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Abstract

Microbial colonization of mucosal tissues during infancy plays an instrumental role in the
development and education of the host mammalian immune system. These early-life events can
have long-standing consequences: facilitating tolerance to environmental exposures or contributing
to the development of disease in later life, including inflammatory bowel disease, allergy, and
asthma. Recent studies have begun to define a critical period during early development in which
disruption of optimal host-commensal interactions can lead to persistent and in some cases
irreversible defects in the development and training of specific immune subsets. Here, we discuss
the role of early-life education of the immune system during this “window of opportunity,” when
microbial colonization has a potentially critical impact on human health and disease.

The commensal microbiota, which widely colonize the body, strongly influence the host
immune system. Most of the internal and external surfaces of a mammals’ body during adult
life—including the gastrointestinal tract, skin, and oral mucosa—are heavily colonized by
microbiota, with the largest congregation of organisms contained within the colon. The
human body was recently estimated to be composed of 3 x 1013 eukaryotic cells and 4 x
1013 colonizing bacteria (1). The exposure of the mammal to microbiota begins in utero and
expands rapidly after birth. For example, maternal gut bacteria can be detected in the
amniotic fluid of pregnant mice (2), and bacteria can be isolated in the meconium from
preterm human babies (3). After birth, the composition of microbiota is initially derived
from opportunistic colonization by the first types of bacteria to which a baby is exposed in
his or her environment, which together with other environmental factors, such as diet, may
substantially affect the entry of subsequent microbial species into the various mucosal
niches. As such, the mode of delivery and subsequent environmental exposures greatly
influence the composition of the microbiota in the infant (4). The microbiota composition of
an adult may therefore in part reflect the history of exposure to microbes and environmental
factors in early life. This concept is supported by experiments with mice (5, 6) and familial
studies in humans (7) that indicate that the environment in early life may account for, at least
in part, microbial composition in the adult. These events and their immune consequences are
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perhaps most important during the first year of life, when the microbial composition is
highly variable (8), with progressive stabilization to an adult-like community structure after
3 years of age (9). The instability of the microbiota during early life makes the community
structure of microbiota during this time more sensitive to environmental incursions (10). It is
now increasingly clear that early-life colonization also coincides with a potentially time-
limited period during which the immune system is permissive to microbial instruction.
Further, emerging evidence suggests that the immune influences induced by the microbiota
during this early period of life may be durable, creating a “window of opportunity” for
proper (or improper) immune education to occur and resistance (or susceptibility) to disease
in later life. This Review focuses on these issues and the recent evidence in support of this
concept.

Evidence that the microbiota influences the immune system: Lessons from

germ-free animal studies

The use of germ-free (GF) animals allowed for development of the concept that the
microbiota influences the immune system. In 1885, Louis Pasteur first proposed the
generation of animals deprived of common microorganisms to understand the relationship
between microbes and their host (11). Ten years later, Nuttall and Thierfelder used guinea
pigs to produce the first GF animals by means of cesarean section (12). It took around
another 50 years, however, until enough was known about the nutrition of newborn animals
to enable production of the first GF rats (13) and mice (14). The first comparisons of GF
rodents with “microbiota-colonized animals” resulted in the observation that there were
gross physiological differences between GF and the specific pathogen—free (SPF) state,
including an enlarged cecum, principally due to an accumulation of undegraded mucus (15),
and reduced gastrointestinal motility (16), due to the loss of the critical digestive functions
of the inhabiting microbiota. In parallel, GF rodents display an aberrant intestinal epithelial
cell (IEC) morphology that includes longer villi and shorter crypts in comparison with that
observed in conventionalized mice (17) and reduced antimicrobial peptides (18, 19). Of
most relevance, the absence of commensals has profound effects on the structural and
functional development of the immune system, including but not limited to defects in
lymphoid tissue development within the spleen, thymus, and lymph node (20, 21).
Moreover, these structural abnormalities were most striking near the mucosal interface,
suggesting that interactions with specific communities of microbes directly modulate
development of these gut-associated lymphoid structures (GALTS). For instance, a type of
lymphoid tissue called isolated lymphoid follicles (ILFs) are minimally present in the
absence of microbiota in the small intestine but not the colon (22-24). In addition, GF
animals contain smaller Peyer’s patches (PPs) and mesenteric lymph nodes (MLNSs) (23).
Collectively, these studies demonstrate that the microbiota participates in the maturation of
the immune system and suggests that specific events in association with the process of
microbial colonization may be important in the development of a normal immune system in
a healthy individual.
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Microbial colonization modulates early development of the immune system

in mucosal tissues

Colonization of mucosal surfaces is characterized by fluctuating changes in microbial
diversity during the first few years of life, until reaching a point of equilibrium that remains
relatively stable throughout adulthood in the absence of environmental insults (25). In
association with this, the early-life ecological succession of mucosal colonization occurs
concomitantly with the development, expansion, and education of the mucosal immune
system. It therefore follows that immune maturation is likely influenced directly and/or
indirectly by the presence of commensal microbes (26, 27). The postnatal period thus
represents a potentially critical time in which early-life microbial exposures can have
profound influences on the morphological and functional development of the immune
system. Neonatal immune cells differ in function from adult immune cells so that they
preferentially develop tolerance in response to antigen exposure in a process that still
remains to be defined but does not involve an intrinsic property of the T cell but rather the
environment in which the T cell develops (28-30). Neonatal immune cells therefore learn to
tolerate the new environment experienced after birth, such as the commensal microbiota.
These concepts have been experimentally tested by varying the time of microbiota
introduction into GF animals and observing the changes in immune development and/or
function.

Although most abnormalities in GF animals are age-independent and can be corrected by
introducing commensals at any age (31), the ability to restore a few cellular defects that
occur in the absence of microbiota is restricted to a short time interval in early life and thus
is age-dependent. Consistent with this, GF mice conventionalized during adult life possess a
different transcriptional profile in the jejunum and colon in comparison with conventionally
raised SPF mice, suggesting that if colonization does not occur during a critical “window of
opportunity,” intestinal immune development cannot be fully achieved in the adult (32). This
supports the notion that early exposure to microbes may have durable consequences for the
host that may extend into adult life. As a corollary, in the absence of appropriate microbial
exposures in early life, the immune consequences may elicit irreversible and potentially
deleterious implications for the host.

Age-independent influences

T cell subsets

GF animals exhibit major defects in the development of primary and secondary lymphoid
organs—including the GALT, spleen, and thymus—which is associated with a decreased
frequency of CD4* and CD8* intestinal T cell subsets as well as reduced numbers of
intraepithelial lymphocytes that express the ap T cell receptor (TCR) (33). Normalization of
these morphological and cellular defects in ap T cells can be achieved by reintroducing
standard mouse or human microbiota in adult mice (33-36). Furthermore, characterization
of the TCR repertoire in intestinal tissues at the time of initial commensalization suggests an
influx of polyclonal TCR-af* T cells early in life that lose diversity and revert to an
oligoclonal state in the adult (37). To address this, subsequent studies comparing colonized
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and monocolonized mice with GF animals have begun to clarify the role of distinct
commensal bacterial communities in modulating specific T cell effects. GF mice are
typically T helper 2 (T2)—skewed. A balancing of systemic Tyl and T2 cells is observed
after monocolonization of GF mice with Bacteroides fragilis that is due to a single microbial
molecule, polysaccharide A (PSA) (38). In another example, segmented filamentous bacteria
(SFB) play a key role in intestinal Ty cell responses and the induction of secretory
immunoglobulin A (IgA) (39, 40). Colonization with rat microbiota or monocolonization
with SFB, however, only partially restores CD4* and CD8* T cell numbers, suggesting that
a diverse microbial population is necessary to restore a fully mature immune system in the
adult (39). Particular bacterial populations have been linked to the development of specific T
effector subsets, such as TH17 cells, a potent source of interleukin-17 (IL-17) that plays an
important role in the maintenance of mucosal barrier integrity and clearance of pathogens in
the tissues. Ty17 development is dependent on microbiota and is absent in the small
intestine of GF animals. Ty17 cells can be restored in GF adult mice through colonization
with standard mouse microbiota or SFB but not others (41). Consequently, SFB colonization
confers enhanced protection compared with GF animals after infection with the bacterial
pathogen Citrobacter rodentium, which is a direct result of enrichment of Ty17 cells in the
small bowel (41).

Regulatory T cells (Tyeq cells) are a major source of 1L-10 and capable of recognizing
commensal-derived antigens (42), which supports the maintenance of tolerance to intestinal
microbes (43). GF mouse colon, but not small intestine, contains decreased Tyeq cells, which
can be normalized through standard conventionalization and monocolonization with certain
Clostridium species or a variety of intestinal microbes, regardless of age (44, 45).

B cells are essential to the immune system as a source of the five different isotypes of
functionally distinct antibodies: 1gA, IgE, 1gG, IgD, and IgM. GF mice exhibit normal
numbers and phenotypic maturation of B cells. However, they exhibit a general defect in the
production of IgA and 1gG1 antibodies in mucosal and nonmucosal organs that can be
normalized after conventionalization by microbiota (31). Consistent with this, GF mice
possess few IgA-expressing B cells in the small intestine. This decrease in IgA is likely due
to ILF deficiency. Conventionalization of adult GF mice thus restores ILF numbers and
rescues IgA production by B cells in the small intestine (31, 46). This may be through
dendritic cells that do not migrate outside of intestinal tissues and retain live microorganisms
for prolonged periods of time, which allows them the ability to induce IgA expression in the
adult mouse intestine (47).

Innate lymphoid cells

Innate lymphoid cells (ILCs) represent lymphoid cells with innate immune function that lack
a B or T cell receptor (48). Conflicting results surround our understanding of ILC regulation
by microbiota. Natural killer (NK) cells (ILC group 1) exhibit reduced phenotypic evidence
of activation in nonmucosal organs of GF mice, a process that is orchestrated by
mononuclear phagocytes in a Toll-like receptor (TLR)-dependent manner and can be
reversed through the colonization of adult mice with a standard microbiota (49). It has also
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been shown that GF mice display impaired development of Nkp46* RAR-related orphan
receptor—yt (RORyt)—-dependent group 3 ILCs (50) and decreased expression of IL-22 by
these cells, an important cytokine in epithelial responses to microbes in the small intestine
(50, 51). However, another study has shown that GF mice exhibit no change in the numbers
of Nkp46* RORyt-dependent ILCs and increased 1L-22 expression owing to IL-25
production by IECs (52, 53). In either case, dysregulation of IL-22 expression in GF mice
can be normalized by means of standard microbiota conventionalization in adult mice (50,
52). Despite these inconsistencies, it is clear that microbiota regulate ILCs in an age-
independent manner.

Epithelial cells

IECs are found at the interface between the lumenal microbiota and immune system in the
mucosa and play an increasingly recognized role in a variety of immune functions (54). One
of the functions of IECs is to produce antimicrobial peptides. Regllly is a secreted C-type
lectin that regulates the interaction between microbiota and the host through its antibacterial
activity on Gram-positive microbes and is mainly expressed by Paneth cells at the base of
the crypts of Lieberkuhn in the small intestine. In GF mice, IECs exhibit decreased
expression of Reglll-y that can be rescued after colonization with standard microbiota (55)
or monocolonization with Bacteroides thetaiotaomicron in small intestine and colon (56).
Regllly expression is also regulated by IL-22 derived from Nkp46* RORyt—dependent
ILC3 (57). Resistin-like molecule p (RELMP) is a secreted protein highly expressed in the
intestinal tract and goblet cells in particular. In GF mice, RELMP expression by goblet cells
is strongly decreased when compared with that in SPF mice but can be rescued after
colonization with standard microbiota (58). RELMp can regulate the expression of
inflammatory cytokines through intestinal macrophages influencing host responses to
artificially induced colitis (59). Separately, GF mice exhibit a lower expression of major
histocompatibility complex (MHC) class 1l on IECs that can be rescued through
colonization with microbiota, an interferon-y—dependent event (60). In parallel, microbial
derived factors such as acetate from Bifidobacterium longum can enhance protective
functions of IECs in response to infection (61). Current studies also suggest that
conventionalization of GF adult animals leads to substantial changes in gene expression
associated with IECs (62). In future studies, it will be interesting to examine the age
dependency of these effects and the manner in which they alter epithelial expression of
factors well known to play an important role in epithelial cell-immune interactions such as
IL-25, transforming growth factor—B (TGF-), B cell activating factor (BAFF), a
proliferator-inducing ligand (APRIL), and thymic stromal lymphopoietin (TSLP).

Age-dependent influences

iNKT cells in colon and lung

Invariant natural Killer T (iNKT) cells express an invariant TCR-a. chain and a diverse array
of TCR-B chains and recognize endogenous and exogenous (bacterial) lipid antigens when
presented by CD1d, a MHC class I-like molecule (63). In GF animals, iNKT cells are
decreased in peripheral tissues such as the spleen and liver and are hyporesponsive to lipid
antigen stimulation, which is normalized by monocolonization with bacteria expressing
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iNKT antigens in adult mice (64). In distinct contrast, mucosal tissues such as the lung and
colon contain substantially increased quantities of iINKT cells when mice are GF in
comparison with that observed in SPF mice in association with augmented inflammatory
responses in experimental models of colitis and airway hyperresponsiveness (AHR) (65, 66).
This exaggerated accumulation of iINKT cells and hyperresponsiveness to environmental
triggers of iNKT cells that induce colitis can be normalized through colonization of GF mice
with standard microbiota, Bacteroides fragilis monocolonization, or treatment with B.
fragilis—derived sphingolipid antigens during the first 2 weeks of life but not thereafter (Fig.
1A) (65, 66). INKT cell accumulation in the lung and susceptibility to asthma of GF mice
can be rescued by colonization with standard microbiota but not by monocolonization with
B. fragilis during the first 2 weeks of life (Fig. 1B).

These studies have revealed at least two non-mutually exclusive mechanisms by which the
microbiota can modulate iINKT frequency in the colon and lung. Accumulation of iINKT
cells in the colon in GF animals is associated with elevated levels of the chemokine ligand
CXCL16, whose expression is normalized by conventionalization during this critical 2-week
time period in a pathway dependent on microbiota-induced epigenetic changes of the Cxc/16
gene (65). In contrast, normalization of iINKT cell frequency by the human commensal B.
fragilis appears to involve an inhibition of INKT cell proliferation and expansion in early life
through B. fragilis-derived sphingolipids that are inhibitory (66). It is particularly interesting
that the effects of intestinal B. fragilis colonization is tissue-specific because it is restricted
to the colon, strongly supporting the idea that specific microbes and potentially signals can
regulate iNKT recruitment and proliferation in distinct organs.

B cells and IgE

IgE are antibodies produced by B cells that play a pivotal role in response to allergens and
immunity to pathogens. Whereas IgA and IgG1 levels are decreased in GF mice, a recent
study showed that GF mice have elevated levels of serum IgE after weaning (~30 days)
because of enhanced rates of B cell isotype class switching to IgE in PPs and MLNs (67).
Elevated IgE levels in GF animals was associated with exaggerated responses to orally
induced systemic anaphylaxis (67). Hyper-1gE levels in GF mice serum are associated with a
concomitant increase in IL-4 production in PPs and MLNs and are dependent on CD4* T
cells. Colonization of GF mice with standard microbiota from birth to 4 weeks of age but not
thereafter normalizes the IgE levels in adults, which is consistent with a regulation of IgE
production by the microbiota that is specific to this time frame (Fig. 2). IgE production in
adult mice is dependent on intestinal bacterial diversity in neonates rather than on
colonization with specific bacterial species so that a low diversity of microbiota is not
sufficient to normalize IgE levels during early life.

Treg cells in lung and skin

Exposure to house dust mite (HDM) antigen—which possesses CD1d-restricted antigens for
iNKT cells (68), during the first 2 weeks of life, but not thereafter—induces a helios-
negative (presumably induced) subset of Tyeq cells from conventional CD4* T cells in the
lung (69). Consequently, initial HDM exposure during adult life results in increased AHR
relative to that observed when HDM exposure first occurs in early life. Mechanistically, the
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allergen-induced development of the helios-negative Tyeq cells in early life is dependent on
microbiota and involves the expression of the immune checkpoint molecule programmed
cell death protein 1 (PD1) on the T cell and PD-L1 on dendritic cells so that early-life
blockade of PD-L1 abrogates the expansion of the helios-negative Tyeq cell and increased
asthma upon HDM exposure. Thus, a 2-week window of opportunity exists in which
allergen exposure can induce a specific group of Tyeq cells and protection from asthma.
Consistent with a prevalent role of microbiota in the regulation of lung allergic disease
during early life, antibiotic treatment of mice during early life enhances susceptibility to
allergic asthma (6).

A similar age-restricted regulation of Tyeq cells also exists in skin. Colonization of mice with
a commensal skin bacterial strain during the first 2 weeks of life, but not thereafter, induces
accumulation of activated Teq cells in the skin that are derived from the thymus and which
maintain tolerance to commensal derived antigens in the adult (70). When colonization is
initiated in adult mice after the time of weaning, such commensal antigen-specific tolerance
is not initiated (Fig. 3). Further, the accumulation of activated Tyeq cells during this early-life
period appears to be specific to the skin and is not observed in the intestinal lamina propria.
Antibiotic treatment in neonatal mice can induce long-term modification of microbial
composition of the skin and susceptibility to psoriasis development in adulthood, which is
associated with increased I1L-22—producing y6 T cells (71). Regulation of thymically derived
and induced Tieq cells by microbiota during early life therefore appears to be tissue-specific,
suggesting that even the same cell type (such as Tyeg) is under the influence of distinct
organ-specific mechanisms.

Epithelial cells

The establishment of tolerance during the neonatal period can be regulated by non-immune
cells. As an example, TLR signaling is specifically down-regulated during the first 2 weeks
of life in mouse 1ECs but not thereafter (72, 73). This renders epithelial cells hyporesponsive
to TLR stimuli such as lipopolysaccharide derived from Gram-negative bacteria. This
neonatal tolerance is dependent on TLR4 and the mode of birth delivery. Indeed, IECs from
cesarean-born neonates do not down-regulate TLR signaling and are more prone to develop
epithelial damage, suggesting an important role of specific types of microbial exposure in
the development of epithelial tolerance. These studies emphasize the important potential role
played by epithelial cells in the tolerance pathways that are established during early life.

Erythrocytes in spleen

A small subset of erythrocytes express the transferrin receptor CD71. CD71* erythrocytes
are enriched in spleen from birth to 2 weeks of age and diminished in adult life (74). Their
development is independent of microbiota; similar numbers are observed in GF and SPF
mice. However, they function in suppressing responses of myeloid cells to pathogens (for
example, Listeria monocytogenes) or commensals. In the latter case, CD71 inhibition leads
to increased basal expression levels of the inflammatory cytokine tumor neonates maintained
under SPF conditions. These studies show that not only do microbial exposures regulate
immune development during early life, but also that the host maintains critical and specific
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mechanistic pathways that regulate host response to microbes during this critical period of
life.

Early-life perturbations of microbiota and their relationship to human

disease

Because microbe-immune interactions appear to play an important role in early-life
development of the immune system and when disrupted may result in potentially persistent
immune abnormalities, it is worth considering whether early-life exposure to microbes may
affect later-life susceptibility to disease. There is emerging evidence to support this
hypothesis.

Children exposed to farm environments have a decreased risk for the development of allergic
disease, possibly through mechanisms that involve the ubiquitin-modifying enzyme A20
(75, 76). Moreover, farming exposure during pregnancy modulates immune responses and
protects against asthma in a mother’s offspring (77). This protective effect can be correlated
with increased Tyeq cell activity in the infant. Although it is not firmly proven, one of the
plausible explanations for the protective effect of early-life farm exposure is the role of
microbiota because individuals exposed to a farm environment possess different microbial
diversity compared with other lifestyles (78). In an opposite manner, exposure to antibiotics
is associated with persistent changes in microbial composition in studies performed in
human adults (79-81) that may potentially apply to early periods of life (82). As an
example, antibiotic use within the first 6 months of life is associated with an increased
susceptibility to allergy and asthma at 6 years of age (83). Another study has shown that
antibiotic exposure during the first year of life is associated with the development of
wheezing and eczema at 8 years of age, even after taking into account early-life respiratory
infections (84). In parallel, exposure to antibiotics in childhood, and especially during the
first year of life, is associated with an increased risk for development of inflammatory bowel
disease (IBD) (85, 86). Antibiotic exposure during the first year of life is also associated
with increased susceptibility to being overweight and developing central adiposity and may
lead to increased development of type 2 diabetes mellitus later in life (87, 88). Moreover, a
recent study has shown that microbiota composition shifts occur in the infant before
development of type 1 diabetes mellitus (89). Consistent with this, early-life exposure of
female NOD mice to microbiota from male NOD mice can confer protection against
diabetes mellitus in a testosterone-dependent pathway (90). Children born by means of
cesarean section have an altered microbiota composition and may be more susceptible to
obesity, type 1 diabetes mellitus, allergy, and asthma during childhood and adult life (91—
93). The mechanistic basis for this latter example is unclear and may involve numerous
factors, including the exposure to antibiotics with this intervention.

Together, these studies support an indirect association between perturbations of microbial
composition during early life and development of disease later in life. This potential
association is investigated in a recent clinical study of children with eosinophilic esophagitis
(EoE), which mouse models suggest is an iINKT cell-mediated disease (94). In this example,
young children (<6 years of age) with EOE exhibited increased transcriptional levels of TCR
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Va24 (the canonical TCR-a chain of iNKT cells), CD1d, and CXCL16 in the esophagi,
which was normalized by a dietary intervention to treat the EoE, but not in those who did
not respond to the therapy (95). Retrospective data suggested that those with increased iNKT
cell-associated transcripts were exposed in early life to antibiotics (95).

Breast milk contains proteins, maternal bacteria, and nutrients important for the
development of the newborn that may also participate in the establishment of the neonatal
microenvironment (96, 97). This includes the neonatal immune system given the protective
effects of breastfeeding on the development of obesity or IBD in adult life (98, 99).
However, the specific maternal factors, including microbes and the mechanisms involved,
remain to be identified.

Concluding remarks

The mucosal tissues of the host are a highly dynamic set of structures that reside at the
interface between the external world and the internal immune and nonimmune tissues. These
surfaces are also a critical site of microbial commensalism that plays a critical role in
defining the morphology and function of the host and are, like the host that they serve, under
the influence of a variety of environmental factors. It is becoming increasingly clear that the
ordered establishment of this interface is critically important to the proper development of
the immune system and likely the microbiota themselves. Moreover, there has been a recent
recognition that a number of the critical immune mechanisms that determine the
maintenance of homeostasis and tolerance to environmental exposures at this interface are
determined by a set of poorly defined microbial-host interactions that occur during a narrow
time frame contained within the earliest days of life. This specifically has lead to the notion
of a “window of opportunity,” in which particular microbial exposures during early life
determine specific immune events that are durably imprinted, or not. This time frame
correlates with the suckling period of rodents, whose relation to human development
remains to be defined. A recent study nicely demonstrates that such early-life influences by
the microbiota may even be evident during gestation, in that microbial colonization during
pregnancy regulates the number of specific innate immune cells and their activity in the
offspring (100). This process is dependent on microbially induced, maternal antibodies
specific for microbial-derived molecules that are present in the milk and transferred to the
neonate during the period of suckling. In their totality, these insights have profound
implications for human disease by suggesting that disease risk may begin at the earliest days
of life, including the antenatal period. Defining the specific details of these events will
therefore have great implications for intervention and understanding in the prevention of
complex disease mechanisms.
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Fig. 1. INKT cell colonization isregulated by the microbiota during early life and influences
susceptibility to colitisand asthma later in life

(A) INKT cells migrate from the thymus to the colon during the first weeks of life. Their
abnormal accumulation in the colon of GF mice leads to later-life susceptibility to
oxazolone-induced colitis. Conventionalization with a standard microbiota or
monocolonization with B. fragilis (B. frag) but not B. fragilis deficient in sphingolipids (B.
fragASPT) during the window of opportunity restores colonic iNKT cell numbers and
abrogates the increased susceptibility to colitis. In contrast to conventionalization with a
standard microbiota during the first 2 weeks of life that decrease iNKTcell number in a
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mechanism dependent on CXCL16, monocolonization with B. fragilis regulates colonic
iNKT cell number in a CXCL16-independent manner that depends on inhibitory
sphingolipids from B. fragilis that impede iNKT cell proliferation. (B) iNKT cell
accumulation in lungs of GF mice lead to later-life susceptibility to asthma.
Conventionalization with a standard microbiota but not monocolonization with B. fragilis
during the window of opportunity restores colonic iNKT cell numbers in a CXCL16-
dependent manner and abrogates the increased susceptibility to asthma.
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Fig. 2. Exposureto a microbiota during early liferegulates | gE levelsin serum of adult mice and
their sensitivity to orally induced anaphylaxis

IgE accumulates in the serum of GF mice 4 weeks after birth because of an isotype switch to
IgE in mucosal B cells. “Hyper-IgE levels” lead to an exaggerated sensitivity to orally
induced anaphylaxis that can be resolved through conventionalization with a standard
microbiota during early life but not thereafter. Colonization of GF mice with low-diversity
microbiota during the window of opportunity fails to normalize hyper-1gE levels in adult
life.
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Fig. 3. Treg cells colonize the skin of neonatal mice and induce tolerance to commensal bacteria
Colonization of neonatal skin with a commensal microbiota leads to an accumulation of

“activated” Tyeq cells (red cells) that specifically recognize an artificially marked antigen,
with consequent tolerance to this same antigen in later life. Colonization of adult animals
with the same microbiota containing the marked commensal microbiota (red triangle) does

not lead to Tyeq cell accumulation in the skin or establish immune tolerance.
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