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Summary

The relationship between commensal microbes and their hosts has been studied for many years.
Commensal microorganisms are known to have a significant role in regulating the physiology of
their hosts and preventing pathogenic infections while the hosts’ immune system is important in
determining the composition of the microbiota. More recently, specific effects of the intestinal
microbiota on the local and distal immune systems have been uncovered with important
consequences for health and disease, and alterations in intestinal microbial composition has been
associated with various disease states. Here, we will review the current understanding of the
microbiota/immune system crosstalk, highlight the clinical consequences of changes in the
microbiota and consider how to harness this symbioatic relationship to improve public health.

Introduction

Humans exist as metaorganisms consisting of host cells and symbiotic microbes. The
microbes approximate 100 trillion cells, outnumbering host cells by a factor of 10, with
greater than 10-fold more microbial than eukaryotic genes being expressed [1]. This
complex community of microbes includes fungi [2], viruses [3] and bacteria [4], which play
a fundamental role in modulating the physiology of their host. For instance, the microbiota
are important for host metabolism such as conjugation and de-conjugation of bile acids, and
production of short chain fatty acids, essential vitamins and amino acids [5]. In addition to
complementing the host’s metabolism, commensal bacteria can control the virulence of
pathogens through competition for similar energy sources and production of anti-microbial
molecules [6].

Importantly, the microbiota are also essential for the development of the mucosal immune
system [7]. As early as 1963, it was documented that germ-free (GF) mice responded more
weakly to bacterial antigens than conventional mice, in part because of less-developed
secondary lymphoid organs (SLO) [8]. Although more recent studies have shown that
mesenteric lymph nodes (mLNSs) and Peyer’s patches (PPs) in mice start to develop during
embryogenesis, which is believed to be sterile, further formation of lymphoid tissue can be
induced by commensal bacteria [9]. Moreover, maturation of intestinal cryptopatches and
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isolated lymphoid follicles (ILFs), both considered gut-associated lymphoid tissue, is
dependent on the microbiota after birth [7].

The immune system provides a formidable and flexible network to maintain host
homeostasis in response to different challenges from the environment. The acquisition of an
adaptive immune system during evolution coincides with the emergence of microbial
colonization [4], suggesting that the immune system co-evolved with the microbial
community to attain a well-balanced symbiotic relationship. Immune system cells can
respond to microbes following their recognition, by pattern-recognition receptors (PRRs), of
microbial-associated molecular patterns (MAMPS) expressed on microbes but not on host
cells [10]. PRRs are expressed on the cell surface as well as intra-cellularly, and include
among others Toll-like receptors (TLRs), which can signal in a manner dependent on the
adaptors MyD88 and/or TRIF and activate NF-xB or interferon-response factors,
inflammasome-dependent receptors that drive production of IL-1 and 1L-18, and cytosolic
sensors that induce interferon response factors. Microbial recognition can have distinct
consequences depending on the cell-type and particular microbe involved, the location of the
interaction in the body, and the additional contextual signals that may accompany a local or
systemic invasion versus a barrier surface-protected interaction.

Limiting Intestinal Immune Exposure to the Microbiota

The intestine is constantly facing challenges from food antigens, commensals and pathogens
and has to respond quickly and precisely to mount appropriate responses. According to
Hooper et al., intestinal homeostasis can be achieved if the microbiota is stratified and
compartmentalized [11], with stratification referring to limiting contact between luminal
antigens and the immune system, and compartmentalization to localizing the immune
response to the intestine to prevents systemic immunity.

Mucus and goblet cells

The first line of defense in this barrier is the mucus layer produced by goblet cells. Mucus
consists of heavily glycosylated mucins, which can be subdivided into secreted gel-forming
and non-gel-forming, and cell-surface mucins, with gel-forming mucins, especially MUC2,
as the major constituents [12]. Due to the anatomy and absorptive requirements of the
intestine, the mucus layer in the small intestine differs from that in the colon, going from
discontinuous in the small intestine to continuous in the colon [13]. Furthermore, the mucus
in the colon can be subdivided into an outer and an inner layer, where the inner layer is
denser and devoid of bacteria [14]. It is likely that this distribution of mucus is an
evolutionary product of symbiosis, as the number of bacteria in the colon is higher than in
the small intestine. Besides providing physical segregation, mucus also traps on its outer
layer antimicrobial peptides (AMPs) and secretory immunoglobulin A (slgA) that are at the
first line of our immune defenses and help shape the microbial community. Interestingly,
intestinal mucus has been shown to promote oral tolerance [15]. The porosity of the mucus
layer in the small intestine allows antigen-MUC2 complexes to be uptaken by DCs and the
glycans associated with MUC2 have been found to deliver tolerogenic signals and induce
anti-inflammatory properties in DCs.
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Signals from the microbiota appear necessary for the normal function of goblet cells, as
goblet cell MyD88-dependent sensing of the luminal microbiota was necessary to reduce the
formation of goblet cell-associated passage formation, conduits known to increase luminal
antigen delivery to the lamina propria [16]. Microbial signals can also regulate mucus
secretion by signaling via the inflammasome NLRPS, to induce autophagy and mucus
production by goblet cells [17]. Underscoring the importance of microbiota signals, the
function of goblet cells was impaired when the microbial community was perturbed during
gastrointestinal infection or antibiotic treatment [18,19].

AMPs and IgA

AMPs and IgA, which are produced by Paneth cells and IgA* B cells, respectively, adhere
to the outer mucus layer and, in addition to mucus, maintain microbial segregation in the
intestinal lumen. AMPs include defensins and C-type lectins, and they are essential to
contain the microbiota and minimize bacterial contact with epithelial cells. AMPs’ secretion
by Paneth cells is regulated by I1L-22 produced by innate lymphoid cells (ILCs) [20], the
secretion of which is modulated by the microbiota [21]. Consistent with the microbiota
regulating AMP secretion, expression by Paneth cells of Regllly, a C-type lectin that
preferentially binds to gram-positive bacteria, was decreased in GF mice [22]. Signaling by
the microbiota to Paneth cells is dependent on MyD88, as deleting MyD88 from the non-
hematopoietic compartment of conventional mice (which includes Paneth cells) led to a
significant reduction in Regllly production and failure to fight Listeria. monocytogenes
infection [23].

Like production of mucus by goblet cells, secretion of AMPs appears dependent on
autophagy, as mutations in the autophagy gene ATG16L1 were shown to affect the normal
function of Paneth cells in mice and humans [24].

Similarly to AMPs, B cell-produced IgA plays an important role in maintaining the
microbiota-host relationship by neutralizing bacteria, reducing intestinal pro-inflammatory
signals and balancing expression of bacterial epitopes [25,26].

Intestinal Epithelial Cells

Intestinal epithelial cells (IECs), an umbrella term that includes classical epithelial cells, M
cells that sample luminal antigens, goblet cells and Paneth cells, serve as a major barrier to
separate the intestinal luminal content from the mucosal immune system and are responsible
for various functions, including the production of mucus and AMPs and the facilitation of
secretory IgA transcytosis into the gut lumen. More than just a physical barrier, IECs signal
in response to luminal microbial products to maintain homeostasis. For instance, IEC-
intrinsic MyD88-dependent autophagy contributes to intestinal homeostasis upon bacterial
invasion [27], and inflammasome activation is essential to control enteric bacterial
colonization [28-30]. In addition to responding to gut microbiota, IECs were recently found
to respond to systemic microbial products to sustain host-commensal symbiosis during
severe illness [31]. Systemic LPS resulted in a(1,2)-fucosylation of IECs and fucosylated
proteins shed into the intestinal lumen were shown to be metabolized by commensals and
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reduce expression of bacterial virulence genes thus improving tolerance to mild intestinal
pathogens that could perhaps outgrow during sepsis-mediated anorexia.

Finally, IECs also interact with the underlying local host immune system to achieve mucosal
integrity [32—34]. In conclusion, the intestinal barrier has evolved to adapt to the luminal
and systemic environment to maintain intestinal homeostasis.

Local Intestinal Immune Responses to the Microbiota

Host immune cells reside in the lamina propria of the intestine, below the epithelial layer.
Despite the physical barrier between the lamina propria and luminal commensals, the host’s
immune system is constantly exposed to commensal microbes and their products. To avoid
systemic inflammation, the mucosal immune system has evolved to localize its response.
For instance, intestinal dendritic cells (DCs) activated by commensals are restricted to mLNs
and specifically induce the production of IgA in B cells [35]. The crosstalk between resident
microbiota and immune cells of the lamina propria is key to maintaining homeostasis in the
intestine. Figure 1 summarizes some of the interactions discussed in this review.

Mononuclear Phagocytes

Mononuclear phagocytes (MNPs) in the intestine are a diverse population that includes DCs
and macrophages [36]. They specialize in uptake of luminal antigens to promote
downstream adaptive mucosal immune responses. However, the identity of the intestinal
antigen-presenting cell that activates the adaptive mucosal immune system remains
controversial. In 2001, it was shown that DCs can sample luminal content by expressing
their own tight junction proteins and extending dendrites through these tight junctions into
the lumen [37]. When finer phenotypic characterization of intestinal MNPs became
available, it was suggested that CX3CR1* DCs are responsible for forming trans-epithelial
dendrites and sampling antigen, leading to clearance of infectious bacteria [38]. This idea
was further supported by Diehl et al., who reported that signals from the microbiota through
MyD88 in CX3CR1* cells restricted trafficking of antigen to mLNs [39]. On the other hand,
CD103* DCs were also suggested to be the antigen sampling cells that migrate to mLNs
[40]. Evidence now suggests that division of labor exists between MNPs and that both
subsets play a role. Indeed, it was recently demonstrated that CX3CR1* cells uptake antigen
and transfer it to CD103* DCs [41] in a gap junction protein-dependent manner [42].

With the unique environment of the intestine where commensals and potentially pathobionts
are in close proximity to the mucosal immune system, it is important for MNPs not only to
activate pro-inflammatory adaptive responses, but also regulatory ones. One of the critical
roles of activated intestinal DCs is the generation of induced regulatory T cells (iTregs), in a
TGFp- and retinoic acid-dependent process [43] and in a manner that involves TRAF6 in
DCs [44]. Recently, Mortha et al demonstrated that a cross-talk between GMCSF-producing
ILC3s and IL-1p-producing macrophages was necessary to regulate the number and function
of CD103" DCs and that this cross-talk was important for the generation of iTregs [45].
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T Regulatory Cells

A few phyla of bacteria have been specifically implicated in mucosal tolerance via iTreg
induction. Bacteroides fragilis has been shown to enhance Treg function via the symbiosis
factor polysaccharide A (PSA), as PSA* but not PSA-deficient B. fragilis-monocolonized
animals had the ability to suppress Th17 inflammatory responses [46,47]. In addition, GF
mice infected with the pathogenic bacterium Helicobacter hepaticus developed colitis, but
when co-colonized with B. fragilis, PSA-induced IL-10 secretion by iTregs and allowed for
suppression of colitis [48]. PSA-induced TLR2 signaling on CD4* T cells was shown to be
necessary for iTreg differentiation and increased IL-10 secretion [47]. These results show
that B. fragilis can mediate gut regulatory responses via a bacterium-associated molecule.

The Clostridium genus of commensals has also been shown to play a role in prevention of
inflammatory bowel disease (IBD), particularly clusters IV and X1Va [49]. Mice colonized
with mixtures of commensal clostridial strains have been shown to have reduced symptoms
of colitis [50,51]. Whereas B. fragilis appears responsible for enhanced Treg activity,
Clostridia have been shown to induce iTreg differentiation and frequency [50,51]. When
commensal Clostridia strains were isolated and identified and GF or SPF animals were
colonized with the mixture of strains, they developed decreased Th17 responses and an
increased frequency of IL-10-producing Tregs [51]. Several mechanisms have been
implicated in the ability of Clostridia strains to enhance iTreg differentiation, including
induction of TGFf in IELs [50], and production of the bacterial fermentation products,
short-chain fatty acids (SCFAs) [52]. The effects of SCFAs, butyrate in particular, on iTreg
differentiation was demonstrated both in vitro and in vivo when butyrate was added to T cell
tissue cultures [53], or mice received oral butyrate [53,54]. The major mechanism of action
of butyrate is thought to be its function as a histone deacetylase inhibitor (HDAC). Butyrate
has been shown to increase acetylation at the FoxP3 promoter and CNS elements, and its
function as a promoter of Treg induction suggests that its activity as an HDAC inhibitor
allows for a greater accessibility of FoxP3 and other regulatory transcription factors [53,54].

Tregs not only receive signals from non-specific receptors that respond to microbial
molecular patterns or microbial metabolic products, but also from direct TCR recognition of
microbial antigens [55]. This, in the context of anti-inflammatory signals such as TGF-,
retinoic acid and SCFA may allow differentiation of conventional T cells into iTregs to
provide tolerance to commensal microbiota and prevent immunopathology such as
inflammatory bowel disease [54,56].

Mechanisms antagonistic to Tregs appear in place to ensure the mucosal immune system is
not over-suppressed at the time of infection. DNA from the microbial community was found
to be suppressive for Treg conversion, instead facilitating the differentiation of IFNy- and
IL-17-producing effector T cells to fight against fungal infection [57]. While this interaction
was TLR9-dependent, the origin of the DNA remains unclear. Nevertheless, the microbiota
contribute to the homeostasis of the Treg population.
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T Effector Cells

The microbiota can also directly affect the differentiation of effector T cells. Segmented
filamentous bacteria (SFB), non-culturable, gram-positive bacteria that are closely related to
the genus Clostridiumand tightly adhering to intestinal epithelial surfaces [58], are
sufficient to promote the full development of the T helper cell response, including IFNy-,
IL-17- and IL10- producing CD4 T cells [59]. Th17 cells are particularly known to have a
prominent role in intestinal immunity [60]. In the intestine, where TGF-f is highly abundant,
naive T cells differentiate into Th17 cells in the presence of the pro-inflammatory cytokine
IL-6 [61]. Colonization with SFB in mice previously devoid of it resulted in IL-17 and IL-22
expression by CD4" T cells in the lamina propria of the small intestine and promoted
antimicrobial defense. The mechanisms by which SFB induce Th17 responses are still being
investigated. Recently, a study suggested that intestinal DCs can present SFB peptides
directly to the TCR of T cells and induce SFB-specific Th17cells in an MHC class I1-
dependent manner [62]. Interestingly, naive T cells that bore a TCR transgene specific for
SFB had a strong tendency to differentiate into Th17 cells even in the presence of the strong
Th1 inducer L. monocytogenes [63]. Thus, differentiation of T cells in the intestine may
depend on direct TCR-dependent microbial antigen recognition and/or the balance of pro-
and anti-inflammatory molecules present at any given time providing equilibrium between
effector T cells and Tregs. Importantly, intestinal homeostasis can be broken and tolerance
to commensals be lost if the barrier is breached during intestinal infection. Toxoplasma
gondii infection was shown to result in active immunization and development of T cell
memory against commensals [64].

B Cells

SFB also potently induce IgA production [65]. Intestinal IgA can be produced at multiple
sites, such as Peyer’s patches, isolated lymphoid follicles, lamina propria and mesenteric
lymph nodes. A new study has shown that SFB can facilitate postnatal development of
isolated lymphoid follicles with germinal centers, which are critical for IgA induction [66].

The mechanism of intestinal IgA induction is not completely understood. In general, IgA
can be induced by B cells following CD40L-CDA40 interactions with activated T cells, but
can also occur in a T cell-independent manner, whereby B cell-activating factor (BAFF) and
a proliferation-inducing ligand (APRIL) secreted by IECs and DCs promote IgA induction
[67]. For T cell-dependent induction of IgA, both Th17 [68] and Tregs [69] cells are capable
of being reprogrammed into T follicular helper (Tfh) cells to activate B cells to produce IgA.
Additionally, soluble lymphotoxin from RORyt* ILCs was shown to facilitate T cell-
dependent IgA production [70]. In contrast, membrane lymphotoxin was important for T
cell-independent IgA induction in the intestine [70].

Whereas it is known that the microbiota have a role in intestinal B cell activation and IgA
production [35,65], how the microbiota contribute to the intestinal B cell repertoire remains
ambiguous. Vossenvamper et al. showed that human transitional B cells responded to
intestinal bacteria in vitro [71], suggesting that B cells may be able to acquire a repertoire
that recognizes commensals. Indeed, the microbiota drive early B cell development in the
intestine, where receptor recombination and editing processes change the immunoglobulin
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repertoire. Colonization of GF mice increased Igh-expression in intestinal B cells, an
indication of receptor editing [72]. Furthermore, production of TNFa and inducible nitric
oxide synthase by IgA* plasma cells was dependent on signals from the microbiota [73].
Activation of immature B cells in gut-associated lymphoid tissue may also be important to
remove autoreactive B cells and protect against autoimmunity [71]. Indeed, B cells in
patients with systemic lupus erythematosus exhibited a defect in expression of the gut-
homing 7 integrin receptor [71].

Innate Lymphoid Cells

In recent years, ILCs were found to be crucial for organogenesis, wound-healing,
antimicrobial and anti-helminth defenses [74]. Among three groups of ILCs, RORyt* group
3 ILCs (ILC3s) play an important role in maintaining intestinal homeostasis. Specifically,
these RORyt* NKp46™ cells secrete 1L-22, which is critical for the production of the AMPs
Reglllp and Regllly. Moreover, commensal-driven IL-22 production by ILC3s was also
critical for mucus production [20] and for defense against Citrobacter rodentium infection
[21].

ILC3s can also act on innate immune cells to maintain homeostasis. As mentioned before,
RORyt* ILC3s, responding to microbiota-driven IL-18 production by macrophages,
facilitate DC-mediated Treg induction by providing GM-CSF for DC differentiation [45].
Finally there seems to be an inhibitory crosstalk between some ILCs and CD4* T cells.
Indeed, Hepworth et al [75] showed that RORyt* ILCs express MHC class Il and are able to
process and present antigen to CD4™ T cells to inhibit T cell proliferation, as disrupting this
interaction resulted in commensal-driven spontaneous intestinal inflammation. Reciprocally,
a recent study showed that CD4™ T cells in turn limited ILCs both in terms of their numbers
and ability to produce IL-22 and AMPs, which were all elevated in mice lacking T cells or
MHC class 1[76].

The mechanism by which the microbiota regulate ILC3s is starting to be elucidated and
implicates signals through the aryl hydrocarbon receptor (AhR). Qiu et al [77] showed that
AR signals are required for the postnatal maturation of the ILC compartment and that
lacking AhR in ILCs reduced their production of IL-22. Moreover, ILC3 signaling through
AhR was suggested to be responsible for the inhibition of T cell-mediated intestinal
inflammation [78]. Diet-derived ligands could drive AhR activation and induce the
production of IL-22 [79]. In addition, indole-3-aldehyde, a tryptophan metabolite produced
by Lactobacillus reuteri, could induce 1L-22 production in NKp46* cells and confer
protection against fungal infection [80].

The Case of the Liver

The liver is generally considered to be devoid of microbial colonization. However, it
receives blood from the portal vein, which drains the intestine, such that it is likely
constantly exposed to intestinal microbial products. TLRs are known to be expressed by
different immune cells in the liver [81], and it may be evolutionarily beneficial for the liver
to develop unique local strategies to prevent continuous inflammation.
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A recent study showed that the liver serves as a vascular firewall to capture and clear
microbes during intestinal pathology [82]. Patients with nonalcoholic fatty liver diseases had
increased systemic immune responses specific for commensal bacteria, implicating the
normal liver in the prevention of these responses. In support of this idea, Lunz et al. showed
that commensal bacteria increase the activation threshold of hepatic DCs through the IL-6-
STAT3 axis in mice, thus diminishing possible downstream adaptive immune activation
[83]. Reducing signals from the microbiota by antibiotic treatment resulted in increased
functional capacity of hepatic DCs, though the pathological consequences of this remain to
be explored. Additionally, the numbers of Kupffer cells, a type of liver-resident
macrophage, are directly influenced by the microbiota in a manner dependent on
intracellular adhesion molecule-1 on liver sinusoidal endothelium [84]. This suggests that
the microbiota may play a role in the seeding and maturation of tissue resident macrophage
precursors.

The specific microbial candidates that affect hepatic immune function are largely unknown.
In a recent clinical study, where metagenomic data on gut microbiota were collected from
healthy individuals and patients with liver cirrhosis, differences in microbial species were
observed between the two cohorts [85]. However, it remains to be determined whether the
disease state of the patients was a cause or a consequence of the altered microbiota.

Systemic Effects of Intestinal Microbiota

Arthritis

In addition to the local influence of the intestinal microbiota, some studies support a
systemic role for gut commensals [86]. For instance, in a genetic mouse model of
spontaneous arthritis, GF mice displayed a reduction in autoantibodies, autoantibody-
secreting cells and Th17 cells, which was associated with an attenuation of arthritis [87].
Reconstitution with SFB restored the pathological state of these mice. It was suggested that
SFB promote autoimmunity by altering the activation threshold of T cells, which makes
them prone to activation by endogenous ligands [88]. SFB may not colonize humans, but
intestinal Prevotella copri (P. copri) was associated with susceptibility to arthritis in patients
[89] and increased the risk for chemically-induced colitis in mice, suggesting that other pro-
inflammatory species may drive distal clinical diseases.

Metabolic Diseases

The intestinal microbiota have been associated with the occurrence of diabetes. In non-obese
diabetes (NOD) mice, deficiency in MyD88 protected against the development of type 1
diabetes in conventional but not GF mice, suggesting that the microbiota in MyD88-
deficient mice may inhibit autoimmunity [90]. Within the microbial community, SFB was
shown to confer protection against insulitis in females but not males NOD mice [91]. In
addition to this bacterial lineage affecting males and females differently, 2 studies suggest
that species differentially represented in males versus females may be responsible for the
higher prevalence of type 1 diabetes in female mice [92,93]. Indeed, castration in male mice
narrowed the differences in the microbiota, suggesting hormonal shaping of microbial
constituents [92]or hormonal-dependent responsiveness to microbial products [93].
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The gut microbiota also affects the amount of energy harvested from the diet and
consequentially can play a role in obesity [94]. A recent study in mice showed that
lymphotoxin contributed to obesity by controlling the composition of the microbiota,
perhaps in part by driving the expansion of SFB[95]. Conversely to lymphotoxin signaling,
innate sensing through the NLRP6 and NLRP3 inflammasomes protected hosts from non-
alcoholic fatty liver disease and obesity via reducing influx of microbial products to the liver
and modulating microbial composition [96]. Accordingly, genetic defects in the
inflammasome resulted in hepatic inflammation and obesity. These results suggest that a
crosstalk between microbiota and immune system is essential to maintain a balanced
metabolic state.

Immune Defense

In healthy individuals, the microbiota may constantly calibrate and arm the immune system
to be ready to fight potential infections. For example, the microbiota has been shown to
confer protection against sepsis induced by systemic infection with Escherichia coli. Liu et
al [97] demonstrated that antibiotic-induced dysbiosis resulted in reduced production of
IL-17 and granulocyte-colony stimulating factor (G-CSF), and lethality from E coli. K1-
mediated sepsis. Additionally, in a model of lung influenza infection, antibiotic-treated mice
exhibited a reduction in influenza-specific CD4" and CD8" T cells, resulting in increased
pulmonary viral titers [98]. This was associated with decreased migration of DCs after viral
infection, an IL-1p- and inflammasome-dependent event, suggesting that the intestinal
microbiota may participate in priming the distal immune system. Indeed, MNPs in GF mice
were less capable of producing type I IFNs [99] and type Il IFNs [100], which resulted in
defects in antiviral immunity, implicating microbiota signals in making the distal immune
system competent. Whether dysbiosis from antibiotic treatment also reduces this distal
innate immunity in patients remains to be determined.

In immunocompromised patients, intestinal dysbiosis may occur as a result of antibiotic
therapy and perhaps of reduced immune function, such that opportunistic pathogenic
bacteria may rise and possibly translocate and provoke systemic infections [101]. Correction
of microbial imbalances may help prevent outgrowth of pathogens and infectious
complications.

Allergy

The hygiene hypothesis suggests that a shift in commensal flora over the past century may
be responsible for the higher prevalence of allergic and autoimmune diseases, with the idea
that modern humans may be missing protective microbes [102]. In support of microbes that
can suppress allergic responses, the local lung microbiota has been shown to facilitate
tolerance to allergens [103]. In addition, it has been suggested that the intestinal microbiota
can also reduce airway allergic responses by producing short-chain fatty acids that can drive
generation of lung-seeding DC precursors less capable of inducing Th2 differentiation, a cell
type implicated in allergic responses [104].

Similarly, a new study reported that Clostridial groups could confer protection against food
allergy in an IL-22 dependent manner [105]. In this study, GF or antibiotic-treated mice
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displayed elevated immune responses against an allergen and reconstituting GF mice with
normal microbiota or a consortium of Clostridia restored protective immune responses.
These studies suggest that the intestinal microbiota is important to prevent the development
of allergic diseases.

Neurological Diseases

Recent research has also revealed a relationship between the intestinal microbiota and the
central nervous system [106]. Presence of the microbiota exacerbated spontaneous
experimental autoimmune encephalomyelitis (EAE), correlating with increased migration of
autoreactive B cells to draining lymph nodes [107], greater proliferation of myelin-specific
T cells and a decreased Treg population [108]. Interestingly, a recent study showed that the
intestinal microbiota could also modulate psychological disorders that accompany
neurodevelopmental defects, as treatment with B. fragilis mitigated defects in neurological
behavior [109]. In particular, PSA from B. fragilis provided protection against
demyelination in EAE via TLR2-mediated CD39 signaling in CD4" T cells [110],
reinforcing the idea that bacterial components from the intestinal microbiota have distal
consequences though it is not known whether it is such components or the local effector
cells they modulate that travel to distal regions to affect disease.

Antitumor Response

There is an increasing interest in the role of the microbiota on anti-tumor immune responses,
including in the context of lymphoma [111], colorectal [112] and pancreatic cancer [113]. In
2 recent studies involving transplantable tumors, GF or antibiotic-treated mice were found to
be refractory to CpG-oligonucleotide immunotherapy and platinum [114] and
cyclophosphamide [115] chemotherapies. lida and colleagues correlated the increased tumor
growth with a reduction in TNFa and iNOS production in the myeloid cell compartment,
whereas Viaud et al. found that cyclophosphamide promoted translocation of gram positive
bacteria, driving Th17 and memory Thl responses, a phenomenon impaired in GF and
antibiotic-treated mice. These studies imply that a normal microbiota is necessary for
responsiveness to anti-tumor therapies.

Transplantation

Little is known about the role of the intestinal microbiota on transplant outcomes.
Lactobacilliales have been linked with better transplant survival and less severe graft-
versus-host disease (GvHD) in clinical small bowel [116] and bone marrow [117]
transplantation, respectively. Protection from GvHD-associated intestinal inflammation was
recapitulated following Lactobacilliales reconstitution in mice [117], suggesting a causal
role for this bacterial family in the protection against GvHD. As transplanted organs differ in
their microbial colonization, an intriguing question in the field is whether organ colonization
plays a role in the shorter half-life of colonized versus sterile allografts.

The studies described in this section have addressed the potential distal effects of the gut
microbiota. However, one must keep in mind that GF mice lack microbial colonization on
all barrier surfaces and that some oral antibiotics can be resorbed and target extra-intestinal
flora. Thus, it is not certain in some cases whether effects observed are due to distal effects
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of the intestinal microbiota and/or to a more local action of the microbiota colonizing an
adjacent barrier surface. Future studies will require experimental strategies to distinguish
between the distal effects of intestinal microbiota and the local effects of microbiota residing
at other barrier surfaces.

Microbiota-derived Therapeutics

In various mouse models discussed in this review, reconstitution of GF or dysbiotic animals
with normal, or specific intestinal microbiota has been shown to rescue defects caused by
disrupted microbiota. In the clinic, an important recent study has demonstrated the
therapeutic potential of transferring healthy microbiota via fecal transplantation to cure
refractory Clostridium difficile infection [118]. Thus, several applications of probiotic
therapies can be cautiously considered as therapeutic options.

First, transfer of fecal material from healthy donors may be a therapeutic option to correct
patients’ dysbiosis in various pathological conditions such as IBD or GvHD. However, the
microbiota likely contains both pro- and anti-inflammatory species such that the net effect of
a blind transfer of whole intestinal communities may be hard to predict. Moreover, the
definition of a healthy donor would need to be articulated. These caveats may explain the
variable results to date of fecal transplantation in IBD[119].

Second, more targeted transfers of particular bacterial species with known immune
consequences are attractive to consider. However, it is important to keep in mind that, in
mice, SFB is protective for autoimmune diabetes but detrimental for autoimmune arthritis
[87] such that much more would need to be known about the genetic susceptibilities of
patients, and of their microbial communities, before being able to anticipate beneficial or
harmful effects of adding discrete bacterial members. In addition, a better understanding not
only of the members of the microbiota but also of the functional properties of the genes they
express may be needed as the latter seem to determine physiological states [120]. Additional
factors such as diet may also be required to acquire the full potential of transferred
microbiota and attain a desirable physiological state [121].

Third, microbiota-derived metabolites, such as SCFAs [52,104] and tryptophan catabolites
[80,122] may be able to be used to specifically target particular compartments of the
immune system.

Fourth, a better understanding of specific species that may drive disease in particular genetic
backgrounds could prompt the development of highly specific narrow spectrum antibiotics.
These may be less disruptive to the overall microbiota and thus less likely to result in
outgrowth of pathogenic opportunistic bacteria.

Fifth, altering the diet, with its short- and long-term consequences on the microbiota [123-
126] may have an important impact on maintenance of a poised but controlled immune
system and therefore on health.
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Concluding Remarks

The microbiota co-exist with the host in a unique symbiotic relationship. The complex

Page 12

crosstalk between the microbiota and the immune system is critical not only to maintain
intestinal homeostasis, but also to prevent systemic pathology. An increasing number of

microbial candidates or products are being discovered as a potential cause for certain
physiological and pathologic states. Future studies will require a combination of
metagenomic, metabolomic and gnotobiotic experiments to further advance the

understanding of this intricate and complex relationship.
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Figure 1. A model of theinterplay between theintestinal microbiota and the mucosal immune
system
Intestinal bacteria are segregated to the intestinal lumen by a physical barrier that includes

goblet cells and Paneth cells which produce mucus and anti-microbial peptides (AMPS),
respectively. The AMPs, secretory IgA (slgA), mucus layer and IEC epidermal layer help
control bacterial translocation and shape the microbial composition. Dendritic cells (DCs)
constantly sample luminal contents to keep the mucosal immune system at its basal poised
state and induce a balance of effector and regulatory cells. CX3CR1* DCs are shown to
sample luminal antigens and transfer them to CD103* DCs that drive downstream adaptive
immune responses, such as activation of T and B cells. With the help of various bacteria or
microbial components and metabolic products, activated T cells differentiate into effector
(Teff) and regulatory T (Treg) cells. B cells receive signals from various cell types and
differentiate into IgA-secreting plasma cells, whose product, IgA, translocates across the
epithelial barrier. RORyt* ILC3s that can respond to intestinal macrophages support the
function of Paneth cells, CD103* DCs and B cells, whereas there can be a reciprocal
negative regulation between ILC3s and T cells.
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