized mice during homeostasis
suggest their recruitment may not require microbial sig-
nals [20]. However, microbial control of intestinal macro-
phages and ILLC3 is involved in Treg induction and is
required to induce tolerance and limit reactivity to food
antigens [21]. Further studies are likely to reveal micro-
bial regulation of I1.-33, IL.-25 and TSLP, which will
impact on Type 2 immune responses at mucosal sites.

Microbial colonization in early life and
regulation of Type 2 immunity

Early life development of the gut microbiota and matu-
ration of the immune system occur in parallel, cross
regulate each other, and are highly susceptible to modu-
lation by external factors. The current opinion suggests
that alterations in the gut microbiome during this
dynamic period in early life results in profound conse-
quences on health later in life. For example, microbial

dysbiosis with reductions in four bacterial genera at
3 months of age was associated with an increased risk
to develop asthma at one year of age [22] and in a small
twin study intestinal dysbiosis with overgrowth of Rumi-
nococcus gnavus was predictive of allergy development
[23]. Similar results were found in a study of children
in rural Ecuador where microbial dysbiosis at 3 months of
age was associated with later development of atopic
wheeze, although in this cohort fungal dysbiosis was more
prominent than bacterial dysbiosis [24]. Fujimura e a/.
found that out of three compositionally distinct neonatal
gut microbiotas identified in a US birth cohort, those
children that harbored a gut microbiota with lower rela-
tive abundance of key bacteria, identified as Bifidobacter-
wum, Akkermansia, and Faecalibacterium, and increased
abundance of some fungi, had the highest risk for devel-
oping atopy against multiple food and aeroallergens at
2 years of age [25°°]. This neonatal gut microbiota was
also found to be enriched for pro-inflammatory metabo-
lites that decreased the proportion of Treg cells and
increased the proportion of CD4*IL-4" 'T' (Th2) cells
and secreted IL-4 in an 7z vitro 'T cell stimulation assay,
suggesting that the functional effect of early life microbial
dysbiosis may be mediated by alterations in T cell popu-
lations [25°°]. Alterations in invariant natural killer T
(INKT) cells producing IL.-13 with potential cytotoxic
effects on intestinal epithelial cells (IECs) have been
identified in ulcerative colitis (UC) patients [26].
Although this observation does not necessarily suggest
a causal role for these cells, germ-free mice have
increased iNKT cells numbers in both the colon and
lung compared to specific pathogen-free (SPF) mice and
accumulation of these cells was only suppressed if the
mice were colonized prior to weaning [27], suggesting the
importance of early microbiota exposure. Similar to UC
patients, the enhanced iNK'T cells numbers in germ-free
mice conferred increased susceptibility to colitis and
allergic asthma [27,28]. In mice, neonatal iNKT cell
numbers could be controlled by microbiota-induced epi-
genetic modification of the gene encoding for the che-
mokine ligand CXCIL.16 [27] or through providing inhibi-
tory bacterial glycosphingolipids that inhibit iNK'T cell
activation and proliferation independent of CXCL16 [28].
A similar requirement for microbial colonization within
this critical window in early life has also been illustrated
for control of IgE. Preventing the high IgE observed in
germ-free mice required neonatal colonization with a
diverse microbial consortia [3]. Furthermore, vancomycin
treatment of neonatal mice induces significant alterations
in gut microbiota composition and increases eosinophil
infiltration, antigen-specific IgE levels and airway hyper-
responsiveness in OVA-challenged mice, effects that are
not observed in adult mice also treated with vancomycin
[29]. In agreement with these findings, postnatal expo-
sure to antibiotics increases the risk for asthma in children
[30]. A recent study has also illustrated that early life
exposure to a more diverse microbial environment led to
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increased microbial diversity in adulthood and decreased
lung inflammation in a mouse model of OVA-induced
asthma [31]. Similarly, the neonatal microbiome is also
likely to be important to protect from early sensitization
to food allergens and tolerance to skin commensals (dis-
cussed below).

No discussion of early life would be complete without
reference to the role of the mother and breast milk
(Figure 1). In a recent study, we found that metabolites
derived from the maternal microbiota can be transferred
to the offspring via the milk and across the placenta where
they stimulate the early development of the innate
immune system [32°°]. Breast milk is also an important
source of anti-commensal immunoglobulins that function
to dampen neonatal T cell responses during early life
[33°°]. Breast milk also provides transforming growth
factor (T'GF)-B and transfer of TGF-B1 from mother
to child through breast milk has a significant beneficial
impact on allergy prevention during infancy [34]. Mice
that are lactated by OVA-exposed dams developed oral
tolerance mediated by induction of interferon-gamma
(IFNwv)-producing CD4" T cells via a mechanism depen-
dent on transfer of TGF-B to offspring [35]. Interestingly
however, in this model oral tolerance could not be
induced during the first week of life [36]. During this
early time, activation of neonatal T cells is normally

Figure 1

suppressed by the presence of maternal antibodies and
regulatory T cells [33°°,37]. Surprisingly however, oral
tolerance could be rescued by supplementation with
Vitamin A, which led to increased DC expression of
RALDH with subsequent Th1 differentiation and IFN-y
production [36]. Although these data would suggest a
beneficial role for Vitamin A supplementation in early
life, others have shown that neonatal supplementation
with Vitamin A is associated with increased atopy in
Guinean girls [38,39]. The induction of tolerance to
gut commensals may also be limited to a time-limited
period early in life. Knoop and colleagues found that
exposure of the immune system to antigens from the
gut lumen was very limited between days 0 and 10 after
birth because the amount of bacteria during this time was
low and the presence of high levels of epidermal growth
factor (EGF) in the breast milk inhibited development of
goblet cell-associated antigen passages (GAPs) [40°°].
GAPs then developed from days 11 to 20 in response
to acetylcholine, leading to induction of antigen-specific
regulatory T cells. Finally, the high microbial load post
weaning again inhibited GAPs, limiting further exposure
to luminal antigens. Although this study specifically
investigated induction of an anti-commensal tolerance,
it will be interesting to investigate whether tolerance to
other luminal antigens could also be affected by the
temporal expression of GAPs.

4

Placental transfer:
maternal IgG
maternal microbial metabolites

Breast milk:

anti-commensal Ig -> dampen neonatal T cell responses.
TGFp, AhR ligands

EGF inhibited GAPs between day 0-10

Acetylcholine stimulated GAPs between days 11-20

-> induction of Treg.
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Maternal transfer of microbial products/metabolites. Metabolites derived from the maternal microbiota can be transferred to the offspring across
the placenta and via the milk (green arrows) to stimulate early development of the innate immune system. Breast milk is also an important source
of anti-commensal immunoglobulins that function to dampen neonatal T cell activation. Breast milk also provides transforming growth factor 8
(TGFB), which has a beneficial impact on allergy prevention during infancy as well as aryl hydrocarbon receptor (AhR) ligands. Tolerance induction
towards commensals may also be limited to a period early in life. Exposure of the immune system to antigens from the gut lumen is very limited
between days 0 and 10 after birth because the load of bacteria during this time is low and the presence of high levels of epidermal growth factor
(EGF) in the breast milk inhibits development of goblet cell-associated antigen passages (GAPs). GAPs then develop from days 11 to 20 in
response to acetylcholine, leading to induction of antigen-specific regulatory T cells (Treg).
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Impact of microbiota on food allergy

Food allergy has been increasing dramatically over the
past several years and is considered to occur due to a
breakdown in oral tolerance pathways. Altered exposure
to microbes, especially early in life, is likely to be an
important modifier of food allergy susceptibility (for a
recent review see [41]). Recent reports in both human and
animal models continue to support this view. For exam-
ple, the early life gut microbiome in children sensitized or
allergic to egg was recently reported to differ significantly
from unaffected children, with predicted differential
purine metabolism [42°]. An early gut microbiome may
even predict resolution of food allergy as the gut micro-
biota composition at 3—6 months of age, specifically the
enrichment of Clostridia and Firmicutes, was found to
associate with the resolution of milk allergy at the age of
8 years [43°]. Furthermore, a recent case control study of
the fecal microbiome of food allergic children, their
siblings and healthy children revealed differences in
microbial compositions, with alterations in Clostridia
driving the separation of food allergic children from the
control groups [44°]. Animal models support these asso-
ciations in humans and provide further insight into the
putative mechanisms involved. Earlier studies in mice
illustrated the importance of Toll-like receptor 4 (TTLR4)
signaling in susceptibility to food allergy [45] and that
reconstitution of germ-free mice with a donor food aller-
gic microbiota increased disease susceptibility when chal-
lenged with the allergen [46]. Germ-free mice or mice
treated with antibiotics prior to weaning developed
higher levels of peanut-specific IgE and IgG1 antibodies
in a food allergy sensitization model but were protected
when supplemented with a mixture of Clostridia species
[47]. In this model, a microbiota containing Clostridia was
able to induce Treg, IgA and I1.-22, which reinforced the
intestinal barrier and decreased allergen access to the
bloodstream [47]. A high fiber diet, which increased
acetate and butyrate levels, enhanced retinal dehydroge-
nase activity in CD103" DC, and boosted IgA, T follicular
helper (Tth) cells and germinal center reactions, was able
to improve induction of oral tolerance and prevent food
allergy [48]. In this model, protection for food allergy was
dependent on Vitamin A, Treg, and the G-protein cou-
pled receptors GPR43 and GPR109a. These recent stud-
ies illustrate how specific bacterial species in early life can
provide metabolites that change the immune landscape
resulting in changes in tolerance induction and suscepti-
bility to develop food allergy. An area of intense interest is
the link between microbes, food allergy and atopic der-
matitis (AD).

Commensal bacteria, skin immunity, and the
atopic march

Atopy is associated with increased immune responses to
environmental allergens alongside high concentrations of
IgE that can lead to pathologies at a variety of anatomical
sites. The first manifestation of atopy is often the

development of AD early in life and then subsequently
followed by allergic rhinitis, allergic asthma, and food
allergy in a developmental trajectory referred to as atopic
march. The observation that AD is positively associated
with atopic disease at other sites of the body points to the
skin as an important site for allergic sensitization. A recent
study identified a fecal microbiome signature in children
with AD that could discriminate between the presence or
absence of food allergy [49] butarole for the skin microbiota
at the first stages of the atopic march is also likely. The skin
is the natural habitat for a diverse population of bacteria
whose colonization begins at birth and continues postna-
tally driven by environmental exposure (reviewed in [50]).
Composition of the skin microbiome differs greatly from
that found in the gut but also differs between skin sites
dependent on the local environment, such as temperature,
humidity, pH, and the presence of lipids (reviewed in [51]).
As in the gut and lung, the skin microbiota is involved in
maintaining barrier function and educating the immune
system (Figure 2). A recent study compared the cutaneous
transcriptome of germ-free mice with that of mice raised
under specific pathogen free conditions and found a large
number of genes differentially expressed following micro-
bial colonization, with many genes involved in innate
immunity and antimicrobial proteins upregulated [52°].
The skin commensal microbiota enhances keratinocyte
production of antimicrobial peptides, such as human
B-defensin (hBD2) and hBD3, thus protecting from infec-
tion with pathogens [53]. Furthermore, the functional
potential of effector T cells in the skin is dependent on
signals from the skin commensal bacteria through a path-
way involving the interleukin-1 receptor (IL-1R) [54] and
commensal bacteria interact with skin-resident dendritic
cells to drive homeostatic commensal-specific T cell
responses [55]. Of particular importance to T'ype 2 immune
responsiveness, colonization of the skin is required during a
critical developmental window in order to induce immune
tolerance to commensal bacteria [56]. Furthermore, com-
mensal microbial colonization of hair follicles during their
development by stimulates production of the chemokine
CCL20, which specifically recruits CCR6-expressing
Tregs to the follicles during the neonatal period [57°°].

Microbial dysbiosis in the skin is associated with a num-
ber of skin disorders, including AD, suggesting that such
microbial alterations may drive or exacerbate disease.
Staphylococcus aureus is a pathobiont that can be found
in healthy individuals but is highly prevalent in AD.
Specifically, §. aureus has been shown to disrupt the skin
barrier by increasing serine protease production by ker-
atinocytes [58]. Disruptions in the skin barrier may then
allow penetration of §. aureus through the epidermis,
where it stimulates production of IL-4, IL-13, 11.-22,
TSLP, 11.-17, and CXCL2 [59]. In healthy individuals
the resident skin commensal bacteria, including §. epi-
dermidis and S. hominis, produce AMP that protect from §.
aureus infection but these protective bacterial species
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Skin microbiota in homeostasis and atopic dermatitis. Schematic illustration of the mechanisms involved in skin homeostasis and deregulation in
atopic dermatitis. Antimicrobial peptide (AMP), Toll-like receptor (TLR), complement cascade (CC), interleukin (IL), dendritic cell (DC), regulatory T
cell (Treg), Chemokine (C-C motif) ligand 20 (CCL20), chemokine receptor 6 (CCR6), chemokine (C-X-C motif) ligand 2 (CXCL2), T helper type (Th),

thymic stromal lymphopoietin (TSLP).

appear to be rare in AD patients [60]. Despite the evi-
dence that . aureus is highly prevalent in AD patients, a
role for §. aureus in driving disease onset as opposed to
blooming as a consequence of disease has been more
difficult to determine. Meylen ez a/. performed multiple
skin sampling from the time of birth through to 2 years of
age and found that skin colonization with §. aureus was
positively associated with later development of AD [61].
In contrast, another smaller study from a different birth
cohort found no association between early §. awreus
colonization in early life and subsequent AD develop-
ment [62]. However, this study did find that infants with
AD at 1 year were colonized with less commensal Staph-
ylococcus spp., specifically S. epidermidis and §. cohnii, at
2 months of age [62]. This points to early alterations in the
commensal bacteria as potential drivers of disease. This is
supported by the observation that §. aureus induces AD-
like lesions in a mouse model with altered barrier integ-
rity [63]. Of importance, the ability of §. aureus to drive
inflammation has been shown to be strain dependent with
isolates from AD patients with severe flares stimulating
greater Th2 and Th17 cell expansion in a mouse model of
cutaneous colonization [64°]. Further studies are required

to gain a better understanding of how specific strains of
commensal bacteria may modulate Type 2 responses or
tolerance during homeostasis and inflammation.

Conclusions

In this review we have attempted to highlight recent
studies that have increased our understanding of the
mechanisms by which the microbiota can modulate Type
2 immune responses. We have also described the impor-
tance of microbial exposure during the neonatal period in
promoting the induction of tolerance and the prevention
of aberrant Type 2 immunity. Finally, we highlighted
recent evidence supporting a role for the skin microbiota
in allergen sensitization and food allergy development.
With increasing understanding of the role of the micro-
biota in regulating the immune system comes increased
opportunity to apply microbial-based therapies to treat or
prevent Type 2 driven immunopathology. While there
has been an explosion of studies providing information on
the microbial composition based on 16S rDNA sequenc-
ing, this does not provide in-depth information at the
species or strain level and does not identify other micro-
bial components, such as the virome or mycobiome.
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Future studies using shotgun metagenomics will help to
provide greater depth, although the current cost for
performing this on large sample sizes has been prohibi-
tive. Furthermore, increased integration of metabolomics
and other omic platforms with microbiome information
will help to define the precise molecular pathways uti-
lized by the microbiota to modulate immune responses.
"This was elegantly illustrated by a recent study utilizing
an integrated transcriptomic analysis to reveal key drivers
of acute peanut allergic reactions [65]. The recent expan-
sion of single cell approaches is likely to provide greater
clarity of the precise cellular targets of the microbiota and
animal models colonized with defined microbes will
reveal the underlying mechanisms.
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