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Abstract
The mammalian alimentary tract harbors hundreds of species of commensal microorganisms
(microbiota) that intimately interact with the host and provide it with genetic, metabolic, and
immunological attributes. Recent reports have indicated that the microbiota composition and its
collective genomes (microbiome) are major factors in predetermining the type and robustness of
mucosal immune responses. In this review, we discuss the recent advances in our understanding of
host-microbiota interactions and their effect on the health and disease susceptibility of the host.
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INTRODUCTION
The tissues of the gastrointestinal tract have the unique property of harboring an enormous
number of microbes within the lumen. The concentration of microbes that reside in the small
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** [EDITOR'S COMMENTS: As one would expect, this is very comprehensive, informative and well-written piece. I have just a
couple of points:
1)

The authors suggest that Th17 differentiation takes place locally in the intestine. Not clear if they mean priming here-a
recent Immunity ms (lewis et al., 2011) shows a reduction in Th17 cells in the intestine in the absence of migratory
CD103+ DC suggesting a MLN priming and most likely further differentiation of the effector response in LP. May be
good to at least mention this as a possibility.

2)

Reference is made to the transfer of colitis from gentically susceptible mice with colitis (eg TRUC). However in these
settings disease is transient suggesting in the absence of appropriate genetic predisposition it is in fact difficult to stably
alter the microbiota

3)

Discussion of the immune regulatory role of IL-10 in the intestine would benefit form inclusion of the Klien NEJM ms
showing rare mutations in IL-10R induce severe early onset-IBD. **]
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intestine is estimated to be from 103 to 109 cells/ml, whereas the large intestine contains
abundant bacteria, which achieve a concentration of up to 1011 or 1012 cells/g of luminal
contents (1). This concentration is similar to or even higher than that achieved in colonies
growing under optimum conditions on laboratory plates, indicating that the colonic lumen
provides a safe and nourishing environment and represents an extremely efficient natural
bioreactor for bacteria. The estimated total number of bacteria carried by a healthy human in
the gut is 1014, which, as a whole, constitutes the microbiota (also referred to as the
microbial flora), an ecosystem in dynamic equilibrium. The members of the intestinal
microbiota can be categorized as either allochthonous or autochthonous (1, 2).
Allochthonous bacteria are only transiently present, whereas autochthonous bacteria are
indigenous and preferentially colonize physical spaces or niches in particular animal species.
In most cases, indigenous bacteria can attach to the epithelium or mucus layer and form a
biofilm, and thereby significantly affect host development and physiology.
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The microbiota allows for optimal breakdown of foods, uptake of nutrients, and
enhancement of intestinal development, which have led to diet diversification and increased
evolutionary fitness. Beyond digestion and metabolism, the microbiota also contributes to
development and maintenance of the intestinal epithelial barrier, development of the
immune system, and competition with pathogenic microorganisms, thus preventing their
propagation. Indeed, studies of germfree (GF) animals indicate that intestinal microbes
profoundly affect the development of the mucosal immune system in terms of the
organization of Peyer's patches (PPs) [←AU: this abbreviation is introduced below. Is it for
Peyer's patches?** Yes, it is for Peyer's patches.] and isolated lymphoid follicles (ILFs),
secretion of antimicrobial peptides by epithelial cells, and accumulation of various
immunocytes at mucosal sites (3--7). Collectively, the gut microbiota provides an
indispensable internal ecosystem for numerous host physiological processes and can be
considered to have coevolved with the host to form a superorganism (8).
GF: germfree
PP: Peyer's patch
ILF: isolated lymphoid follicle
[**AU: Please note that the terms temporarily placed at the end of various paragraphs will
be typeset as “floating” elements in the margins of the typeset article. Also, note that colored
words, phrases, acronyms, and numbers within the text will be hyperlinked in the online
version, but will appear as normal text in the printed version.**]
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The collective genome of intestinal microbes, termed the microbiome, is estimated to
contain at least 100 times more genes than our own genome (9). Unlike the human genome,
which is rarely altered by xenobiotic intervention, the gut microbiota composition is readily
changeable by diet, antibiotic ingestion, infection by pathogens, and other life events. The
plasticity of the microbiome has been implicated in numerous disease conditions, and an
unfavorable alteration of the gut microbiota composition is called dysbiosis, which includes
an outgrowth of potential pathogenic bacteria (pathobionts) and a decrease in the number of
beneficial bacteria (10, 11). Multiple recent reports have shown a link between dysbiosis and
Annu Rev Immunol. Author manuscript; available in PMC 2015 May 11.
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immune disorders. Crohn's disease and ulcerative colitis are two chronic intestinal
inflammatory conditions referred to as inflammatory bowel disease (IBD). IBD is a disease
with an elusive etiology, and although many potential triggers have been invoked, one
attractive hypothesis is that IBD may be a result of dysbiosis in the intestinal microbial
community that promotes the overgrowth of bacteria that aberrantly stimulate the intestinal
immune system. Indeed, many reports have shown that the microbial populations in the
intestine of IBD patients are different from those of healthy individuals (12--14).
Accumulating evidence suggests that a change in the gut microbiota composition has a key
role not only in IBD, but also in the development of systemic immune diseases, such as
rheumatoid arthritis (15, 16), encephalomyelitis (17, 18), type 1 diabetes (19, 20), and
allergic diseases (21, 22).

Author Manuscript

Microbiome: a genetic catalog of the microbial species that inhabit a defined environment
such as the human body
Dysbiosis: a condition with imbalance in the composition of the bacterial microbiota; this
includes an outgrowth of potentially pathogenic bacteria and/or a decrease in bacterial
diversity and bacteria beneficial to the host
Pathobiont: a symbiont or a commensal that is able to promote pathology only when genetic
or environmental conditions are altered in the host
IBD: inflammatory bowel disease
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The microbiota affects the host immune system through multiple factors, which include
microbial components and their metabolites. The immune system recognizes these factors
mostly through innate immune receptors. Constitutive signaling induced by the microbiota
keeps the intestinal mucosa in a state of physiological inflammation, with continuous
production of tissue repair factors, antimicrobial proteins, and immunoglobulin A (IgA) that,
together, maintain intestinal barrier integrity and provide beneficial functions to the
microbiota (23--25). Without constitutive innate signaling, intestinal barrier injury and
bacterial translocation may occur. Innate immune recognition of the microbiota leads to the
establishment of an arsenal of unique and diverse intestinal immune cell populations. IgAproducing plasma cells, intraepithelial lymphocytes (IELs), and T cell receptor (TCR) γδexpressing T cells (γδ T cells) are the classically known lymphocytes unique to the mucosa.
Recent studies have shown the presence of innate immune lymphocytes, such as CD4+CD3−
lymphoid tissue–inducer cells (LTi cells) and interleukin (IL)-22-producing natural killer
(NK)-like cells (26, 27). Furthermore, CD4+ T cells in the intestinal mucosa comprise
significant numbers of IL-17-expressing cells (Th17 cells) and fork-head box P3 [**AU:
lowercase “p” nearly everywhere else. OK to change here? → OK] (Foxp3)-expressing
regulatory T cells (Treg cells) (28). All these cells are particularly abundant in the intestinal
mucosa, even under steady-state conditions, and their accumulation and function are deeply
affected by the presence of the microbiota.
LTi: lymphoid tissue inducer
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Although it is not fully understood why and how the intestinal microbiota generates such a
large variety of immune cell populations, recent studies using gnotobiotes (animals with a
defined microbiological status) have suggested that specific components of the microbiota
induce specific populations of immune cells. Below, we summarize the recent findings on
how members of the microbiota provide an intestinal environment uniquely suited for the
well-balanced development of the innate and adaptive immune system and discuss the role
of the microbiota in infectious diseases and inflammation.
Gnotobiote: gnotobiotic comes from the Greek “known life” and refers to animals with
defined microbiological status

COMPOSITION OF THE MICROBIOME
Author Manuscript

The establishment of the intestinal microbiota occurs progressively, beginning immediately
after birth. The initial infant gut microbiota has a relatively simple composition, which is
affected in large part by the maternal microbiota. Vaginally delivered infants acquire
bacterial communities resembling their own mother's vaginal microbiota, dominated by
Lactobacillus, Prevotella, or Sneathia spp., whereas infants delivered by Cesarean section
harbor bacterial communities similar to those found on the skin surface, dominated by
Staphylococcus, Corynebacterium, and Propionibacterium spp. (29). These pioneer bacteria
may affect the composition of adult flora. After the weaning period, however, the microbiota
markedly changes, and obligate anaerobes become prominent, with much lower numbers of
facultative anaerobes.
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Only four phyla dominate adult human intestinal habitats (30). Most (>90%) of them belong
to Bacteroidetes (including Bacteroides) and Firmicutes (including Clostridium,
Lactobacillus, and Bacillus). Firmicute bacteria in the gut include two major clostridial
groups, namely the clostridial clusters IV and XIVa that comprise the Lachnospiraceae.
Lower-abundance phyla are mainly composed of Proteobacteria (including Escherichia) and
Actinobacteria (including Bifidobacterium). The mouse intestinal microbiota is similar to the
human microbiota in broad terms. Such limited phylum predominance suggests the presence
of strong selective forces over thousands, perhaps even millions, of years of coevolution.
Notably, certain members of the Firmicutes, such as Clostridium and Bacillus genera, are
found in a state of vegetative growth or as spores. The ability to make spores may be of
ecological advantage to the organism as it enables it to survive under adverse conditions to
efficiently colonize the intestine.
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At lower taxonomic levels, there is considerable interindividual variation. Metagenomic
approaches using massive parallel sequencing allow for the direct enumeration of the
microbiota without having to isolate and cultivate bacteria. Using this technology, the
international MetaHIT (Metagenomics of the Human Intestinal Tract) project has recently
reported that each human individual carries on average 540,000 common genes in the
intestine (9). This estimate suggests that only approximately 35% of bacterial genes are
shared between individuals. Interestingly, the results from the MetaHIT consortium also
suggested the existence of at least three enterotypes in the human population (31).
Enterotypes, which can be compared to blood types, are defined by characteristic
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populations of bacterial species and the genes that they encode. It is not yet known how
enterotypes affect metabolism or immune system homeostasis in the host.
MetaHIT (Metagenomics of the Human Intestinal Tract consortium): the MetaHIT project
aims to understand the role of the human intestinal microbiota in health and disease; the
consortium involves 13 research centers from eight countries

Author Manuscript

The microbiome is adaptable to environmental changes and host genotypes. Recent studies
have shown that community membership and function of the microbiota can change owing
to numerous variables including lifestyle, hygiene, diet, and use of antibiotics (32).
Furthermore, it has recently become clear that the composition of the microbiota can
influence onset and/or progression of several diseases. Indeed, the respective levels of the
two main intestinal phyla, the Bacteroidetes and Firmicutes, are linked to obesity and
metabolic disorders, both in humans and mice (33, 34). There has also been a substantial
increase in the number of reports showing the relationship between the microbiota
composition and the incidence of chronic inflammatory disease, including allergic
conditions and autoimmune disorders (15--22). Furthermore, transplantation experiments in
which the microbiota of diseased animals is grafted into healthy recipients have
demonstrated the transfer of several disease phenotypes. These include obesity, metabolic
disorders, and chronic colitis (35--37), all of which have complex etiologies affected by host
genetic and environmental factors. Therefore, a better understanding of the functional
properties of individual members of the microbiota is increasingly relevant to the treatment
of complex chronic diseases.
Factors That Affect Community Membership of Microbiota
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Diet—Diet is one of the most important factors shaping microbial diversity in the gut.
Because members of the microbiota have their own substrate preference and there is intense
competition for resources, alterations in the components of the diet, particularly the type and
quantity of fat and polysaccharides, result in changes in community composition and
function of the microbiota. Mouse studies revealed that feeding mice with a high-fat and
high-carbohydrate diet (Western diet) resulted in an increase in the number of bacteria of the
Firmicutes phylum and a decrease in that of bacteria of the Bacteroidetes phylum (38, 39).
This increase in the number of Firmicutes was mainly due to the proliferation of the
Erysipelotrichaceae family (38, 39). The abundance of this family of bacteria immediately
diminished when the diet was changed to a diet low in fat and rich in plant polysaccharides.
The decrease in the proportion of Firmicutes after a low-calorie diet was similarly observed
in humans (40). Another human study of 19 obese volunteers showed that a decreased
carbohydrate intake led to a decrease in the number of bacteria within a specific group of
Firmicutes that included Roseburia spp. and Eubacterium rectale (41). Diet also influences
fecal community enterotypes in human subjects (42). Individuals with long-term diets rich in
protein and animal fat had an enterotype dominated by Bacteroides, whereas those on high
carbohydrate diets had a prevalence of Prevotella. Although change in diet resulted in a
rapid change in microbiota, this was not sufficient to shift the enterotype during a 10-day
course. A similar distribution of fecal enterotypes was observed in a comparison of
European and African children, who have diets rich in protein/animal fat and carbohydrates,
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respectively [← AU: should use “and” rather than “versus” for the “respective” relationship.
OK as changed?** OK] (43). Whether enterotypes associated with long-term diets can be
reversed by changes in the diet remains to be determined.

Author Manuscript

Changes in the diet and accompanied alterations in community membership of the
microbiota, whether chronic or short-term, lead to changes in the gene expression profiles of
the microbiota. For instance, alterations in availability of diet polysaccharides result in
changes in the expression of genes for carbohydrate active enzymes (CAZymes), including
glycoside hydrolases and polysaccharide lyases, in members of the microbiota, such as
Bacteroides thetaiotaomicron (44). Seaweeds are major components of the Japanese diet;
Bacteroides plebeius residing in the gut of Japanese individuals acquired the genes of
enzymes that can metabolize the [**AU: “ph” is usually the British spelling. OK to change?
→ OK] sulfated polysaccharide porphyran of marine algae through the horizontal transfer
from marine bacteria naturally colonizing dietary seaweeds (45). These changes in gene
expression of constituents of the microbiota likely ensure that the microbial community can
adapt to dietary changes and maximize energy harvest, while contributing to host fitness.
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In some cases, changes in the diet and subsequent alterations in the microbiome may exert a
detrimental effect on host physiology. Indeed, in individuals having a high-fat and highcarbohydrate diet, the microbiota is more heavily enriched with bacteria of the phylum
Firmicutes and less with those of the phylum Bacteroidetes, and this condition may be more
efficient at extracting energy from a given diet compared with the microbiota of lean
individuals (33). This suggests a positive-feedback mechanism, in which an obesityinducing diet can change the composition of the gut microbiota, which results in a shape of
the microbiome more capable of extracting energy from the diet, thereby helping perpetuate
obesity. It has been postulated that changes in the diet and associated changes in the gut
microbiota may also lead to immune disorders (46). In fact, allergies and asthma are almost
completely nonexistent in certain rural African communities, where people eat diets low in
protein and animal fat and high in plant polysaccharides. Actinobacteria and Bacteroidetes
are more abundant in African (Burkina Faso) than in EU children's microbiota, whereas
Firmicutes and Proteobacteria are more abundant in EU than in African children (43).
Importantly, the microbiome of African children exhibits a higher microbial richness and
biodiversity than that of EU children. The African samples, but not the EU sample's, contain
two bacterial species, Prevottela and Xylanibacter (43). These findings are consistent with
the above-described diet/enterotype concept (42) and suggest that the African microbiomes
are dominated by the Prevotella enterotype driven by the lowfat/high-fiber diet. Prevottela
and Xylanibacter have enzymes necessary for the hydrolysis of cellulose and xylan and
contribute to the production of high amounts of short-chain fatty acids (SCFAs) (43). As
discussed below, SCFAs contribute to the maintenance of immune homeostasis in the
intestine. Therefore, changes in the diet and gut microbial ecology are likely to affect the
metabolic predisposition and immune status of the host.
SCFA: short-chain fatty acid
Inflammation—Alterations in community membership can also be induced by
inflammation. In mice, enteric pathogens such as Citrobacter rodentium and Salmonella
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enterica subspecies 1 serovar Typhimurium actively induce intestinal inflammation, which
then alters the composition of indigenous microbiota, reducing the number of strict
anaerobes such as the Firmicutes and allowing proteobacteria to proliferate (47, 48).
Intestinal inflammation caused by either a chemical inducer, such as dextran sulfate sodium
(DSS), or a genetic deficiency, such as Il10 deficiency, can also alter the composition of the
intestinal microbiota, resulting in a reduction in both the total number of resident intestinal
bacteria and bacterial diversity (47). Studies have shown a change in composition of the
microbiota in T-bet−/− Rag2−/− ulcerative colitis (TRUC) mice, which have a T-bet
deficiency in the innate immune system and develop spontaneous colitis with high
penetrance on a BALB/c background (36, 49). TRUC colitis is attributed to the
hyperproduction of tumor necrosis factor (TNF)-α by dendritic cells (DCs), because T-bet is
a negative regulator of TNF-α transcription (36). The colitis in TRUC mice is accompanied
by a considerable alteration in microbial composition. TRUC colitis can be transmitted to
wild-type mice when they are cross-fostered or cohoused with TRUC mice (36). Detailed
analysis of altered microbiota has revealed a lower proportional representation of
Firmicutes, including Clostridium spp., and the constitutive presence of colitogenic bacteria,
such as Proteus mirabilis and Klebsiella pneumoniae (50), which are otherwise transient
allochthonous bacteria and constitute very minor, if any, components of the microbiota.
Interestingly, colitis in TRUC mice is improved by the consumption of a fermented milk
product containing a probiotic strain, Bifidobacterium lactis (51). Consumption of B. lactis
results in a change in the structure of the microbiota, namely, an increase in the number of
lactate-consuming Desulfovibrio spp. and the butyrate-producing Anaerostipes caccae
subgroup and Eubacteriumhallii, accompanied by a decrease in cecal pH and increases in
acetic, propionic, and butyric acid levels. These conditions provide a nonpermissive
environment for the colitogenic Proteus and Klebsiella in TRUC mice. These results suggest
that inflammation mediated by the overproduction of inflammatory cytokines, such as TNFα, leads to an increase in pH and a decrease in the amount of SCFAs in the intestinal lumen,
resulting in an altered microbial community, including outgrowth of potentially pathogenic
bacteria. Collectively, much like the positive-feedback mechanism in diet-mediated obesity
described above, intestinal inflammation caused by infection or genetic predisposition can
render the shape of the microbiome to be more prone to induce inflammation. This vicious
cycle of dysbiosis and inflammation may be operative in IBD patients.
DC: dendritic cell
Probiotics: live microorganisms that, when administered in adequate amounts, confer a
health benefit to the host
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IBD patients exhibit substantial changes in the composition of the microbiota. A decrease in
the numbers of bifidobacteria and lactobacilli in IBD patients has been known for many
years (52). Overgrowth of Escherichia coli, the so-called adherent-invasive E. coli (AIEC)
in particular, is frequently observed in human IBD patients and is considered to lead to the
aggravation of disease symptoms. AIECs interact intimately with the inflamed ileal mucosa
and even invade intestinal epithelial cells (IECs) (53, 54). Recent studies using highthroughput sequence analysis of 16S rRNA genes have shown that there is a decrease in
Bacteroidetes and Firmicutes frequencies and an increase in Actinobacteria and
Annu Rev Immunol. Author manuscript; available in PMC 2015 May 11.
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Proteobacteria frequencies in IBD patients. In particular, it was shown that the family
Lachnospiraceae, which comprises the Clostridium clusters IV and XIVa [also known as
Clostridium leptum and coccoides groups (55)], was significantly less abundant in IBD
patients than in healthy subjects (13). Other reports have provided data showing a reduction
in the number of bacteria within the Clostridium cluster IV, particularly the species
Faecalibacterium prausnitzii, in the gut of IBD patients (56, 57) and a correlation between
low counts of F. prausnitzii and postsurgical recurrence (58).
IEC: intestinal epithelial cell
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Importantly, individuals with chronic inflammation have a lower bacterial diversity of the
microbiota than healthy individuals. The MetaHIT consortium reported that IBD patients
harbored, on average, 25% fewer genes than individuals not suffering from IBD (9).
Although it still remains unclear whether the decrease in microbial membership is a
causative factor or a consequence of chronic inflammation in IBD patients, maintaining the
diversity of the gut microbial community is likely a prerequisite for a stable and healthy
gastrointestinal tract.
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Host genotype—Host genotype can intrinsically affect the composition of the microbiota.
For instance, genetically obese mice, such as ob/ob mice (leptin gene deficiency), have an
altered microbiota with increased Firmicutes and decreased Bacteroidetes frequencies (33).
Importantly, gut microbiota transferred from ob/ob mice to wild-type GF mice can induce
obesity, presumably owing to the fact that obesity-associated microbes can extract more
energy from the diet, which suggests that a change in the microbiota by [**AU: italics for
gene name, as above? →] leptin gene deficiency may precede the obesity phenotype of
ob/ob mice (33). Mice deficient in Toll-like receptor 5 (Tlr5−/−) similarly exhibit a change in
the shape of the microbiota (35). Tlr5−/− mice display hyperphagia and signs of metabolic
syndrome, including insulin resistance and increased adiposity. Wild-type mice inoculated
with Tlr5−/− microbiota phenocopy the Tlr5−/− mice, displaying hyperphagia and obesity,
suggesting that the Tlr5−/− phenotype is primarily due to the changes in the microbiota.
NLRP6, a sensor of endogenous or exogenous stress, induces the formation of a
multimolecular inflammasome complex upon binding of unknown ligand, leading to
activation of caspase-1 and cleavage of pro-IL-1β and pro-IL-18 (37). In IECs, the
inflammasome-mediated constitutive production of IL-18 is required for the maintenance of
epithelial cell barrier function and regeneration. NLRP6−/− mice exhibit reduced IL-18 levels
in IECs and are highly susceptible to DSS colitis (37). Importantly, NLRP6−/− mice show
quantitative and qualitative changes in the microbiota, including increased representation of
members of Prevotellaceae and TM7, and reductions in members of the genus Lactobacillus
in the Firmicutes phylum. The transmission of this microbiota community confers similar
susceptibility to DSS colitis onto wild-type mice. As described above, T-bet−/− Rag2−/−
TRUC mice also have an abnormal microbial composition, and TRUC colitis is
transmissible to wild-type mice (36). These reports indicate that obesitogenic or colitogenic
microbiota can arise in the host depending on the genotype.
Nonobese diabetic [← AU: see note below re nucleotide oligomerization domain** OK for
the deletion of ‘NOD’.] mice lacking Myd88, an adaptor molecule for TLRs and IL-1
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receptor (IL-1R), did not develop type 1 diabetes when reared in specific pathogen-free
(SPF) conditions, but littermate Myd88-sufficient mice exhibited diabetes under the same
conditions (19). However, when rendered GF, Myd88−/− nonobese diabetic mice developed
severe diabetes. Therefore, the attenuated phenotype of SPF Myd88−/− nonobese diabetic
mice is not simply due to a defect in IL-1R or TLR signaling, but indicates a key role for the
microbiota. Further analysis revealed that Myd88-deficient nonobese diabetic mice exhibit
changes in the composition of the distal gut microbiota: a significantly lower Firmicutes/
Bacteroidetes ratio compared with that of Myd88-sufficient control mice (19). Therefore,
MyD88-dependent signaling affects the composition of the gut microbiota, and thereby
affects the nonobese diabetic phenotype.
TLR: Toll-like receptor
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The lack of activation-induced cytidine deaminase (AID), which results in defective class
switch recombination and thereby lack of IgA-producing plasma cells in the intestine, leads
to the excessive proliferation of anaerobic bacteria in the small intestine, particularly the
segmented filamentous bacteria (SFB), accompanied by hyperplasia of ILFs (59). The
addition of IgA prevented the aberrant SFB expansion and ILF hyperplasia in the mutant
mice. Antimicrobial peptides produced by IECs also have important roles in controlling the
growth of components of the microbiota. Thus, α-defensin deficiency was associated with
decreased Bacteroidetes and increased Firmicutes frequencies, whereas the transgenic
expression of human defensin 5 (HD5) in mice led to the reverse shift (60). Transgenic
expression of HD5 also led to the loss of SFB, with a consequent decrease in the number of
Th17 cells in the lamina propria (LP) of the small intestine (60) (discussed below).
LP: lamina propria
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Collectively, many diseases, including metabolic diseases and chronic inflammatory
conditions, may not be simply associated with host genetics, but may be mediated indirectly
by the change in the microbiota (Figure 1). Recent genome-wide association studies
(GWAS) have revealed more than 100 genetic loci that have significant association with
IBD (61, 62). Several of these genes likely have a primary role in shaping the gut microbial
community, which then affects IBD pathology.

MICROBIAL SIGNALING THROUGH THE HOST INNATE IMMUNE SYSTEM

Author Manuscript

The gut mucosa has evolved multiple layers of protection to prevent the translocation of
pathogenic as well as indigenous microbes. The intestinal epithelium is covered with layers
of mucus, which is composed of mucin glycoproteins synthesized and secreted by goblet
cells. The inner layer of the mucus gel in the colon is densely packed and firmly attached to
the epithelium and creates a strict barrier that prevents large particles, including most
bacteria, from directly contacting the epithelial cells (63). The intestinal epithelium is tightly
sealed by [**AU: “TJ” only used a few times, and not consistently, and AJ not used again.
OK if we just spell out instead? → OK] tight junctions and subjacent adherens junctions,
which play critical roles in the prevention of microbe invasion (64). The small intestinal
epithelium contains Paneth cells at the base of the crypts, which contribute to innate
immunity by secreting a diverse repertoire of antimicrobial proteins. Beneath the epithelium,
Annu Rev Immunol. Author manuscript; available in PMC 2015 May 11.
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the LP contains DCs, which extend their dendrites between epithelial cells to continuously
monitor the gut lumen content and activate LP lymphocytes. These in toto constitute the
firewall that prevents the systemic penetration and spread of microbes (7, 65).
In the past, immune responses to commensal bacteria were considered to be completely
prevented because of the sequestration of microbiota by physical barrier systems. Recent
results have suggested, however, that constitutive and physiological inflammation induced
by commensal microbes through pattern-recognition receptors (PRRs) is operative and is
required for epithelial barrier functions and normal host-commensal homeostasis.
Pattern-recognition receptors (PRRs): receptors that recognize microbe- associated
molecular patterns to initiate innate immune responses
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Constitutive Activation of TLRs by Microbiota
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TLRs expressed by hematopoietic and nonhematopoietic cells are involved in the
recognition of the microbiota. When mice kept in SPF conditions are treated with broadspectrum antibiotics, they become highly susceptible to DSS-induced intestinal
inflammation (24). This is, at least in part, due to reduced constitutive TLR signaling in
response to the microbiota, as oral administration of lipopolysaccharide (LPS, a TLR4
ligand) or lipoteichoic acid (a TLR2 ligand) restores resistance of antibiotic-treated mice to
DSS-associated injury of the colonic epithelium (24). Mice lacking either Tlr2, Tlr4, Tlr9, or
Myd88 are highly susceptible to DSS colitis (24, 66). Depending on the rearing condition,
mice lacking Tlr5 develop spontaneous colitis, and bacterial translocation to the spleen and
liver occurs. [← AU: which organ depends on environment? “or” OK then?**] OK (67).
The absence of MyD88 signaling in IECs is associated with a decreased production of
cytoprotective factors such as IL-6, KC-1, and heat shock proteins in IECs (24). TLR2
signaling plays critical roles in the maintenance of the functional tight junction barrier
integrity of the intestinal epithelial layer (68). In addition, TLR2 signaling is required for the
stimulation of goblet cells to produce trefoil factor 3 [← AU: acronym not used again, so
deleted here** OK], which confers resistance to IECs against inflammation-induced damage
(69). Accordingly, Tlr2−/− mice are susceptible to Citrobacter rodentium–induced colitis
and exhibit severe mucosal ulcerations and crypt destruction (70). These findings all support
the concept that TLRs play an important role in maintaining the functional integrity of
mucosal barriers.
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IECs produce antimicrobial proteins, including α-defensins, β-defensins, cathelicidins, Ctype lectins, and lipocalin2. Most of these proteins can kill bacteria directly through
enzymatic attack of the bacterial cell wall or by disrupting the bacterial inner membrane.
The expression of the C-type lectin RegIIIγ is induced in the mouse small intestine,
particularly in Paneth cells, by [**AU: per Webster's, we lowercase gram. “Gram's stain”
would be cap, but not “gram” in this context. I have changed throughout, w/o tracking →
OK] gram-negative commensal bacteria, such as B. thetaiotaomicron, but it is
downregulated by the gram-positive probiotic bacterium Bifidobacterium longum (5, 71).
RegIIIγ, whose induction depends on MyD88-dependent TLR activation, has a critical role
in host defense against pathogenic gram-positive bacteria, including vancomycin-resistant
Enterococcus (72). MyD88-dependent signaling is also required for the commensalAnnu Rev Immunol. Author manuscript; available in PMC 2015 May 11.
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mediated expressions of RegIIIβ, CRP-ductin, and resistin-like molecule β (RELMβ) in
small intestinal IECs (6). In addition, the production of antimicrobial proteins is indirectly
regulated by TLRs via cytokines, such as IL-22 (73). Systemically injected flagellin
stimulates TLR5 on hematopoietic cells, which leads to an increase in the concentration of
IL-22 in the intestine. IL-22 then acts on IECs to produce RegIIIγ and lipocalin2, resulting
in resistance to infection by vancomycin-resistant Enterococcus[← AU: abbreviation only
used in these two places, so spelled out instead** OK] (73).

Author Manuscript

Microbiota-induced constitutive production of IgA is also dependent on TLR signaling. GF
mice and mice deficient in TLR signaling have little luminal IgA. Microbial TLR ligands,
such as LPS, can substitute for the CD40 ligand (CD40L) and act directly on B cells along
with transforming growth factor-β (TGF-β) to initiate IgA class switching (74). TLR ligands
stimulate DCs to express inducible nitric oxide synthase (iNOS) (75). The gaseous nitric
oxide produced by iNOS then induces the expressions of B cell activating factor (BAFF;
also known as BLyS) and a proliferation-inducing ligand (APRIL), which are functionally
related to CD40L and can promote IgA class switching in a CD40L-independent manner.
TLR5 signaling can stimulate CD11bhighCD11chigh DCs to express Raldh2, which catalyzes
vitamin A to retinoic acid (76). Retinoic acid can act on B cells, causing them to
differentiate into IgA-producing plasma cells. Thus, multiple TLR-dependent pathways are
involved in the production of secretory IgA.
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Autophagy is an evolutionarily conserved degradation system that orchestrates the
engulfment of cytoplasmic proteins into double-membraned vesicles (autophagosomes) and
coordinates the fusion of the autophagosomes with lysosomes. Autophagy plays a
housekeeping role in removing misfolded or aggregated proteins and in clearing damaged
organelles, such as mitochondria (77). Recent GWAS have revealed a strong association
between the ATG16 autophagy-related 16-like 1 (ATG16L1) gene and Crohn's disease (78,
79). [**AU: otherwise “it” used the mice → OK] Using hypomorphic Atg16L1HM mice,
in which the ATG16L1 expression level is low, Cadwell et al. (80) found that autophagy
plays a key role in the granule exocytosis pathway in Paneth cells. Although there is no
spontaneous inflammation in Atg16l1HM mice, these mice are more susceptible to DSS
colitis when infected with a norovirus (81). Crohn's disease patients homozygous for the
ATG16L1 risk allele have similar abnormalities in the secretion of granule contents from
Paneth cells (80). TLRs can promote the induction of autophagy (82). TLR stimulation
induces the interaction of Beclin-1, a key inducer of autophagosome formation, with MyD88
and TRIF (83). This interaction, in turn, dissociates Beclin-1 from antiapoptotic proteins
Bcl-2 and Bcl-XL, thus leading to the induction of autophagy. Of interest, the autophagy
pathway acts upstream of inflammasome activation. Atg16l1-deficient macrophages exhibit
heightened inflammasome activation and IL-1β production when stimulated with LPS (84).
Therefore, constitutive TLR signaling is likely required for facilitating the induction of
autophagy, which regulates inflammasome activation as well as Paneth cell exocytosis
pathways.
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We described above the importance of the constitutive activation of TLRs by commensal
microbiota under normal steady-state conditions for the maintenance of IEC barrier
integrity, production of antimicrobial proteins and IgA, and induction of autophagy.
However, if the constitutive TLR signaling is not properly regulated, excessive and harmful
inflammation may occur. In particular, inflammatory cytokines induced by TLRs, such as
interferon (IFN)-γ and TNF-α, can act as precipitating factors for IBD by modifying tight
junction function in IECs and increasing epithelial barrier leakage (64, 85). To avoid
unnecessary inflammation and cytokine production, several molecules function as negative
regulators of TLR signaling pathways. An example is A20, which is quickly induced
following TLR stimulation and terminates TLR-dependent responses by removing ubiquitin
moieties from the signaling molecule TNF-receptor-associated factor 6 [← AU: abbrev. not
used again. OK to delete?** NO, most people recognize TRAF6 rather than the spelled out
definition] (86). Tnfaip3 (the gene encoding A20)-deficient mice exhibit severe
inflammation of multiple organs including the intestine. Spontaneous inflammation in
Tnfaip3−/− mice is rescued in mice that are also deficient in Myd88. In addition, the
depletion of intestinal bacteria by treatment with broad-spectrum antibiotics diminishes the
inflammation in Tnfaip3−/− mice (87). Thus, the anti-inflammatory feedback loop becomes
dispensable if microbiota-induced TLR signals are eliminated. A similar example is
provided by the single immunoglobulin IL-1 receptor-related molecule (SIGIRR), which
contains an intracellular Toll/interleukin-1 receptor (TIR) domain (88). SIGIRR is expressed
on DCs and IECs and inhibits IL-1 and TLR signaling by acting as a decoy to sequester
downstream signaling components. Mice lacking Sigirr are highly susceptible to intestinal
inflammation induced by DSS, and IECs from Sigirr-deficient mice show increased
cytokine production in response to commensal microbiota (89).
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TLR-mediated responses are also counteracted by inhibitory cytokines, particularly IL-10.
IL-10 is produced by Treg cells, DCs, and macrophages in the intestine in the steady state.
Il10-deficient mice, or mice with myeloid cell–specific deficiency for STAT3, an essential
signaling molecule acting downstream of the IL-10 receptor, spontaneously develop
intestinal inflammation (90, 91). In these mutant mice, LP macrophages are in the state of
constitutive and aberrant activation, and the blockade of TLR signaling by introducing a
deficiency in TLR4 or MyD88 abrogates this intestinal inflammation (92, 93), indicating
that IL-10 acts on myeloid cells and induces STAT3 activation to suppress excessive
inflammation during TLR responses. In addition to A20, SIGIRR, and IL-10, TLR signals
are regulated by many other molecules, including IRAK-M, suppressor of cytokine
signaling-1 (SOCS1), and ST2 (94). These proteins can restrict the duration and/or intensity
of TLR signals and modulate the cellular outcome of TLR signaling, thereby helping to
determine whether TLR signals induce homeostatic or inflammatory responses.
TLR signaling in the mucosa exerts its appropriate function only when the integrity of the
epithelial cell barrier is maintained. This was demonstrated by analyses of mice with IECspecific ablation of NEMO [also called IκB kinase-γ (IKKγ)], or IKKα and IKKβ (95, 96).
These conditional knockout mice spontaneously develop severe chronic intestinal
inflammation. The defect in NF-κB activation leads to apoptosis of IECs, impaired
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expression of antimicrobial proteins, and translocation of bacteria into the mucosa. Intestinal
inflammation is prevented by crossing these mice with Myd88-deficient mice. Similarly,
mice with IEC-specific knockout of Fas-associated death domain (FADD) spontaneously
develop IEC necrosis and severe erosive colitis; Tnfα-deficiency, Myd88-deficiency, or
elimination of the microbiota prevent the colon inflammation (97). These findings support a
model in which chronic activation of TLR by continuous bacterial translocation triggers the
expression of proinflammatory cytokines, such as TNF-α and IL-1β, which causes further
destruction of the epithelium and results in chronic intestinal inflammation. The breakdown
of the epithelial cell barrier, along with persistent and aberrant TLR activation, may thus be
one of the major etiologies of IBD.
Activation of NOD Receptors by Microbiota
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Nucleotide oligomerization domain 1 (NOD1) and NOD2 [**AU: above “NOD” has been
used for “nonobese mice.” I suggest spelling out the mice so that abbrev. can be used for this
domain name.** OK] receptors constitute another family of PRRs that are constitutively
activated by microbiota. NOD2 is a sensor of peptidoglycan (PGN) through the recognition
of muramyl dipeptide (MDP), which is common to both gram-positive and gram-negative
bacteria (98). Upon recognition of MDP, NOD2 forms oligomers and recruits receptorinteracting protein 2 (RIP2). RIP2 undergoes polyubiquitination and mediates the activation
of NF-κB and induction of inflammatory cytokines. NOD2 is expressed in monocytes and
Paneth cells and is required for the expression of antimicrobial proteins in Paneth cells (99).
Indeed, Nod2−/− mice are susceptible to oral infection with Listeria monocytogenes and
show poor expression of antimicrobial α-defensins, such as defensin-α (Defa) 4 and Defarelated sequence (Defa-rs) 10 [← AU: are these abbreviations meant to be related? YES,
that is ok Is Defcr “ α defensin cryptdin”?** where is this mentioned??], in Paneth cells.
Nod2−/− mice also have an increased amount of commensal bacteria as well as a reduced
ability to remove newly colonizing bacteria, suggesting that NOD2 also plays an important
role in maintaining the balance of commensal microbiota (100).
[**AU: italics needed for gene names? Please confirm throughout manuscript →]
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NOD2 gene mutations are associated with an increased susceptibility to Crohn's disease in
Western (but not Asian) populations (101, 102). Three polymorphisms are associated with
Crohn's disease: R702W, G908R, and the frame-shift deletion mutation L1007fs (98).
Although in vitro assays suggest that these NOD2 mutations result in a loss of function
(103), whether these mutations predispose an individual to Crohn's disease in vivo through a
loss or a gain of function remains an issue. To explain the discrepancy between the loss-offunction phenotype of patient monocytes and the reality of inflammation developing in the
intestine, several hypotheses have been proposed (104, 105). The most favored explanation
is that NOD2 variants cause a defect in mucosal barrier function, including a defect in the
production of α-defensins by Paneth cells, which leads to an enhancement of bacterial
translocation and subsequently induction of innate and adaptive immune responses. In any
case, because Nod2-deficient mice have not been shown to develop spontaneous colitis (99),
dysregulation of the NOD2 pathway alone is insufficient, and additional factors including
environment and dysbiosis of the microbiota are required to induce Crohn's disease.
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NOD1 detects diaminopimelate-containing PGN, which is found mostly in gram-negative
bacteria (98). Similarly to NOD2, NOD1 regulates the RIP2-dependent NF-κB pathway. In
contrast to the restricted cellular expression of NOD2, NOD1 is expressed more broadly,
including in IECs. Therefore, NOD1 and NOD2 are postulated to play different roles in the
intestinal immune system. In vitro, NOD1 is required for sensing Shigella flexneri and E.
coli (106). In vivo, NOD1 plays a critical role in the host defense against infection by
Helicobacter pylori (107). H. pylori–induced production of β-defensins is abolished in
Nod1−/− mice, indicating that NOD1 plays a critical role in the production of β-defensins.
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Constitutive NOD1 signaling by PGN from commensal gram-negative bacteria, such as the
genus Bacteroides, is required for the induction and maintenance of ILFs (4). PGN
recognition by NOD1 in IECs results in the production of CCL20 and recruitment of CCR6expressing LTi cells that are required for the formation of ILFs. In the absence of NOD1
and/or ILFs, the total bacterial populations markedly expand and the composition of the
intestinal bacterial community is profoundly altered: Clostridiales, Bacteroides, and
Enterobacteriaceae [← AU: I removed the partial italics in this family name. OK?** OK]
markedly expand, whereas Lactobacillaceae are reduced. Furthermore, NOD1 activation by
intestinal microbiota under basal conditions is required for the systemic priming of the
innate immune system, particularly for the activation of circulating neutrophils (108).
Although the association of the [**AU: ital? → OK] NOD1 gene with IBD remains
controversial, it is clear that NOD1 recognizes intestinal commensal and pathogenic bacteria
and plays critical roles in the regulation, activation, and organization of both local and
systemic innate and adaptive immune responses.
Signaling by Microbiota-Derived Free Fatty Acids
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Emerging technologies, including metagenomics and metabolomics, are now being applied
to study the role of microbiota in the biology of the host organism. Gene diversity in the
microbiome provides various enzymes and metabolic pathways to break down
polysaccharides, oligosaccharides, unabsorbed sugars, and alcohols, which are nondigestible
to the host. One of the metabolic endpoints is the generation of SCFAs, particularly acetate
(C2), propionate (C3), and butyrate (C4) (46). Bacteroidetes bacteria produce high levels of
acetate and propionate, whereas Firmicutes bacteria produce high amounts of butyrate (109).
Acetate and propionate are found in portal blood and are eventually metabolized by the liver
or peripheral tissues, whereas butyrate is a major energy source of the colonocytes.
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Metabolomics: the quantitative measurement of the dynamic multiparametric metabolic
responses of multicellular systems to pathophysiological stimuli by nuclear magnetic
resonance (NMR) spectroscopy or mass spectrometry (MS) [←AU: the stimuli are by NMR
and MS? or the measurement is by NMR and MS?** the measurement is by NMR and MS]
Evidence suggests that butyrate metabolism is impaired in patients with ulcerative colitis
and that topical treatment with sodium butyrate or butyrate enemas are effective for
ulcerative colitis (110, 111). Butyrate treatment enhances the rate of mucin synthesis and
restores the mucus lining by unknown mechanisms. Butyrate is transported into IECs via
monocarboxylate transporters (such as MCT1 and SLC5A8) (112, 113) and also acts as an
extracellular signaling molecule by activating G protein–coupled receptors (GPCRs),
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including GPR109A, which is expressed on the apical surface of IECs (114). GPR109A
signaling in the colon suppresses NF-κB signaling and reduces production of TNF-α, IL-6,
and IL-1β.
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Other GPCRs, including GPR40, GPR41, GPR43, GPR84, and GPR120, can function as
receptors for free fatty acids (FAs). GPR41 and GPR43 are responsive to SCFAs (2-6
carbons, C2–C6) [← AU: elsewhere abbreviated as SCFAs. Possible to apply abbrev. here?
** OK] (115), whereas GPR40, GPR84 and GPR120 recognize ligands with longer (>C6)
acyl chains (116--118). GPR120 is highly expressed in the human and mouse intestinal tract
and mouse enteroendocrine cells. Oral administration, or direct administration to the colon,
of free FAs increases circulating glucagon-like peptide-1 and insulin levels in mice, and this
effect of the free FAs is likely to be mediated by GPR120 (117). GPR120 is expressed not
only in IECs, but also in numerous other cells, including adipocytes, DCs, and macrophages
(119). In these cells, GPR120 can act as a functional receptor for ω-3 FAs, such as αlinolenic acid (C18), docosahexaenoic acid (C22, DHA), and eicosapentaenoic acid (C20,
EPA) in fish oils and some plant oils (119). The signaling through GPR120 by DHA and
EPA mediates anti-inflammatory effects to inhibit both TLR and TNF-α signaling pathways
in macrophages. By preventing macrophage-induced chronic, low-grade tissue
inflammation, GPR120 mediates anti-inflammatory and insulin-sensitizing effects in vivo
(119).

Author Manuscript
Author Manuscript

GPR41 is expressed by a subset of enteroendocrine cells in the gut epithelium (120). GPR41
regulates the expression of peptide YY, an enteroendocrine cell–derived hormone, which
inhibits gut motility, reduces the intestinal transit of food, and thereby enhances the harvest
of energy from the diet (120). GPR43 is expressed predominantly in immune cells,
particularly in neutrophils and eosinophils, and transmits microbial-derived immune
modulatory signals (118, 121). GF mice are more susceptible to DSS colitis than mice
colonized with normal microbiota. Treatment of GF mice with acetate in the drinking water
activates GPR43 and markedly improves disease indices (121). Gpr43−/− neutrophils have
an intrinsic hyperreactive phenotype, including hyperproduction of reactive oxygen species
and high chemotactic activity. Acetate also has an antiapoptotic effect in colonic epithelium
(122). Bifidobacterium longum and B. adrescentis possess glucose transporter(s) and can
produce acetate from glucose in the proximal colon. In the distal colon, in contrast, only
fructose is available, and thus, only B. longum, with its fructose transporters, can produce
acetate. B. adrescentis lacks the fructose transporters and thus fails to produce sufficient
acetate to prevent epithelial apoptosis induced by the pathogenic bacterium E. coli O157
(122). Collectively, FA-GPR signaling is one of the important molecular pathways activated
by microbiota and diet and regulates immune and inflammatory responses that maintain the
mucosal barrier.

INDUCTION AND FUNCTION OF INNATE AND ADAPTIVE INTESTINAL
LYMPHOCYTES
The intestinal mucosa has a unique immune system composed of multiple innate and
adaptive lymphocyte populations that are present in the steady state. Several studies have
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indicated that individual members of the commensal microbiota regulate the development
and accumulation of these innate and adaptive lymphocytes through distinct mechanisms.
IgA-Producing Cells
Plasma cells that produce secretory IgA are, arguably, the best characterized among the
numerous lymphocyte populations in the intestinal mucosa. IgA plays an important role in
shaping gut microbial ecology, as exemplified by AID-deficient mice (59), as described
above. In addition, IgA can affect gene expression by the microbiota. For instance, B.
thetaiotaomicron is otherwise commensal to the host, but in the absence of IgA it elicits a
robust innate immune response, including the induction of iNOS, and then adapts by
inducing bacterial genes involved in nitric oxide metabolism (25). Therefore, mucosal IgA
plays an essential role in determining the composition and nature of the microbiota and is
required for maintaining the mutualistic benefit of bacterial-host interaction.

Author Manuscript
Author Manuscript

IgA-producing lymphocytes are generated by mechanisms that are both dependent and
independent of T cells (74). IgA-positive B cells are generated in a T cell– and CD40Ldependent manner in the germinal centers of organized follicular structures of PPs [← AU:
for Peyer's patches? OK to introduce abbrev. above?** OK], where antigens of commensal
bacteria are taken up by M cells. IgA+ B cells then exit PPs and migrate into the draining
mesenteric lymph nodes (MLNs), where they differentiate into IgA-secreting plasma cells,
which then populate the intestinal LP. In contrast to this [**AU: we prefer T cell, w/o
hyphen. I have changed throughout. → OK] T cell– and PP-dependent class switch
mechanism, a large proportion of the intestinal IgA is induced locally in the intestinal LP in
a T cell–independent manner (123). Furthermore, much attention has been focused on ILFs
in the LP as the site where the T cell–independent induction of IgA class switching of B
cells takes place (124). Indeed, Tcrb−/−Tcrd−/− mice cannot generate IgA+ B cells within PP
follicles, but they have an almost normal level of luminal IgA. In these mice, a considerable
number of IgA+ plasma cells can be observed in the LP of the small intestine, particularly in
ILFs, but not in PPs (124).
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The formation and maturation of ILFs are dependent on the presence of commensal bacteria,
as is evident from the analysis of GF mice (4). In this context, GF mice also exhibit severe
reductions in fecal IgA levels and in the numbers of LP IgA+ cells (3, 125). In gnotobiotic
mice, individual bacterial species, such as SFB or clostridia, specifically stimulate the
development of IgA-producing cells (126--128) (Figure 2). SFB adhere tightly to the
follicle-associated epithelium of PPs and the absorptive epithelium of the villi in the ileum
(129), and thereby induce IgA-producing cells in the ileum (126--128). In contrast, clostridia
preferentially colonize in the cecum and proximal colon where their abundance correlates
with an increase in the number of IgA-producing plasma cells (128) (Figure 3). Considering
the fact that TLR and NOD1 signaling are indispensable for IgA production in the intestine,
SFB and clostridia may provide TLR ligands that can induce the accumulation of IgAproducing cells in the ileum and colon, but this possibility has not yet been investigated.
Further studies are required to elucidate the molecular basis for the induction of intestinal
IgA-producing cells by the components of the microbiota.
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Th17 cells are a subset of activated CD4+ T cells characterized by their production of
IL-17A, IL-17F, IL-21, and IL-22 (28). IL-17 cytokines act on a broad range of immune and
nonimmune cells and regulate granulopoiesis, neutrophil recruitment, and induction of
antimicrobial peptides. IL-17 also plays a crucial role in class switching and germinal center
formation by acting on B cells (130). IL-22 acts on IECs and triggers the production of
antimicrobial peptides such as β-defensins; S100A7, A8, A9 and RegIIIγ; and the expression
of genes involved in cellular differentiation and survival (131). By producing these
cytokines, Th17 cells play a critical role in the homeostasis of epithelia and in the regulation
of host defense against various extracellular pathogens, such as Candida albicans,
Pseudomonas aeruginosa, Staphylococcus aureus, and Citrobacter rodentium (132--134).
However, Th17 cells have been implicated in autoimmunity, and GWAS in humans have
linked genes involved in Th17 cell differentiation and function with susceptibility to Crohn's
disease, rheumatoid arthritis, and psoriasis (135--137).
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In mice, both in vitro and in vivo, differentiation of Th17 cells from naive CD4+ T cells
requires TGF-β and IL-6. TGF-β and IL-6 independently induce expression of the retinoic
acid–related orphan receptor (ROR) γt, a ligand-regulated transcription factor pivotal for
Th17 cell differentiation (28, 138). Despite its induction of RORγt, TGF-β alone is unable to
initiate Th17 cell differentiation (139, 140). This is because TGF-β also induces Foxp3,
which is an essential transcription factor for the differentiation and function of Treg cells.
By binding to RORγt, Foxp3 inhibits RORγt-directed IL-17 expression. In the presence of
IL-6, which activates STAT3 and suppresses the function and expression of Foxp3, the
relative level and activity of RORγt is increased, favoring Th17 cell differentiation (140). In
addition to IL-6 and TGF-β, several factors and cytokines affect the differentiation of Th17
cells. For example, Th17 cells express the aryl hydrocarbon receptor (AhR). Ligands for
AhR, which may be derived from the activity of the microbiota (141), upregulate IL-22 and,
to a lesser extent, IL-17 expression in Th17 cells (142). IL-21, which is produced by the
differentiating Th17 cells, acts in an autocrine manner to upregulate the expression of
IL-23R by activating STAT3 (139). Upon stimulation by IL-23, Th17 cells become fully
enabled inflammatory cells. The production of granulocyte-macrophage colony-stimulating
factor (GM-CSF) is one of the mechanisms by which Th17 cells mediate their effector
functions (143). Th17 cells activated by IL-2 have a role in host defense against extracellular
pathogens, such as C. rodentium (132), but IL-23-dependent innate lymphoid cells (ILCs)
(discussed below) also have key functions (144). However, exposure to excess IL-23 may
cause Th17 cells to become pathogenic, leading to autoinflammatory diseases. In fact, in a T
cell transfer model of experimental autoimmune encephalomyelitis (EAE), Th17 cells
expanded and induced disease only in the presence of IL-23 (145). Moreover, in humans,
variants of IL23R are linked to IBD susceptibility (135). IL-1 also influences the
differentiation and function of Th17 cells and is required for the effector function of these
cells in vivo. IL-1R is specifically expressed on Th17 cells, and RORγt expression is
enhanced by IL-1β (146). Interestingly, a mouse engineered to express an active form of
NLRP3 (NLRP3-R258W), which is associated with Muckle-Wells syndrome, develops
autoinflammatory disease (147). In this model, inflammation is mediated by Th17 cells
induced by excess IL-1β produced by the hyperactivation of inflammasomes.
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Although the cytokine requirements for human Th17 cell differentiation remain to be fully
elucidated, similar mechanisms seem to be operative in both humans and mice (148, 149). A
combination of TGF-β, IL-1β, and either IL-6, IL-21, or IL-23 can induce Th17 cell
differentiation from naive CD4+ T cells isolated from adult or cord blood under serum-free
conditions. RORγt expression is essential for human Th17 cell differentiation.
Pharmacological inhibition of RORγt activity, e.g., by the cardiac glycoside digoxin and its
derivatives, which bind specifically to RORγt, suppresses the differentiation of both mouse
and human Th17 cells (150). These compounds are thought to prevent activation of RORγt
by yet uncharacterized endogenous or diet/microbiota-derived ligand(s).
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In the steady state, Th17 cells are present in the greatest numbers in the intestinal LP of
mice, particularly in the small intestine (138, 151, 152). In extraintestinal sites, only a small
percentage of CD4+TCRαβ+ T cells normally express IL-17 (152). In GF or antibiotictreated mice, the percentage of LP Th17 cells is markedly reduced (151, 152). Therefore, the
development of Th17 cells depends on stimulation by intestinal microbiota. TLR9- deficient
mice have decreased numbers of LP Th17 cells (153), and in vitro differentiation of
intestinal Th17 cells is enhanced by the addition of flagellin, a ligand for TLR5 (76) and
NLRC4 inflammasomes (154, 155). Bacteria-infected apoptotic IECs also provide TLR
ligands that trigger DCs to produce IL-6 and TGF-β, resulting in the promotion of Th17
differentiation (156). These results suggest a potential role for TLR and other PRRs in
intestinal Th17 differentiation. In contrast, mice deficient in both Myd88 and Trif have
normal numbers of LP Th17 cells in the small and large intestines (151, 152). Thus,
individual TLRs may convey divergent signals that differentially affect Th17 cell
differentiation. It is also possible that components of the intestinal microbiota are
specifically altered in mice deficient for distinct TLRs or their adaptors, thus explaining the
differences in the influence on Th17 cell number. Indeed, Myd88 deficiency was reported to
cause a change in the composition of the gut microbiota (19). Further studies are needed to
clarify the role of each TLR in the induction of intestinal Th17 cells. In addition to
pathogen-associated molecules, extracellular adenosine 5′-triphosphate (ATP) derived from
the microbiota can induce Th17 cells by activating purinergic receptors (P2X and P2Y
receptors) expressed on CD70highCD11c+ LP DCs (151). Therefore, several signaling events
likely contribute to the accumulation of Th17 cells in the intestine.
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Because a small proportion of CD4+ T cells express IL-17 in the MLNs or PPs, it is likely
that the differentiation of Th17 cells is induced within the LP in situ (138, 151, 152). In this
context, the components of commensal bacteria are directly taken up via Fc receptor Rn
(FcRn) by epithelial cells outside of the PPs (157). In addition, LP cells expressing CX3CR1
extend their cellular dendrites between the tight junctions of epithelial cells to take up
luminal bacteria (158). CX3CR1+ cells are derived from monocytic precursors and include
macrophages and DCs. CX3CR1+CD70highCD11c+ cells in the LP can induce Th17
differentiation in response to ATP stimulation via the production of IL-6, integrin-αV, and
integrin-β8 (151). Integrin-αV and integrin-β8 contribute to the conversion of the latent form
of TGF-β to the active form by triggering the degradation of the latency-associated protein
(159).
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Mice housed in different SPF facilities were found to have marked differences in the number
of LP Th17 cells (152). This observation led to the identification of SFB as members of the
indigenous microbiota responsible for gut Th17 cell accumulation (160) (Figure 2).
Monocolonization of mice with SFB, but not other bacterial species, induced a marked
accumulation of Th17 cells in the small intestine. In accordance with this observation, mice
expressing transgenic human α-defensin 5 (DEFA5) in Paneth cells exhibited a loss of SFB,
accompanied by a decrease in the number of Th17 cells in the small intestine (60). Although
an effect of SFB on other T cell subsets was not observed in these studies, SFB colonization
can also influence the accumulation of IFN-γ-producing cells in the LP (161). Fate-mapping
studies have demonstrated that Th1 cells can be derived from IL-17+ LP cells, which may
account for the apparent discrepancy in the reports (162).
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Although SFB-mediated IgA production may be dependent on innate immune receptors,
SFB-mediated Th17 cell differentiation is likely to occur through a mechanism independent
of TLR, NOD receptors, or ATP signaling because the LP Th17 cells are normally present in
Myd88-, Trif-, or Rip2-deficient mice and SFB colonization does not increase the luminal
ATP levels (160). Notably, the attachment of SFB induces morphological changes in IECs
such as the accumulation of actin around the attachment site (129, 163) (Figure 2).
Moreover, colonization with SFB induces the expression of genes associated with
inflammation, such as those encoding the serum amyloid A (SAA) proteins, MHC class II,
fucosyltransferase 2 (Fut2), and defensins in IECs (160, 164, 165) (Figure 2). The addition
of recombinant SAA to cocultures of naive CD4+ T cells and LP DCs induced
differentiation of Th17 cells in vitro. Therefore, a plausible model is that SFB attachment to
IECs induces an inflammatory cascade, which includes production of SAAs that act on LP
DCs to stimulate Th17 cell differentiation (Figure 2). Further investigation is needed to
establish the molecular basis underlying SFB-mediated Th17 cell differentiation.
Colonization with SFB, and consequent induction of Th17 cells, has a protective function in
the gut mucosa against pathogenic bacteria, such as C. rodentium (160). Th17 cytokines,
particularly IL-22, likely stimulate IECs to produce antimicrobial peptides, which limit the
growth of C. rodentium. SFB also prevents colonization of enteropathogenic E. coli O103 in
rabbits (166). Moreover, there is a strong correlation between the presence of SFB and a
diabetes-free state in nonobese diabetic mice (20). These reports indicate a benefit of the
constitutive presence of SFB and Th17 cells in the intestine and suggest that the
manipulation of this commensal-regulated pathway may provide new opportunities for
enhancing mucosal immunity.
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Enterotoxigenic strains of Bacteroides fragilis (ETBF) colonize a proportion of the human
population and can cause inflammatory diarrhea in both children and adults (167). ETBF
also induce Th17 cells through STAT3 activation in the colon (168). Furthermore, ETBF
colonization accelerates tumor formation in multiple intestinal neoplasia (Min) mice
(heterozygous for the adenomatous polyposis coli, Apc, gene). Blocking of IL-23R inhibits
ETBF-triggered pathologies. These results suggest that ETBF colonization induces IL-23
production in the intestine, resulting in the production of highly pathogenic Th17 cells that
induce colitis and tumor formation in Min mice.
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On the basis of these findings, one may envisage that SFB-mediated induction of Th17 cells
is beneficial to mucosal immunity, whereas Th17 cells induced by ETBF are pathogenic.
However, this is not always the case. In the K/BxN mouse model of autoimmune arthritis,
colonization with SFB enhances the production of autoantibodies and accelerates disease
progression through induction of Th17 cells (15). Furthermore, mice harboring SFB are
highly susceptible to EAE symptoms compared with GF mice (17). These reports raise the
possibility that the SFB-mediated Th17 induction may have harmful effects on the host,
particularly in individuals genetically prone to autoimmune diseases. Conversely, Th17 cells
induced by ETBF may be beneficial during an immune response against other pathogenic
bacteria, such as C. rodentium. At present, the conditions that determine whether intestinal
Th17 cells play a beneficial or harmful role in the host are not fully understood. IL-23 and
IL-1β are possible candidate molecules that determine whether Th17 cells become
pathogenic or protective. However, the conditions and cells in which IL-23 and IL-1β are
produced are not fully understood. Interestingly, proinflammatory Th17 cells can be
redirected to and controlled in the small intestine (169). During immune responses that
preferentially induce the differentiation of Th17 cells, CCL20 expression is induced in the
duodenum. CCL20 recruits CCR6-expressing Th17 cells to the duodenum, where they are
eliminated or reprogrammed to acquire immunosuppressive and regulatory properties,
including IL-10 expression. Further studies are required to address the cellular and
molecular mechanisms that determine the inflammatory or regulatory character of Th17
cells.
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The antigen specificity of intestinal Th17 cells also remains unknown. Considering that
SFB-induced Th17 cells can contribute to autoimmune arthritis in K/BxN mice and host
resistance to C. rodentium, Th17 cells present in the intestine may have a broad repertoire of
TCRs and not be microbe-specific. Transgenic mice expressing a single transgenic TCR
revealed that intestinal Th17 cells are generated in the absence of a cognate TCR antigen
(170), although Foxp3+ Treg cells are not generated in such an environment and have been
shown to be responsive to bacterial antigen (171) (discussed in more detail below).
However, Th17 cells can develop in the thymus after selection in the medulla by highaffinity antigens, analogous to the development of natural Treg cells (172). These thymusderived Th17 cells (referred to as natural Th17 or nTh17) express integrin α4β1, α4β7, and
CCR6, preferentially migrate into mucosal sites, particularly to the intestine, have a biased
TCR repertoire (preferential usage of TCR Vβ3), and are potentially self-reactive (172, 173).
However, mice harboring a mutation in SLP-76 (SH2 domain--containing leukocyte protein
of 76 kD) had a marked increase in the number of nTh17 cells but were defective in LP
Th17 cell differentiation, suggesting that the LP Th17 cells may not derive from nTh17 cells
(173). Further studies are required to assess the function and TCR repertoire of intestinal
Th17 cells.
Intraepithelial Lymphocytes
IELs are T cells that are interspersed among the gut epithelial cells and whose character and
function are different from those of conventional T cells (174). IELs are subdivided into two
subpopulations: type a and type b IELs. Type a IELs are similar to conventional T cells and
express TCRαβ together with CD4 or CD8αβ. However, unlike conventional T cells, type a
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IELs contain a higher ratio of CD8αβ+ cytotoxic–activated T cells to CD4+ T cells. These
cells function as conventional MHC class I–restricted cytotoxic T cells and kill pathogeninfected epithelial cells. Type b IELs constitute a nonconventional T cell subset and express
TCRαβ or TCRγδ with homodimers of CD8α (i.e., CD8αα). In the small intestine of mice,
most IELs belong to this type b subset. Type b IELs remain a somewhat elusive cell type,
with their function and development still poorly understood. TCRαβ+CD8αα+ IELs have an
activated yet resting phenotype and have been suggested to serve a regulatory role in the gut
(175). TCRαβ+ within this subset do not bind conventional peptide-MHC ligands, but
instead bind several other ligands. CD8αα on this subset binds thymus leukemia antigen,
which is expressed abundantly on IECs (176). They also express high levels of the inhibitory
receptors cytotoxic T lymphocyte antigen 4 (CTLA-4), PD-1, and Lag3 and inhibitory NK
receptors (177). Furthermore, TCRαβ+CD8αα+ IELs prevent colitis when transferred
together with CD4+CD45RBhigh T cells into immune-compromised mice (178), and hence
resemble Treg cells. TCRγδ+ type b IELs recognize nonmicrobial as well as microbial
molecules through TCR or NKG2D (179). TCRγδ+ IELs play an essential role in promoting
epithelial restitution following mucosal injury. This function has been linked to the
upregulation of keratinocyte growth factor, which stimulates the proliferation of colonic
epithelial progenitors (180). Furthermore, TCRγδ+ IELs express RegIIIγ, RegIIIβ, and
chemokines, thereby limiting the bacterial penetration of mucosal surfaces during epithelial
injury (181). Type b IELs in the small intestine of mice also include a unique cell population
expressing both CD4 and CD8αα. CD4+CD8αα+ IELs increase in number with age and are
considered to play a regulatory role in the intestine because they can suppress Th1-mediated
intestinal inflammation in an IL-10-dependent manner (175).
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The microbiota contributes to the proliferation and function of IELs. In fact, [**AU: correct
that all these boxes should be + signs? I think there was a problem with the font ** Yes,
these are +signs.] TCRαβ+ IELs are reduced in number, and the age-related increase in the
CD4+CD8αα+ fraction does not occur in GF mice. In contrast, the localization of TCRγδ+
cells to the intestinal epithelium is independent of normal microbial colonization (182).
Therefore, under GF conditions, the TCRγδ+ T subset remains as the only intestinal IEL
population. Although the number of TCRγδ+ IELs is unaffected by GF conditions, those
isolated from GF mice lack cytolytic activity. Furthermore, small intestinal TCRγδ+ IELs
from GF mice show reduced RegIIIγ and β expression levels (181). The colonization of GF
mice with whole intestinal microbiota (conventionalization) leads to an increase in the
number of IELs and the enhancement of their cytotoxic activity. The decreased RegIIIγ and
β expression levels are restored by the colonization of mice with a select subset of the
microbiota, such as E. coli (181). The RegIII-expressing TCRγδ+ IELs prevent the
penetration of pathogenic bacteria into the intestinal mucosa during the early phase of
infection. Similar to the case of IgA-producing cells, SFB and Clostridium spp. induce the
accumulation of TCRαβ+ IELs in the small and large intestines, respectively. The
monocolonization of mice with SFB leads to an increase in the number of IELs and
enhances their cytotoxic activity in the small intestine (128) (Figure 2). A defined mixture
of 46 strains of Clostridium spp. belonging to clusters XIVa and IV can restore the number
and function of CD8+TCRαβ+ IELs in the colon (128) (Figure 3). However, the molecular
basis for IEL induction by these bacteria remains unknown. Of note, TCRαβ+CD8αα+ IELs
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and TCRγδ+ IELs express high levels of AhR, and its activation is required for their
maintenance (141). Diet and bacterial metabolites are the major sources of AhR ligands;
therefore, diet influences the number of IELs. AhR deficiency or the lack of AhR ligands
compromise the maintenance of IELs and the control of the microbial burden and
composition, resulting in heightened immune activation and increased vulnerability to
epithelial damage (141). Therefore, communication between IELs and intestinal bacteria is
bidirectional and required for intestinal homeostasis.
γδ T Cells
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TCRγδ+ T cells (γδ T cells) [**AU: we have typically written this with a space: γδ T. OK to
change throughout?** OK] are constituents not only of IELs, but also of peritoneal and LP
lymphocytes. Although the antigenic targets of TCRγδ are still largely unknown, γδT cells
recognize both self and nonself ligands, that is, a wide range of microbial products as well as
stressed epithelial cells. γδT cells have many features of innate cells---for example, they
express TLR2, TLR1, and dectin-1 (183). Within hours following infection, γδT cells
produce elevated amounts of antibacterial compounds, chemokines, and cytokines that
contribute to the recruitment of more specialized innate effectors and the functional
polarization of TCRαβ+ conventional T cells to eradicate invading pathogens. Recent studies
have shown that γδT cells are an important source of IL-17 during bacterial infection.
During Mycobacterium tuberculosis infection, γδT cells are the main source of IL-17 in the
lung (184). Another report showed that the antibody-mediated depletion of γδT cells during
E. coli infection leads to decreased IL-17 production and neutrophil infiltration into the
peritoneal cavity (185). IL-17-producing γδT cells represent a subset of γδT cells, with
characteristics similar to those of Th17 cells, such as the expression of RORγt, IL-23R, and
AhR (183). Similar to Th17 cells, IL-17-producing γδT cells express IL-22 upon activation
of AhR and constitutively express IL-23R. By using IL-23R-GFP reporter mice,
investigators showed that IL-23R GFP-positive cells [← AU: why is GFP in parens here?
OK to delete?** because GFP is surrogate for IL-23R; could just use slash: IL-23R/GFP.]
are prominent in the LP, and many of these are γδT cells (186). In the presence of IL-23,
they produce IL-17 much more rapidly than do adaptive Th17 cells (187).
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Intestinal microbiota affect the accumulation of IL-17-producing γδT cells, particularly by
expanding IL-1R1-expressing IL-17-producing γδT cells (188). In the peritoneal cavity of
SPF mice, about 60% of γδT cells are IL-1R1+, whereas the percentage of IL-1R1+ γδT cells
drops to 30% or below under GF conditions (188). IL-1 acts synergistically with IL-23 to
promote IL-17 production by IL-1R1+ γδT cells. Thus, constitutive induction of the IL-23R+
IL-1R1+ γδT cells by the intestinal microbiota provides an efficient mechanism for the rapid
mucosal IL-17 response against infectious pathogens.
Although they are important in host defense, γδT cells have also been implicated in the
induction of autoimmune disease. In a mouse model of collagen-induced arthritis, γδT cells
serve as important sources of early IL-17 (189). In an EAE model, IL-23R+ γδT cells
accumulate in the central nervous system and contribute substantially to the production of
IL-17. In these autoimmune disease models, γδT cells promote the expansion of antigenspecific Th17 cells and limit Treg cell responses (187, 190). Therefore, similar to Th17
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cells, innate IL-17-producing γδT cells, likely induced at least in part by the microbiota, can
exacerbate inflammatory diseases under certain conditions.
Innate Lymphoid Cells
Numerous lines of evidence show the existence of several non-T ILCs in the intestine. These
cells include, but are likely not limited to, NK-like NKp46+ cells, LTi-like cells, and
Thy1highSCA1+Lin−Kit−CD3−CD4− cells (27, 191). These cells are abundant in the
intestinal mucosa, express IL-23R and the transcription factor RORγt, and produce some
combination of Th17 cell–associated cytokines, including IL-22 and, to a lesser extent,
IL-17. Their cytokine production in response to IL-23 suggests that they represent innate
versions of Th17 cells. ILC-derived IL-17 and IL-22 are likely to play critical roles in the
maintenance of mucosal barrier functions, in maintaining homeostasis with the microbiota,
and in the host response against pathogens, acting cooperatively with Th17 cells.

Author Manuscript

LTi-like cells—LTi cells were originally identified in the mouse embryo as critical for the
organogenesis of LNs and PPs (192). LTi cells lack markers for specific hematopoietic
lineage cells but typically express CD4, lymphotoxin-α (LT-α), LT-β, RANK ligand,
CXCR5, CCR7, c-kit, and IL-7R (CD127). LTi cells require the helix-loop-helix inhibitor
Id2 and RORγt for their development and IL-7 for their expression of LT-α and LT-β (193,
194). Human LTi cells have been detected in fetal MLNs, although they do not express CD4
(195). LTi cells accumulate in LN and PP anlagen and mediate LT-α/β-dependent
upregulation of VCAM-1, ICAM-1, MADCAM-1, CXCL13, CCL19, and CCL21 in
mesenchymal cells (referred to as organizer cells), which is an essential event for lymphoid
organogenesis (196).
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LTi-like cells are also present in the adult intestine and gut-associated lymphoid tissue
(GALT) as RORγt+lin−c-kit+IL-7R+ cells (197). A fate mapping study showed that adult
LTi-like cells are neither the direct progeny nor persistence of fetal LTi cells, but are
perhaps derived from adult bone marrow progenitor cells (198). LTi-like cells within the
intestinal LP of adult mice serve as components of cryptopatches and inducers of ILFs,
which are required for T cell–independent IgA synthesis (124). LTi-like cells constitutively
express high levels of OX40L and CD30L, which mediate the survival of memory CD4+ T
cells (199). Moreover, upon stimulation with IL-23, LTi-like cells produce IL-22 and IL-17
and are involved in innate immune responses against pathogens, such as C. rodentium (144).
Without CD4+ LTi-like cells, infection-induced expression of IL-22 and antimicrobial
peptides is lost, resulting in exacerbated host mortality.
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Considering the large number of LTi-like cells in the gut, their function and development are
likely to be affected by the presence of gut microbiota. However, LTi-like cells are present
in GF mice, and their function in cryptopatch formation does not appear to be impaired
(198). Furthermore, the expression levels of IL-22 by LTi-like cells in GF mice was higher
than in SPF mice (200). This was attributed to microbiota-dependent IEC-derived IL-25,
which suppresses IL-22 expression in LTi-like cells (200). Therefore, the development of
LTi-like cells may be genetically programmed, but their functions are regulated by the
microbiota, presumably to maintain a necessary homeostasis between the microbiota and the
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host immune system. The effect of the microbiota on LTi-like cells still awaits further
investigation.
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NK-like cells—Several groups have described mouse NKp46 and human NKp44
expression in novel intestinal ILC subsets (26, 201--203). All intestinal NKp46+ subsets
develop independently of the thymus and are found in Rag2-deficient mice. A minor subset
of gut NKp46+ cells resembles mature splenic NK cells (NK1.1+CD127−) with the
expression of typical NK cell markers (including NKG2D, DX5, CD122, CD11b, and Ly49
family members) (201). In contrast, a predominant NKp46+ subset (NK1.1−CD127+) in the
gut expresses neither the above NK markers nor typical effectors of NK cells, such as
perforin and IFN-γ. Furthermore, differently from conventional NK cells, NK1.1−CD127+
cells develop independently of IL-15 signaling (201, 202). Importantly, and similar to LTilike cells, gut LP NKp46+CD127+NK1.1− cells express RORγt, which is required for their
development (202, 203).
The LP CD3−NKp46+ cells may play a role in mucosal barrier function through the IL-22mediated production of antimicrobial peptides from IECs. In fact, these cells are involved in
the protection against various forms of experimental colitis by safeguarding epithelial
homeostasis (204). In GF mice, the absolute number of intestinal NKp46+CD127+NK1.1−
cells was reduced, whereas NKp46+NK1.1+ cells were unaffected (201, 202). Furthermore,
IL-22 expression was severely suppressed in NKp46+CD127+NK1.1+ cells from GF mice
(201). Therefore, indigenous intestinal microbiota may act to strengthen the mucosal barrier
system by inducing the differentiation of these NKp46+ cells.
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Thy1high SCA-1+ ILCs—In mice lacking all lymphocytes of the adaptive immune system
(Rag2−/−), experimental colitis can be triggered by CD40-mediated activation of myeloid
cells or by infection with Helicobacter hepaticus (205, 206). These colitis models are
dependent on IL-23, IL-17, and IFN-γ and cannot be triggered in animals genetically lacking
RORγt. Among RORγt+ cells, Thy1+SCA1+kit−CD4−NKp46− cells in the intestine are a
critical source of IL-17 and IFN-γ (207). They express IL-17A and IFN-γ upon stimulation
with IL-23. In addition to expressing RORγt, they express the Th1 cell– associated
transcriptional regulator T-bet, which probably accounts for their ability to produce IFN-γ.
Thy1highSCA-1+ ILCs also express LTi-related genes such as those encoding LT-α, LT-β,
and CXCR5. Although this population of Thy1+SCA1+ cells play a pathological role in
promoting intestinal inflammation induced by H. hepaticus or by antibody to CD40 (207),
their function may be context dependent. Further investigation into the physiological
functions of Thy1highSCA-1+ ILCs, their lineage relationship with other ILCs, and the
reason they dominantly exist in the intestine will be required in mice and humans.
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Treg Cells
Foxp3+ Treg cells play critical roles in maintaining immunological unresponsiveness to selfantigens and in suppressing excessive immune responses deleterious to the host (28, 208).
They act to restrain activation, e.g., colitogenic activity, of both effector T cells (209, 210)
and ILCs (211). Foxp3 is critical to the initiation and maintenance of a genetic program for
the differentiation and function of Treg cells (212). Treg cells regulate immune responses
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through multiple mechanisms, including the expression of immune-suppressive molecules
such as CTLA-4, IL-10, TGF-β, and IL-35, but also the depletion of ATP and IL-2 (28,
208). In addition, Treg cells are more mobile than naive T cells and can outcompete the
latter by aggregating around DCs, thereby inhibiting the induction of effector T cells (213).
Treg cells express OX40, which is required for the accumulation of Treg cells in the colon
and the Treg-mediated suppression of colitis (214).
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Treg cells have a plasticity that allows them to migrate to the inflamed tissue and selectively
regulate a specific T cell lineage. For example, under conditions of Th1 inflammation, Treg
cells upregulate T-bet, which promotes the expression of CXCR3 and allows Treg cells to
accumulate at Th1 cell–inflamed sites (215). Likewise, the expression of interferon
regulatory factor 4 (IRF4) in Treg cells is required for the expressions of ICOS and CCR8
and the suppression of Th2 responses (216). The expression of STAT3 in Treg cells is
required for the suppression of Th17 responses (217). STAT3 activation confers upon Treg
cells certain characteristics of Th17 cells, including the expression of CCR6, which allows
Treg cells to migrate to the inflamed tissues in which a Th17 cell response is taking place.
Interestingly, a population of Foxp3+ Treg cells in the intestine loses the ability to express
Foxp3 and becomes follicular helper T cells (Tfh cells) that interact with B cells and
facilitate class switch recombination to IgA (218).
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Peripheral Foxp3+ Treg cells are derived from two sources: natural Treg cells (nTreg) arise
and mature in the thymus, whereas induced Treg cells (iTreg) develop extrathymically
(219). In the presence of IL-2 and TGF-β, naive CD4+ T cells differentiate into Foxp3+
iTreg cells in vitro (220). Retinoic acid can substitute for IL-2 and promote iTreg cell
induction (221). In vivo, the peripheral conversion of Foxp3−CD4+ T cells to Foxp3+ Tregs
can be observed experimentally in the intestinal LP and GALT after oral exposure to
antigen, perhaps because the gut is an environment rich in TGF-β and retinoic acid
(222--224). Although iTreg and nTreg cells suppress immune responses through similar
cytokine- and contact-dependent mechanisms, iTreg cells can be distinguished from nTreg
cells on the basis of gene expression differences. A lower level of Helios expression has
been proposed to be characteristic of iTreg cells (225). Interestingly, Helios-negative
Foxp3+ Treg cells are highly abundant in the intestinal LP (171, 226, 227), suggesting that
the intestinal LP may be where peripheral conversion to Treg cells preferentially occurs.
Alternatively, loss of Helios expression could represent a further activation or differentiation
state of nTreg cells, and more detailed studies are required to fully characterize the Heliosnegative Treg cells in the intestine. In any case, both Helios-positive and Helios-negative
Treg cells are likely to cooperate to mediate peripheral tolerance or ignorance to antigens
derived from microbial flora or diet.
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IL-10 production by intestinal Treg cells—IL-10- or IL-10R-deficient mice develop
colitis in the presence of gut microbiota, and recent GWAS have shown that genetic
variation in the Il10 gene locus is associated with susceptibility to ulcerative colitis (61) and
rare mutations in IL10R result in severe early onset IBD (227a). Using IL-10 reporter mice,
many studies have unequivocally identified CD4+ T cells as the main source of IL-10 in the
intestine (226, 228, 229). In particular, analysis of Treg cells has provided evidence that
more than half of intestinal Foxp3+ Treg cells express high levels of IL-10 (226, 229).
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Because patients lacking functional IL10R develop colitis with an earlier onset and higher
penetrance than patients with Foxp3+ Treg cell deficiency , it is highly likely that IL-10
secretion by both Treg cells and non-Treg cells plays a role in the control of intestinal
immune homeostasis. Indeed, in the intestine there is a Foxp3-negative CD4+ T cell
population that constitutively produces IL-10, called Tr1 cells (229). IL-10 produced by
Treg and Tr1 cells is indispensable for the maintenance of intestinal homeostasis because
CD4+ T cell– or Treg-specific disruption of IL-10 in mice (CD4-Cre or Foxp3-Cre x
Il10flox/flox) results in severe colitis (230, 231). IL-10 acts on myeloid cells to suppress
unnecessary inflammation via STAT3 activation, as exemplified by LysM-Cre x
Stat3flox/flox mice, in which spontaneous intestinal inflammation develops (91).
Furthermore, IL-10 from Treg cells is necessary for suppressing γδT cell proliferation (232).
Deletion of phosphoinositide-dependent protein kinase 1 (Pdk1) in T cells (Cd4-Cre x
Pdk1flox/flox) induces chronic inflammation of the intestine, with loss of IL-10 production by
Treg cells and marked expansion of colonic CD8α+TCRγδ+ IELs expressing IL-17 (232).
IL-10 production by Treg cells is also required for feed-forward autocrine activation of the
Treg cells (231, 233). IL-10 binds to IL-10R on Treg cells and activates [**AU: sometimes
Stat3 and other times STAT3. OK? Is one human and the other mouse? Or please advise. →
YES, I have changed below since it refers to mouse studies] STAT3 to induce the regulatory
function of Treg cells. Mice in which IL-10R has been selectively deleted in Treg cells
spontaneously develop colitis. Deficiency of Stat3 or IL-10R in Treg cells selectively
interferes with their capacity to suppress Th17 cell responses (233, 234).
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Several molecules required for induction of IL-10 expression in Treg cells or the
differentiation of Tr1 cells have been identified. TGF-β contributes to IL-10 production by
Foxp3+ Treg cells and Tr1 cells in the gut (229). IL-27 induces the expressions of c-Maf,
IL-21, and ICOS, which coordinately promote the differentiation of Tr1 cells (235). In
addition, IL-27 upregulates the expression of AhR, which acts in synergy with c-Maf to
promote the development of IL-10-producing cells (236). The transcription factors Blimp-1
and IRF4 are required for IL-10 production by mucosal Treg cells (237). IL-2 and
proinflammatory cytokines such as IL-12, IL-6, and IL-4 induce Blimp1 expression and
subsequent IL-10 expression in Treg cells.
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Induction of Treg cells by LP DCs—Several DC subsets can induce Treg cells and Tr1
cells. In particular, a CD103 (also known as αE-integrin)-expressing DC population in the
LP preferentially promotes the generation and homing of iTreg cells to the intestinal mucosa
(222, 223, 238). CD103+ DCs express retinal dehydrogenase (RALDH) to produce retinoic
acid. Retinoic acid induces expression of gut-homing receptors on T cells and enhances
iTreg cell differentiation by cooperating with TGF-β (221). In addition to CD103+ DCs,
CD11bhighCD11c− LP macrophages preferentially promote iTreg and Tr1 cell
differentiation (239). LP macrophages express high levels of IL-10 and TGF-β and also
preferentially induce the differentiation of naive CD4+ T cells into Treg cells. A more recent
report showed that constitutive activation of β-catenin in DCs and macrophages in the
intestinal LP is required to maintain intestinal homeostasis and tolerance (240). In mice
selectively lacking β-catenin expression in DCs (β-catDC−/− mice), the LP DCs expressed
reduced levels of RALDH, IL-10, and TGF-β, but high levels of IL-23 and IL-6.
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Accordingly, these mice had fewer Treg cells and an increase in Th1 and Th17 cells in the
intestine, indicating that β-catenin expression by intestinal DCs is important for maintaining
the balance between regulatory and effector T cell populations in the gut. Collectively, the
preferential induction of iTreg cells and Tr1 cells in the intestinal mucosa may thus be
attributed to the gut-specific presence of CD103+ DCs, CD11bhighCD11c− macrophages,
and DCs with active β-catenin. Importantly, in the presence of IL-15, retinoic acid can
activate LP DCs to release IL-12p70 and IL-23 (241). As a result, under these conditions,
retinoic acid acts as an adjuvant that promotes Th1 and Th17 responses rather than induction
of Treg cells. IL-15 is a cytokine markedly upregulated under inflammatory disease
conditions, such as celiac disease. The functional conversion of retinoic acid is highly
reminiscent of the action of TGF-β, which is otherwise a critical inducer of iTreg cell
differentiation, but can lead to the generation of Th17 cells in the presence of IL-6.
Therefore, the functional outcomes of the above-described factors and cells for Treg and Tr1
cell induction may all be context dependent.
Microbial effects on Treg cells
Foxp3+ Treg cells are present in essentially all organs, but their frequency is typically about
10% of total CD4+ T cells. In contrast, the frequency of Foxp3+ Treg cells in the gut LP is
significantly higher (>30%) than those in other organs (226). In the colonic LP of antibiotictreated or GF mice, the frequency and absolute number of Treg cells are considerably
reduced (226). However, the numbers of Treg cells in the small intestine are unchanged or
increased by the absence of the microbiota. Therefore, the intestinal microbiota has a
profound effect on the number of colonic Treg cells, whereas different mechanisms are
involved in the induction of small intestinal Treg cells.
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As observed with Th17 cells, distinct constituents of the gut microbiota may also
specifically induce Treg cells. Lactobacilli and bifidobacteria have been implicated in the
induction of Treg cells. Treatment of mice with the probiotic mixture VSL#3 (a mixture of
bifidobacteria, lactobacilli, and Streptococcus salivarius) or the probiotic strain
Lactobacillus reuteri increases the percentage of Treg cells (242--244). Furthermore, daily
ingestion of L. acidophilus, L. rhamnosus, L. reuteri, or B. infantis results in the
modification of the inflammatory status or autoimmune responses in mice (245--248),
presumably by inducing Treg and Tr1 cells. However, these probiotic strains are only
transiently present (allochthonous) and do not exist at high levels in the intestines of adult
mice or humans. Furthermore, it is yet to be demonstrated whether monocolonization with
any of these probiotic strains induces Treg cells. Therefore, the effects of these probiotic
strains on the induction of Treg cells are not well established and could be secondary to
affecting the microbial ecology within the gut, rather than the direct induction of Treg cells.
The human commensal B. fragilis facilitates the functional maturation of Treg cells in mice
(249). Monocolonization with B. fragilis boosted IL-10 production in Treg cells in the
colon, although the effect on Foxp3+ Treg numbers was marginal. Furthermore, colonization
with B. fragilis prevented Th1- and Th17-mediated inflammation caused by H. hepaticus or
trinitrobenzene sulfonic acid in the intestine (250). The induction of IL-10 in Treg cells by
B. fragilis is mediated by polysaccharide A (PSA), a unique surface polysaccharide of B.
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fragilis. Injecting or feeding mice with PSA was sufficient to replicate the B. fragilis
immune effects. PSA was found to bind to TLR2 on CD4+ T cells to induce IL-10
production (249). This, in turn, led to suppression of Th17 cell responses, facilitating
colonization of the intestinal epithelium with B. fragilis. Mice colonized with B. fragilis
lacking PSA had higher levels of colonic Th17 cells and profoundly reduced numbers of
IEC-associated bacteria than did animals colonized with wild-type B. fragilis (251).
Therefore, PSA may be a critical factor that permits host-bacteria mutualism.
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Because B. fragilis is a human rather than a mouse commensal, its effects in the mouse may
or may not reflect evolutionarily selected commensal functions. Among the microbiota
indigenous to the murine colon, the spore-forming components, particularly the genus
Clostridium belonging to clusters XIVa and IV, are outstanding inducers of colonic Treg
cells (226) (Figure 3). The colonization of GF mice with a defined mixture of 46 strains of
Clostridium, which were originally isolated from chloroform-treated fecal material
(sporulated fraction) from conventionally reared mice, was sufficient to induce Treg cells
(226). Those Clostridium spp. preferentially colonize and form a thick layer on the cecum
and colon, where they promote the production of matrix metalloproteinases (MMPs) from
IECs. MMPs have been implicated in the conversion of TGF-β from the latent to the active
form (252). In addition, colonization with Clostridium enhances expression of indoleamine
2,3-dioxygenase (IDO), which has also been implicated in the induction of Treg cells (253)
(Figure 3). As in mice with a normal microbiota, Treg cells in the colons of mice colonized
with Clostridium consist of a large number of Helios-negative cells (226). It is possible that
those Treg cells are derived from naive CD4+ T cells that have undergone conversion to
express Foxp3 in the colon after receiving TGF-β and other Treg-inducing stimuli following
colonization with Clostridium. Furthermore, a large subset of Treg cells induced by
Clostridium expresses high levels of IL-10 and CTLA-4 (Figure 3). Therefore, Clostridium
may affect the qualitative properties of colonic Treg cells in addition to their quantity. In
addition to the induction of Treg cells, the 46 strains of Clostridium affect the accumulation
of TCRαβ+ IELs and IgA-producing cells in the colon (128) (Figure 3). Therefore,
Clostridium species modulate multiple facets of the intestinal immune system.
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Increasing the frequency and abundance of Clostridium clusters XIVa and IV in mice with
an otherwise normal immune system and microbiota enhances colonic Treg cell
accumulation. Such mice are more resistant to experimental models of allergy and intestinal
inflammation (226). Consistent with the importance of Clostridium spp., colonization with
altered Shaedler flora, which includes Clostridium clostridioforme, results in Treg cell
accumulation in the colonic LP (227). Furthermore, in humans, reduction in the number of
F. prausnitzii, which belongs to the Clostridium cluster IV, is associated with a high risk of
postoperative recurrence of Crohn's disease (58). Supernatants from F. prausnitzii cultures
increased production of IL-10 by peripheral blood mononuclear cells in vitro (58). In
addition, the proportion of Clostridium clusters XIVa and IV in the fecal community is
smaller in IBD patients than in healthy controls (13). These reports raise the possibility that
the Clostridium-dependent constitutive induction of Treg cells and their expression of IL-10
and CTLA-4 may contribute to the suppression of autoimmunity and deleterious
inflammation in humans. Although it remains unknown whether defects in Treg cells
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actually contribute to human IBD, these findings suggest that prophylactic administration of
human-gut-resident Clostridium species could reduce the susceptibility to chronic disease.
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The antigen specificity of Treg cells, like that of other LP T cells, has remained largely
unexplored. However, a recent study has described the ability of TCRs cloned from colonic
Treg cells to mediate signals in response to individual commensal bacterial subsets (171).
These TCRs endowed conventional T cells with colitogenic potential that was revealed upon
their adoptive transfer into mice. Thus, specific commensal bacteria induce naive CD4+ T
cells to differentiate into antigen-specific colonic Treg cells that, presumably, enforce
immune system tolerance toward those bacteria. It is currently not known if effector T cells,
e.g., Th17 cells, can similarly display TCR specificity for distinct bacterial species. If this is
the case, it will be fascinating to learn how individual bacteria influence T cells with TCRs
that target their antigens to become either Treg or Th17 cells. It also remains possible that
many of the TCRs expressed by these cells are mostly reactive with self-peptide-MHC
complexes and that environmental cytokines determine whether they become activated and
polarized toward Treg or effector T cell profiles. Further studies will be needed to determine
how the microenvironmental niches of individual commensal species influence T cell
polarization.

IMPLICATIONS AND PERSPECTIVES
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We emphasized in this review the interactions of the microbiota with the host mucosal
immune system and the consequences of such interactions. Preserving the diversity of the
microbiota and generating various mucosal immune cell populations are likely to be
mutually beneficial for the maintenance of bacterial and host homeostasis in the intestine.
Substantial progress has been made in understanding some of the relationships among diet,
host genotypes, immune systems, and microbial ecology in the intestine. Recent
metagenomic and metabolomic studies have been generating new insights and opportunities
to reveal the components and functions of the gut microbiota in the host. In addition,
gnotobiotic studies have implicated several specific components of gut flora in the induction
of pro- or anti-inflammatory cells. However, we are still far from a comprehensive
understanding of how this symbiotic ecosystem develops and functions. In particular, a key
puzzle is how the host tolerates the enormous intestinal bacterial burden and what are the
factors or conditions for keeping the luminal bacteria as symbionts. Recent reports have
shown that specific components of the microbiota, such as B. fragilis and Clostridium spp.,
preferentially induce immune-suppressive cells; however, it is not known whether these
immune cells contribute to tolerance toward commensal bacteria without reducing their
numbers and functions. Moreover, even beneficial members of the microbiota can have
detrimental effects, depending on the host's conditions. For instance, although B. fragilis can
cause CD4+ cells to secrete IL-10 in mice, it opportunistically invades intestinal tissues,
resulting in infectious diseases in immune-compromised patients. Furthermore, B.
thetaiotaomicron, a well-characterized symbiotic species, can also induce colitis in mice
with T cells deficient in Il10r2 and expressing a dominant-negative Tgfbr2 (254) or in mice
deficient in IgA (25). Clearly, we have only just begun to understand the outline of the
intestinal microbiota, and further investigation will likely provide new insights into the
detailed interplay with the host during steady-state and disease processes.
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Acronyms and Definitions
DC: dendritic cell
Dysbiosis: a condition with imbalance in the composition of the bacterial microbiota; this
includes an outgrowth of potentially pathogenic bacteria and/or a decrease in bacterial
diversity and bacteria beneficial to the host
GF: germ-free
Gnotobiote: gnotobiotic comes from the Greek “known life” and refers to animals with
defined microbiological status
IBD: inflammatory bowel disease
IEC: intestinal epithelial cell
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ILF: isolated lymphoid follicle
LP: lamina propria
LTi: lymphoid tissue inducer
Metabolomics: the quantitative measurement of the dynamic multiparametric metabolic
responses of multicellular systems to pathophysiological stimuli by nuclear magnetic
resonance (NMR) spectroscopy or mass spectrometry (MS)
MetaHIT (Metagenomics of the Human Intestinal Tract consortium): the MetaHIT
project aims to understand the role of the human intestinal microbiota in health and
disease; the consortium involves 13 research centers from eight countries
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Microbiome: a genetic catalogue of the microbial species that inhabit a defined
environment such as the human body
Pathobiont: a symbiont or a commensal that is able to promote pathology only when
genetic or environmental conditions are altered in the host
Pattern-recognition receptors: receptors that recognize microbe-associated molecular
patterns to initiate innate immune responses
PP: Payer's patch
Probiotics: live microorganisms that, when administered in adequate amounts, confer a
health benefit to the host
SCFA: short-chain fatty acid
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TLR: Toll-like receptor
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Figure 1.
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Causes and pathological outcomes of dysbiosis. The composition of the gut microbiota is
readily affected by diet, inflammation (including infection by pathogens), and host
genotypes. An unfavorable alteration of the community structure of the gut microbiota is
termed dysbiosis, which includes an outgrowth of potential pathogenic bacteria
(pathobionts) and a reduced diversity of the community structure of the microbiota.
Dysbiosis is associated with the increased predisposition to immune system activation,
which leads to aberrant immune responses against commensal microbiota and diet. The
dysregulated activation of the immune system leads to the worsening of the dysfunction of
the microbiota, which may result in sustained inflammation in the intestine (i.e., IBD) and
other organs.
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Figure 2.

Morphology (a) and immunological effects (b) of segmented filamentous bacteria (SFB).
SFB are also known as Arthromitus. They are yet-to-be-cultured, gram-positive, sporeforming, and commonly considered nonpathogenic and host-specific members of the gut
microbiota in numerous species including mammals, birds, fish, and insects (although it is
currently unclear whether SFB are present in the human intestine). (a) Scanning electron
microscopy shows that SFB colonize mainly the small intestine and exhibit a characteristic
long filamentous morphology comprising multiple segments with well-defined septa. Each
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bacterium is likely to originate from a single cell that tightly adheres to and even embeds
itself among the microvilli on the epithelial cell surface. (b) The attachment of SFB induces
morphological changes in the epithelial cell, such as the accumulation of filamentous actin
around the attachment site. SFB activate IECs to induce expression of MHC class II
molecules and fucosyltransferase 2 (Fut2). Fut2 fucosylates host glycoproteins on the IECs,
such as asialoGM1 glycolipids. SFB are potent stimuli of the IgA response and the
recruitment of TCR αβ+ IELs in the small intestine. Furthermore, SFB induce the
accumulation of Th17 cells. SFB colonization leads to an increase in local SAA production
(perhaps in IECs), which can act on LP DCs to stimulate the induction of Th17 cells.
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Figure 3.

Clostridium species from clusters XIVa and IV and their effect on the host immune system.
(a) Clostridium spp. belonging to clusters XIVa and IV mainly colonize the cecum and
proximal colon, have a fusiform shape, and form a thick layer on the mucosal epithelium as
shown by scanning electron microscopy (left panel). The right panel shows a higher
magnification of a representative bacterium. (b) Clostridium spp. belonging to clusters XIVa
and IV can normalize the enlarged cecum of GF mice. The interaction between these
Clostridium species and IECs results in the production of matrix metalloproteinases (MMPs)
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from colonic epithelial cells to convert TGF-β from the latent to the active form. Together
with indoleamine 2,3-dioxygenase (IDO) produced by IECs, the active form of TGF-β
induces the accumulation of Helios− Treg cells that express high levels of IL-10 and
cytotoxic T lymphocyte antigen 4 ( CTLA-4). Clostridium spp. also act as potent stimuli for
the IgA response and the recruitment of TCRαβ+ IELs in the colon.
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