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Abstract

The microbiota plays a fundamental role on the induction, training and function of the host

immune system. In return, the immune system has largely evolved as a means to maintain the

symbiotic relationship of the host with these highly diverse and evolving microbes. When

operating optimally this immune system–microbiota alliance allows the induction of protective

responses to pathogens and the maintenance of regulatory pathways involved in the maintenance

of tolerance to innocuous antigens. However, in high-income countries overuse of antibiotics,

changes in diet, and elimination of constitutive partners such as nematodes has selected for a

microbiota that lack the resilience and diversity required to establish balanced immune responses.

This phenomenon is proposed to account for some of the dramatic rise in autoimmune and

inflammatory disorders in parts of the world where our symbiotic relationship with the microbiota

has been the most affected.

Introduction

“The states of health or disease are the expressions of the success or failure

experienced by the organism in its efforts to respond adaptively to environmental

challenges”

(Rene Dubos, 1965).

Multicellular organisms exist as meta-organisms comprised of both the macroscopic host

and its symbiotic commensal microbiota. With an estimated composition of 100 trillion

cells, human symbionts outnumber host cells by at least a factor of 10 and express at least 10

fold more unique genes than their host’s genome (Ley et al., 2006a). These complex

communities of microbes that include bacteria, fungi, viruses and other microbial and

eukaryotic species, provide a tremendous enzymatic capability and play a fundamental role

in controlling most aspects of host physiology. Over the past few years, the field of

immunology has been revolutionized by the growing understanding of the fundamental role

of the microbiota in the induction, education and function of the mammalian immune

system.
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The immune system is composed of a complex network of innate and adaptive components

endowed with an extraordinary capacity to adapt and respond to highly diverse challenges.

Collectively this cellular network acts as a formidable regulator of host homeostasis

allowing to sustain and restore tissue function in the context of microbial and environmental

encounters. The development of defined arms of the immune system and more particularly

the ones associated with adaptive immunity has coincided with the acquisition of a complex

microbiota supporting the concept that a large fraction of this machinery has evolved as a

means to maintain a symbiotic relationships with these highly diverse microbial

communities. In turn the microbiota promote and calibrate all aspects of the immune system.

When operating optimally, the immune system - microbiota alliance interweaves the innate

and adaptive arms of immunity in a dialogue that selects, calibrates and terminates responses

in the most appropriate manner. However, both the acquisition of a complex immune system

and its reliance on the microbiota came at a price. Pathologies that increasingly affect

humans such as allergies, autoimmune and inflammatory disorders all arise from a failure to

control misdirected immune responses against self, microbiota derived or environmental

antigens. Further, alteration of the composition and function of the microbiota as a result of

antibiotic use, diet evolution and recent elimination of constitutive partners such as helminth

worms has transformed our microbial allies into potential liabilities. Although members of

the microbiota are often referred to as commensals the symbiosis - persistent interaction-

between the microbiota and its mammalian host encompasses various forms of relationship

including mutualistic, parasitic or commensal. However, how defined members of the

microbiota interact with their host can be highly contextual with the same microbe

developing as mutualist or parasite according to the nutritional, co-infection or genetic

landscape of its host. Over the past decade, exploration of optimal and dysregulated

partnerships between the microbiota and its mammalian host has taken center stage in the

field of immunology and led to the re-discovey of a more holistic view of host physiology.

Indeed, the notion that microbial partners can promote human health is not a recent concept

and was originally proposed by the seminal work of Döderlein (1892) and his understanding

of the role of lactobacilli as gatekeepers of the vaginal ecosystem as well as the observation

of Metchnikoff associating prolonged life with fermented milk products. Recent sequencing

efforts of the human meta-genome have changed our understanding of the microbiome and

how variations in these populations can contribute to disease states. In this review we will

discuss some of the major concepts that have emerged from the recent dialogue between

immunologists, geneticists, microbiologists and clinicians that highlight the complex role of

the microbiota on the immune system in health and diseases.

Microbiota-immune system interaction during development

Under normal conditions, the fetal gastrointestinal tract is believed to be sterile with the first

exposure of the immune system to commensals occurring during the passage through the

birth canal. These early interactions are considered to set the tone of the mucosal and

systemic immune system for the long term. The mechanism by which neonate tissues adapt

to the formidable challenge of microbial colonization remains incompletely understood but

factors contained in maternal milk are believed to define some of these early responses to

commensals. Indeed, colostrum and breast milk contain live microbes, metabolites, IgA,
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immune cells as well as cytokines. These factors synergize to shape the breast-fed infant

microbiota and the response of the host to these microbes. For instance, maternal IgA

restricts immune activation and microbial attachment by binding nutritional and microbial

antigens and the presence of metabolites including oligosaccharides in mother’s milk

promote the expansion of defined constituents of the microbiota such as Bifidobacterium

(Marcobal et al., 2010; Marcobal and Sonnenburg, 2012). Bacterial translocation from the

mouse gut is increased during pregnancy and lactation, and bacterially loaded dendritic cells

in the milk have been proposed to contribute to neonatal immune imprinting by influencing

the nature of the immune response toward commensal antigens (Perez et al., 2007).

The capacity to accept the microbiota can also be explained by the relative immaturity of the

neonate immune system at birth and the tolerogenic environment that defines early

mammalian life. Indeed, the developing immune system is characterized by blunted

inflammatory cytokine production and skewed T and B cell development in favor of

regulatory responses (PrabhuDas et al., 2011; Siegrist, 2001). While a consequence of this

blunted immune response is high susceptibility to infections, this regulatory environment

ensures that the establishment of the microbiota occurs without overt inflammation. Recent

report reveal that defined population of erythroid cells enriched in neonates contribute to the

maintenance of this immunoregulatory environment and limit mucosal inflammation

following colonization with the microbiota (Elahi et al., 2013). Early exposure of the host to

commensals can also repress cells involved in the induction of inflammatory responses such

as invariant natural killer T (iNKT) cells, an effect that has long-term consequences for the

host capacity to develop inflammatory diseases (Olszak et al., 2012). A recent report

proposed that this control can be mediated by the direct interaction, early in life, of unique

inhibitory commensal derived sphingolipids with iNKT cells (An et al., 2014).

One of the primary modes of dialogue between the host and the microbiota is mediated by

the recognition of conserved microbial associated molecular patterns (MAMPs). The

neonate innate immune system integrates these signals in a unique way to promote healthy

microbial colonization. For instance, although neonate innate cells express Toll Like

Receptors (TLR) ligands, their response to microbial ligands is distinct from the ones of

adult cells with notable impairment in the production of inflammatory mediators such as

oxygen radicals and heightened production of regulatory cytokines such as IL-10 (Kollmann

et al., 2012). Part of this phenomenon results from the action of the microbiota itself. Indeed,

early responses to microbial ligands such as LPS, the endotoxin found in the outer

membrane of gram negative bacterial walls, condition gut epithelial cells to become hypo-

responsive to subsequent TLR stimulation (Chassin et al., 2010; Lotz et al., 2006). How the

innate immune system integrates microbial derived signals remains unclear but recent

findings support the idea that expression of epigenome modifying enzymes by epithelial

cells may be required for the coordination of commensal dependent intestinal homeostasis

(Alenghat et al., 2013).

Commensals also contribute to the post-natal development of the immune system that in turn

contributes to their containment. Studies performed in animals raised in the absence of live

microbes referred to as germ-free (GF), revealed that the microbiota plays a critical role in

secondary and lymphoid structure development. This effect which is particularly evident in
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the gastrointestinal tract with smaller Peyer’s patch size and a reduced number of CD4+T

cells and IgA producing plasma cells (Bauer et al., 1963; Hamada et al., 2002; Macpherson

et al., 2001; Mazmanian et al., 2005; Smith et al., 2007; Talham et al., 1999). In the

intestine, tertiary lymphoid structures such as isolated lymphoid follicle or crytopatches are

induced after birth as a result of commensal exposure (Bouskra et al., 2008; Ohnmacht et al.,

2011). As further discussed below, commensals can also contribute to the fortification of the

intestinal barrier by various mechanisms including the promotion of epithelial cell

maturation and angiogenesis (Hooper et al., 2001; Stappenbeck et al., 2002).

When operating properly, the highly regulatory tone of the neonate immune system and the

action of commensals in the development and training of this system lead to the

establishment of a durable and homeostatic host/commensal relationship. These primary

encounters between the host immune system and the microbiota have profound and long-

term implications for human health. Indeed, epidemiological observations revealed that

alteration of the microbiota in mothers or in neonates may predisposes to diseases associated

with dysregulated barrier responses such as asthma (Ege et al., 2011)

Containing the microbiota

An important point to consider when exploring the role of the microbiota on the immune

system is that pathogenicity is, in most cases, a contextual state. Indeed, the capacity of a

given microbe, including the ones composing the microbiota, to trigger or promote disease is

highly dependent on the state of activation of the host, the host’s genetic predisposition and

the localization of the particular microbe. As such, the mechanisms utilized by the immune

system to maintain its relationship with the microbiota are highly analogous to the ones that

are used to constrain organisms with pathogenic potential.

An enormous fraction of the immune system’s constitutive function is aimed at controlling

our relationship with the microbiota. As such the highest number of immune cells in the

body are resident at sites colonized by commensals such as the skin or the GI tract. In turn,

in order to protect their ecological niche, a dominant action of the healthy microbiota on the

immune system is aimed at reinforcing barrier immunity and therefore their own

containment. A central strategy utilized by the host to maintain its homeostatic relationship

with the microbiota is to minimize contact between microorganisms and the epithelial cell

surface thereby limiting tissue inflammation and microbial translocation. In the

gastrointestinal tract, home to the largest density of commensals, this segregation is

accomplished by the combined action of epithelial cells, mucus, IgA, antimicrobial peptides

and immune cells. Collectively these structural and immunological components have been

referred to as the “mucosal firewall” (Figure 1) (Macpherson et al., 2009).

The mucus represents the primary shield limiting contact between the microbiota and host

tissue and preventing microbial translocation (McGuckin et al., 2011). In addition to the

production of mucus by goblet cells, all intestinal epithelial cell lineages can produce

antimicrobial peptides that play a significant role in limiting exposure to the commensal

microbiota (Hooper and Macpherson, 2010). These proteins can exert antimicrobial

functions resulting from enzymatic attack of the bacterial cell wall or by disrupting the
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bacterial inner membrane (Hooper and Macpherson, 2010). Some of these molecules such as

α-defensins are constitutively expressed by epithelial cells while in other cases, engagement

of pattern recognition receptors (PRRs) by commensally derived products is required

(Hooper and Macpherson, 2010). One of the best-characterized mucosal antimicrobial

peptides is RegIIIγ, which is expressed soon after birth or following colonization of germ-

free mice (Cash et al., 2006). Production of this lectin is tightly controlled by the flora in a

MyD88 dependent manner and has a direct microbicidal effect on gram-positive bacteria

(Brandl et al., 2007; Cash et al., 2006; Ismail et al., 2011; Mukherjee et al., 2009).

Accumulation of antimicrobial peptides such as RegIIIγ in the mucus contributes to the

maintenance of the segregation between the microbiota and the host intestine creating a

physical separation referred to as the “demilitarized zone” (Vaishnava et al., 2011).

Compartmentalization of intestinal bacteria also depends on secreted immunoglobulin A

(IgA). IgA specific for commensals is produced with the help of intestinal dendritic cells

that sample commensals associated with the epithelium and interact with B and T cells in the

Peyer’s patches to produce IgA specific for commensal derived antigens (Macpherson and

Uhr, 2004). Further, commensals that translocate across the intestinal epithelial cell barrier

can be rapidly engulfed and eliminated by macrophages that reside in the lamina propria or

carried alive by dendritic cells (DC) (Kelsall, 2008; Macpherson and Uhr, 2004). The

bacteria loaded DC traffic to the mesenteric lymph node via the intestinal lymphatics but do

not penetrate further allowing the induction of a mucosal compartmentalized IgA response

(Macpherson and Uhr, 2004). IgA+B cells migrate to the intestinal lamina propria and

secrete IgA that are subsequently transcytosed across epithelial cells. These transcytosed

IgAs control host commensal interaction by both impacting commensal gene expression

(Peterson et al., 2007) and preventing adhesion of commensal bacteria to the epithelial

surfaces (Figure 1) (Boullier et al., 2009; Fernandez et al., 2003; Hornquist and Lycke,

1995; Martinoli et al., 2007; Wade and Wade, 2008; Wei et al., 2011). Mucosa IgA

responses lack classical memory characteristics and are able to respond to flux in

commensal microbiota composition. Indeed, established IgA producing clones are

outcompeted by novel anti-bacterial responses allowing the mucosal immune system to

respond to a constantly changing microbiota (Hapfelmeier et al., 2010).

Most activated or memory T cells reside in tissues that are constitutively colonized by

commensals such as the skin and the GI tract. Notably, at steady state most IL-17 (Th17)

and IFNγ (Th1) T cells are found in the GI tract and develop from signals derived from the

microbiota (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2008; Macpherson and Harris,

2004). The current view is that constitutive sensing of commensals plays an important

homeostatic role while active responses against the flora is believed to be associated with

pathogenesis. However, this distinction is clearly not absolute and needs to be revisited in

light of the observation that healthy human serum normally contains antibodies and T cells

specific to commensals (Ergin et al., 2011; Macpherson et al., 1996) suggesting that a

certain degree of commensal recognition is a common occurrence and in most

circumstances, is not associated with pathogenic responses. Although tissue derived cues

can dictate the induction and maintenance of Th17 cells irrespective of antigen-specificity,

we could speculate that in a similar manner to that proposed for Treg cells, antigenic

specificities of tissue resident effector T cells are highly enriched for commensal antigens.
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Notably, Th17 cells produce cytokines such as IL-17 and more particularly IL-22 that

contribute to the homeostatic dialogue with commensals via the capacity of these cytokines

to act on epithelial cell function. Failure to maintain the Th17 lineage in the gut, as observed

during HIV or SIV infection is associated with microbial translocation that contributes to

dissemination of the virus (Klatt et al., 2013). The action of IL-22 on the mucosal immune

system is highly pleiotropic and promotes the production of antimicrobial peptides,

enhances of epithelial regeneration, increases mucus production and regulates of wound

repair (Wolk and Sabat, 2006; Zenewicz and Flavell, 2011). This cytokine can also be

produced by other cell lineages and more particularly a population of gut resident innate

cells referred to as group 3 innate lymphoid cells (ILCs). Although some reports propose

that the development of these cells is independent of signals derived from the microbiota,

their phenotype, and functional capacity can evolve to accommodate physiologic alterations

in the intestinal environment following microbial colonization at birth (Satoh-Takayama et

al., 2008). Production of IL-22 by ILC promotes the containment of specific members of the

microbiota community and more particularly microbes that reside in mucosal lymphoid

structures, such as bacteria of the Alcaligenes genus (Qiu et al., 2013; Sonnenberg et al.,

2012). Thus, in addition of broad and non-specific modes of commensal containment,

discrete pathways may have evolved to promote the selective containment of communities

of microbes residing in unique ecological niches.

Induction of regulatory responses by the microbiota

Maintenance of tissue homeostasis is an imperative to host survival. This fundamental

process relies on a complex and coordinated set of innate and adaptive responses that selects

and calibrates responses against self, food, commensals and pathogens in the most

appropriate manner. To this end, specialized populations of cells have to integrate local cues

such as defined metabolites, cytokines, or hormones allowing the induction of responses in a

way that preserve the physiological and functional requirements of each tissue. As such, the

regulatory pathways that are involved in the maintenance of a homeostatic relationship with

the microbiota are likely to be tissue specific. However, most of our current understanding

of commensal dependent regulatory pathways relates to the gastrointestinal environment. In

the gut, the formidable challenge represented by the exposure to the microbiota, food

derived antigens, metabolites and pathogens requires a highly complex network of

regulatory pathway which is only beginning to be understood (Figure 2). Failure to regulate

these responses can lead to severe pathological outcomes ranging from Inflammatory Bowel

Diseases (IBD), allergies or, as further discussed, metabolic syndromes.

Commensals are a critical and active inducer of regulatory responses. Notably, the

establishment of tolerance - the active suppression of inflammatory responses to food and

other orally ingested antigens - could not be induced in the absence of gut flora derived

signals (Kiyono et al., 1982; Sudo et al., 1997; Wannemuehler et al., 1982; Weiner et al.,

2011). Although immunological tolerance is likely to be achieved via multiple and

redundant mechanisms (Weiner et al., 2011), over the past few years, Foxp3 regulatory T

(Treg) cells have taken central stage in our understanding of this process. These cells

maintain both peripheral and mucosal homeostasis throughout the lifespan of the host and

disruption of the homeostasis of these cells results in loss of oral tolerance and development
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of aberrant effector responses in the gut (Josefowicz et al., 2012b; Mucida et al., 2005;

Worbs et al., 2006). Although Foxp3+ Treg can arise as differentiated cells in the thymus, the

gastrointestinal tract environment is a privileged site for the induction of Treg cells in

response to oral antigens (Coombes et al., 2007; Mucida et al., 2005; Sun et al., 2007). A

current consensus is that optimal maintenance of tolerance to commensal and environmental

antigens requires the combined effect of both thymically and GI induced Treg (Cebula et al.,

2013; Josefowicz et al., 2012a; Lathrop et al., 2011). This specialized property of the gut to

induce Treg can be at least in part explained by the presence of defined populations of

antigen-presenting cells such as the CD103+CD11b+ DC endowed with the capacity to

produce factors involved in the induction of Treg such as the cytokine TGF-β and the vitamin

A metabolite retinoic acid (RA)(Coombes et al., 2007; Mucida et al., 2007; Sun et al., 2007).

Tissue-specific factors such as Vitamin A and MUC2, a mucus glycoprotein produced by

intestinal goblet cells, contribute to the regulatory specialization of mucosal dendritic cells

(Klebanoff et al., 2013; Shan et al., 2013). The importance of this pathway for the control of

mucosal homeostasis is highlighted by the finding that a proportion of induced Treg in the

colonic tissue are specific for antigens derived from the commensal microbiota (Lathrop et

al., 2011). Induction of Treg cells is proposed as one of the mechanisms of action of

probiotics - defined bacteria known to confer a health benefit to the host. Indeed, some of

the regulatory effects of probiotics in the context of inflammatory diseases and atopic

eczema in neonates and infants is believed to be associated with the induction or expansion

of Treg (Di Giacinto et al., 2005; Feleszko et al., 2007; Karimi et al., 2009; Zoumpopoulou et

al., 2008) and the manipulation of mucosal DCs towards a pro-regulatory function (Foligne

et al., 2007; Smits et al., 2005). Commensals can also control oral antigen sampling by

mucosal DCs and promote the induction of lamina propria resident macrophages associated

with local expansion of Treg cells (Chieppa et al., 2006) (Niess and Adler, 2010). Aside from

the direct influence of the microbiota on the immune machinery associated with the

induction of oral tolerance, commensal-specific Treg can promote class-switching to IgA in

an antigen-specific manner (Cong et al., 2009; Tsuji et al., 2009) thereby controlling the host

relationship with the microbiota via multiple mechanisms (Peterson et al., 2007; Suzuki et

al., 2004) (Figure 2).

The first demonstration that a unique symbiont molecule could promote regulatory

responses was provided by the identification of the polysaccharide A (PSA) which is

produced by a prominent human symbiont Bacteroides fragilis (Mazmanian et al., 2005). B.

fragilis, via PSA expression, can protect mice from experimental colitis induced by

Helicobacter hepaticus, a commensal bacterium with pathogenic potential (Mazmanian et

al., 2008). This protective activity was associated with the capacity of PSA to induce and

expand IL-10 producing Treg cells (Mazmanian et al., 2008; O’Mahony et al., 2008; Ochoa-

Reparaz et al., 2010a). B. Fragilis was able to promote Treg cell function and induction via

engagement of the microbial derived PSA with TLR2 expressed by T cells, a phenomenon

associated with the capacity of this bacterium to also limit Th17 responses (Round et al.,

2011). The discovery of a link between defined members of the microbiota and the induction

of regulatory cells able to limit mucosal inflammation and promote tolerance led to a

rational approach for the identification of the next generation of probiotics with superior

capacity to induce Treg cells. Induction of Treg cells is not restricted to B. fragilis as the
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presence of an indigenous Clostridium species also promotes Treg cell accumulation via, at

least in part, its capacity to create a TGF-β rich environment (Atarashi et al., 2011). Of note,

optimal induction of Treg in the colonic environment relies on the synergistic effect of a

consortium of Clostridia strains while individual species have a modest effect on the

immune system (Atarashi et al., 2013). Based on the fundamental role of Treg in maintaining

mucosal homeostasis, it is likely that rather than being restricted to defined commensals, a

large fraction of any given microbiota or microbiota metabolism may have evolved to favor

this aspect of the regulatory network. Indeed, recent findings have shown that many

organisms can increase the frequency of Tregs in the colon (Faith et al., 2014; Geuking et al.,

2011).

Mammals rely on bacteria to break down undigestible dietary components such as fibers

(Ley et al., 2006a). One dominant metabolite resulting from this process are short chain fatty

acids (SCFA), ubiquitous bacterial fermentation products highly enriched in the colonic

environment (Cummings et al., 1987). Although a role for SCFA in controlling various

aspects of immune responses has been long recognized (Meijer et al., 2010), their link to

lymphocyte function has only recently been appreciated. Notably, SCFA and in particular

butyrate regulate the size and function of the regulatory T cell network by promoting the

induction and fitness of regulatory T cells in the colonic environment (Arpaia et al., 2013;

Furusawa et al., 2013; Smith et al., 2013). Butyrate is well known to regulate gene

expression epigenetically by inhibiting histone deacetylases (HDACs) (Davie, 2003) and

this property is currently proposed as an underlying mechanism for enhanced Treg

generation in the gut. The action of SCFA likely results from the manipulation of various

cells involved in the induction of regulatory responses and indeed the effect of SCFA on

both T cell and dendritic cells have been linked to this process (Arpaia et al., 2013;

Furusawa et al., 2013; Smith et al., 2013).

Altogether these results reveal a major role for the microbiota in shaping the repertoire,

number and activation of tissue resident Treg cells and in the maintenance of host-microbe

mutualism at barrier sites. Based on the abundance and complexity of the flora, one could

also speculate that opportunity for cross reactivity between commensals, pathogenic and

environmental antigens is high. Thus, microbial pressure in the gut could lead to the

induction and maintenance of a pool of activated Treg cells that may not only contribute to

the maintenance of a mutualistic relationship with the microbiota, but also to the systemic

control of immune responses.

One of the first demonstrations of the protective role of commensals during acute injury was

provided by the observation that, in the gut, TLR activation by commensals was required to

promote tissue repair and host survival (Rakoff-Nahoum et al., 2004). Part of the protective

effect of the microbiota in the context of inflammation relates to its capacity to sustain the

aforementioned regulatory network (Arpaia et al., 2013; Bouladoux et al., 2012; Furusawa et

al., 2013; Smith et al., 2013). Commensal derived products can also act by controlling

directly or indirectly the function of inflammatory cells. For instance recognition of the

commensal derived metabolites SCFA by innate immune cells is critical for the regulation of

inflammation in response not only to intestinal injury but also in models of arthritis and

allergy (Maslowski et al., 2009). Further commensals can also tune the function of
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inflammatory monocytes a population of cells involved in the control of pathogens (Figure

2). During acute mucosal infection, encounter of inflammatory monocytes with the

microbiota in the gastrointestinal tract promotes their production of the lipid mediator PGE2

that in turn limits the level of activation of tissue damaging neutrophils (Grainger et al.,

2013). Although most of what is known today about the regulatory properties of the

microbiota arise from the exploration of the bacterial component of the flora, other microbes

such as fungi and virus are likely to promote similar or complementary aspects of the

regularly network. In the gastrointestinal tract, experimentally, interaction of commensal

fungi with the C type lectin receptor Dectin 1 was able to prevent inflammation in the

context of acute mucosal injury (Iliev et al., 2012).

Induction of protective responses by commensals

Tissues that are natural habitats of the microbiota such as the skin, the GI tract or the lung

are also the portals by which pathogens access the host and often the primary site of

infections. This implies that the initial encounter of pathogens with the immune system

occurs in an environment conditioned and regulated by its endogenous microbiota. As such

the fate of commensals and pathogens (as well as their classification) is highly

interdependent (Figure 3). Notably, commensals can directly and dynamically interact with

pathogens and immune cells and the results of this interaction can define the pathogenesis

and outcome of a given infection.

Protection of the host from exogenous pathogens by commensal bacteria, a phenomenon

referred to as colonization resistance was described more than five decades ago (Buffie and

Pamer, 2013; van der Waaij et al., 1971). One of the major forms of interaction between the

microbiota and invading microbes relates to the need for both forms of organisms to

compete for the same ecological niche. Consequently, commensals have been shown to limit

pathogen colonization though competition for defined metabolites in a process referred to as

colonization resistance (Kamada et al., 2013). Alteration of nutrient availability by the host

microbiota can also have profound consequences on the expression of virulence genes and

growth rate of pathogens such as enterohemorragic E. coli, or Clostridia difficile (Kamada et

al., 2013; Ng et al., 2013; Pacheco et al., 2012). Manipulation of microbial virulence can

also occur as a consequence of commensal metabolism. In some instances, the very same

metabolites involved in the manipulation of the immune system such as SCFA can also

directly act on pathogens by down regulating the expression of virulence genes such as those

encoding the type 3 secretion system in Salmonella enterica and typhimurium (Gantois et

al., 2006). Commensals can also promote the establishment of an environment hostile for

pathogen establishment with the best illustration in the vaginal environment in which

lactobacilli can protect from pathogenic colonization via reduction of the local pH

(Turovskiy et al., 2011). Finally, commensals can also produce antimicrobial peptides that

directly affect pathogen growth or survival (Hammami et al., 2013). For instance, E coli

produces bacteriocins -proteinaceous toxins that specifically inhibit the growth of the same

or similar bacterial specie- therefore, impairing the growth of the related pathogen

enterohemorrhagic E. coli. Additionally the dominant skin commensal Staphylococcus

epidermidis produces several antimicrobial proteins and proteases that can limit the biofilm
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formation of Staphylococcus aureus (Iwase et al., 2010; Schamberger and Diez-Gonzalez,

2002) (Figure 3).

In tandem of its direct action on invasive microbes, the microbiota’s capacity to control

infection is also associated to its remarkable ability to promote and calibrate both innate and

adaptive immunity (Molloy et al., 2012). Indeed, commensals play a fundamental role in

both the training of the immune system and its functional tuning thereby acting as adjuvants

to the immune system as a whole. As previously discussed, commensals can reinforce

defined components of barrier immunity, an effect that has the dual function of promoting

their own containment and limiting pathogen invasion. For example, the commensal-

dependent antimicrobial peptide RegIIIγ not only contributes to maintenance of segregation

between the microbiota and host epithelial cells but also promotes protection against

vancomycin resistant Enterococcus faecalis (Brandl et al., 2008; Vaishnava et al., 2008;

Vaishnava et al., 2011). An important role of the microbiota is associated with its capacity to

condition cells to respond to infectious challenge both systemically and locally. For

instance, commensals can tune innate cells in a way that allow them to rapidly respond to

pathogen encounters. An example of this control is provided by the capacity of the gut

microbiota to control the production of IL-1β, a cytokine involved in host defense. The

microbiota contributes to the homeostatic production of pro-IL-1β by intestinal resident

macrophages in a MyD88 dependent manner thereby priming these cells to respond rapidly

to enteric infections by conversion of pro-IL-1β to mature active IL1β (Franchi et al., 2012).

Some of the stimulatory effects of the microbiota can be attributed to dominant microbial

derived signals. Indeed, commensals and pathogenic microbes interact with the host immune

system through conserved ligands that are immutable features of microorganisms

(Sansonetti and Di Santo, 2007). Many of these ligands signal through the Toll-like and

Nod-like families of receptors (Sansonetti and Di Santo, 2007; Takeda et al., 2003). One

example of this is flagellin, a structural protein that forms the main portion of flagella and

promotes bacterial chemotaxis, adhesion and invasion of host tissue by pathogenic bacteria.

Flagellin is also expressed by a large number of commensal bacteria and several lines of

evidence indicate that interaction of commensal flagellin with Toll-like receptor 5, in

particular in the context of barrier breach, plays an important role in the promotion of

mucosal immunity. Notably, dendritic cells that reside in the lamina propria of the intestine

are poised to respond to flagellin by rapidly expressing chemokines, antimicrobial peptides

as well as cytokines involved in the initiation of immune responses (Kinnebrew et al., 2012;

Uematsu et al., 2008; Uematsu et al., 2006). In response to flagellin, CD103+ DC produce

IL-23 in part to induce IL-22 by innate lymphoid cells (ILCs), thereby promoting epithelial

mediated host defense (Kinnebrew et al., 2012). Unmethylated cytosine phosphate

guanosine (CpG) dinucleotides, which are abundant within the prokaryotic DNA of

intestinal flora, can contribute to intestinal homeostasis under steady state conditions (Hall et

al., 2008) and constitutive interaction between CpG expressing commensal DNA and TLR9

can act as a local adjuvant of immune responses (Hall et al., 2008). Nonetheless, under

homeostatic conditions both inflammatory and regulatory signals are constantly integrated

the sum of these signals leading to the establishment of an immune tone compatible with

tissue immunity.
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The capacity of the microbiota to stimulate innate responses translates into its important role

in the induction of adaptive immunity (Figure 3). Indeed, early studies have identified

significant impaired host immune responses to pathogens in mice treated with antibiotics or

raised under germ free conditions (Cebra, 1999; Hall et al., 2008; Ivanov et al., 2009;

Mazmanian et al., 2005). One of the first demonstrations of this ‘adjuvant’ effect was

revealed in a parasitic model of small intestine infection with Encephalitozoon cuniculi in

which protective Th1 and Th17 responses were severely compromised in the absence of

commensals (Hall et al., 2008). Similarly, protective Th17 responses failed to develop in

response to Citrobacter rodentium, a model of attaching and effacing infection that

primarily affects the large intestine (Ivanov et al., 2009). The adjuvant property of the

microbiota has also been revealed in a model of oral vaccination (Hall et al., 2008), an

observation that may help to explain some of the failures of oral vaccination in developing

countries in which malnutrition and infection have profoundly affected the microbiota

(Korpe and Petri, 2012).

In addition to the pleiotropic effects of conserved microbial ligands or metabolites in the

education and function of the immune system, it is now becoming clear that unique

microbes or groups of bacteria can dominantly influence immune system development and

function under steady state and inflammatory conditions. In the language of ecological

systems these organisms of paramount importance are termed ‘keystone species’. The

prototype of a keystone species in the GI tract is represented by the interaction between

Segmented Filamentous Bacteria (SFB) and the immune system. Under steady state

conditions, this pore forming Gram-positive anaerobic bacteria colonizes the terminal ileum

of mice. SFB has a dominant effect on the mucosal immune system by promoting the

accumulation of both Th17 and Th1 cells in the small intestine and driving the production of

IgA (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009; Umesaki et al., 1999). In contrast

to most commensals that reside outside of the “demilitarized zone”, SFB interacts closely

with the mucosal tissue via tight adhesion to Peyer’s Patches and epithelial cells, inducing

cytoskeletal reorganization in these cells at the site of contact. (Ivanov et al., 2008; Sczesnak

et al., 2011). This intimate contact with epithelial cells, a property shared by a select

minority of commensal organisms, is believed to account for the capacity of SFB to heighten

tissue immunity and promote protective responses to pathogens (Ivanov et al., 2009). The

presence of bacteria with a keystone role on the immune system raises an intriguing

possibility. Although optimal control of host metabolism and physiology may rely on

complex and redundant populations of microbes we could speculate that a more limited

number of microbes may act as adjuvants of immune responses. Indeed, over-population of

the GI tract with bacteria that have enhanced inflammatory potential can have local and

systemic pathological consequences. Under steady state conditions these ambivalent

members of the microbiota such as E. coli or SFB are maintained in check by the immune

system but coopted by the host to control invasive microbes.

This protective effect of the microbiota has been revealed in clinical and experimental

settings in which broad antibiotic treatment can allow the domination of intestinal

microbiota with drug resistant microbes such as vancomycin resistant enterococcus (VRE), a

pathogen that causes bloodstream infections in immunocompromised patients (Buffie and
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Pamer, 2013; Murray, 2000). Infections caused by multidrug-resistant organisms are on the

rise and have developed into endemic and epidemic situations worldwide (Gupta et al.,

2011). Harnessing the microbiota to combat these infections represents an important

therapeutic avenue with the most spectacular results obtained thus far in the context of

Clostridium difficile colitis (van Nood et al., 2013). During this recurrent infection, transfer

of a microbiota from a healthy donor eradicated the infection with a remarkable efficiency

(van Nood et al., 2013). Again highlighting the concept of defined microbes endowed with

superior adjuvant capacity, the protective effect of the microbiota in VRE infected patient

was highly dependent on the presence of the commensal Barnesiella (Ubeda et al., 2013).

Thus, the microbiota is a required component of the effector response of the host. Although

currents studies are attempting to link defined microbes to unique immunological states in

human, the microbiota is a highly dynamic and complex composite of microbes all

expressing a large number of potential ligand and metabolites. Under homeostatic conditions

both inflammatory and regulatory signals are constantly integrated, the sum of these signals

leading to the establishment of a controlled inflammation compatible with tissue immunity.

Therefore, under most settings changes in inflammatory state associated with the microbiota

are unlikely due to a single microbial product or metabolite but may result from a shift in the

balance of signals.

Systemic control of protective immunity

While it is readily accepted that shifts in the gut microbiota composition and density can

affect local immune responses, it is becoming apparent that these changes can also alter

immunity and inflammation in organs distal from the intestine(Belkaid and Naik, 2013). For

instance, reduction of gut commensals via broad-spectrum antibiotic treatment results in

blunted T and B cell response against intranasal infection with influenza (Ichinohe et al.,

2011). This effect of the microbiota is linked to its capacity to promote the inflammasome-

mediated induction of IL-1β and IL-18 secretion (Ichinohe et al., 2011). In this setting rectal

administration of TLR agonists restored protective immune responses indicating that either

the microbial products are capable of diffusing systemically, or that inflammasome

activation does not need to occur at the site of infection (Ichinohe et al., 2011). Antibiotic

treatment also impaired adaptive and innate antiviral responses following exposure to

systemic Lymphocytic Choriomeningitis Virus (LCMV) and musosal influenza virus (Abt et

al., 2012). Genome wide transcriptional profiling of macrophages from antibiotic treated

mice revealed a broad decrease of genes associated with antiviral immunity (Abt et al.,

2012). This bystander control of peripheral responses can be, at least in part, explained by

the unique requirement of the GI tract for absorption resulting in the constant diffusion of

low-level microbial products such as TLR or NOD ligands and metabolites into the

bloodstream. For instance, commensal derived peptidoglycan can be found in the serum and

have been shown to improve the killing of Streptococcus pneumonia and Staphylococcus

aureus by bone-marrow derived neutrophils in a NOD1 dependent manner (Clarke et al.,

2010). Experimental evidence suggests that the tonic sensing of commensal products or

metabolites present in the blood stream also contributes to steady-state hematopoiesis and

monocyte egress from the bone marrow (Maslowski et al., 2009; Shi et al., 2011).
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Recent evidence implies that the capacity of commensals to calibrate systemic immunity has

profound consequences in the context of immunotherapy. Total body irradiation, used in

defined settings of immunotherapy and bone marrow transplantation, is associated with gut

damage and microbial translocation, providing an adjuvant effect to the transferred anti-

tumoral T cells (Paulos et al., 2007). A similar mechanism is proposed to explain the

protective role of the microbiota in the context of chemotherapy. Cyclophosphamide, a

clinically important cancer drug, also leads to intestinal damage, bacterial dysbiosis and

translocation and induction of anti-commensal Th17 responses that, collectively, contribute

to the anti-tumoral response (Viaud et al., 2013). Some of the effect of the microbiota can

also occur independently of gut damage. Indeed, disruption of the gut flora via antibiotic

treatment or in germ free mice impairs the capacity of the host to control subcutaneous

tumors during immunotherapy (Iida et al., 2013). In these experimental settings, the

protective effect results from the capacity of the commensal derived ligands to control the

status of activation of tumor myeloid cells and more particularly their level of TNF-α and

reactive oxygen species both associated with optimal tumor control (Iida et al., 2013).

Remarkably tumor control was associated with the presence of defined commensal species

such as Alistipes shahii (Iida et al., 2013). Thus, commensals, and more particularly defined

member of the microbiota, can control various aspects of immunity associated with anti-

tumoral responses, an effect that has profound clinical implications.

Altogether, these data reveal that exposure to microbial ligands shape systemic immunity at

both the steady state and in the context of inflammation. The basal tuning of the immune

system associated with constant sensing of microbial products or ligands implies that subtle

changes in this conditioning may have long-term consequences on the capacity of the host to

mount systemic immune responses and develop inflammatory diseases. The mechanism

underlying this phenomenon remains incompletely understood but we could speculate that

commensal bacteria-derived signals can influence gene expression profiles of immune cells

via epigenetic modifications of genes involved in innate responses thus creating a

transcriptional state that enables basal expression of host-defense factors and rapid responses

upon encounter with a pathogens. How permanent the effects of microbial sensing are and to

what extent tissue and hematopoetic stem cells are permanently influenced by this tonic

sensing remains to be explored.

Compartmentalized control of tissue immunity

Although the above mentioned observations propose that gut commensals can control the

systemic threshold of activation of innate and adaptive cells, these studies do not exclude a

direct role for commensals residing in the lung, skin or other barrier sites in the control of

local immunity. Indeed, microbial surveys unveiled the remarkable partitioning of

commensals within the human body with each tissue and microenvironment hosting unique

microbial communities (Belkaid and Naik, 2013). Thus, each barrier tissue is a complex and

in some cases, unstable composite of microbes and host structural, hormonal, nervous and

immunological networks, with each of these systems potentially controlled by resident

microbiota.
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The skin, the largest organ of the body, represents a critical interface between the host and

the environment. Unbiased microbial sequencing has shown the presence of highly diverse

and specific commensal niches along distinct topographical sites of the skin (Costello et al.,

2009; Grice et al., 2009). Although the skin is a rather inhospitable environment, poor in

nutrients and moisture, up to 1 billion bacteria inhabit a typical square centimeter of human

skin, covering the surface and extending down into the sebaceous glands and hair follicles

(Grice et al., 2008). In contrast to the known role of the gut microbiota in promoting the

gastrointestinal associated lymphoid tissue (GALT) development, skin commensals are not

required for the development of associated lymphoid tissue (Naik et al., 2012). The skin

resident bacteria, such as Staphylococcus epidermidis, can control fundamental aspects of

local immunity and tissue repair (Lai et al., 2009) (Naik et al., 2012). Skin commensals do

not affect the capacity of T cells to be primed or to migrate to the skin, but modulate dermal

T cell function by tuning the cutaneous inflammatory milieu and more particularly the

production of IL-1α that in turn directly controls the capacity of dermal resident T cells to

produce inflammatory cytokines such as IFN-γ and IL-17A (Naik et al., 2012). Thus in

contrast to the role of the gut microbiota, the action of skin commensals on the local immune

system is discrete and highly compartmentalized.

The oral cavity also harbors a unique and complex microbial community accumulating on

both the hard and soft oral tissues in sessile biofilms (Avila et al., 2009). One of the

proposed roles of the oral microbiome on the immune system is associated with its capacity

to promote inflammasome activity leading to the local increase of the inflammatory cytokine

IL1β (Dixon et al., 2004). At other sites such as the lung or vaginal mucosa the role of

commensals on tissue immunity remains largely unknown. In the absence of commensals,

the number of infiltrating Th2 lymphocytes and eosinophils was elevated and the

composition and status of activation of lung dendritic cells was altered during airway

inflammation (Herbst et al., 2011). Additionally, intranasal priming of mice with live or

heat-inactivated Lactobacillus can dampen local responses thereby protecting against lethal

sequelae infection with the virulent pathogen, pneumonia virus of mice (PVM)

(Gabryszewski et al., 2011; Garcia-Crespo et al., 2012). These results are consistent with the

notion that commensal bacteria, in most tissues, can establish a threshold of activation and

regulation required for immune fitness. Nonetheless and despite the growing number of

studies that associate commensal dysbiosis at diverse tissue sites with specific pathologies

such as psoriasis, atopic dermatitis and asthma, (Abreu et al., 2012; Belda-Ferre et al., 2012;

Hilty et al., 2010; Kong et al., 2012; Srinivasan et al., 2010) little is known about the effect

of these unique microbial communities in the control of tissue specific immunity. Based on

our understanding of tissue specialization we could postulate that these unique microbial

communities have coevolved with their host to finely tune the unique environment of each

tissue site.

Role of the microbiota in the pathogenesis of infection: The accidental

pathogen

As previously discussed, pathogenicity of most microbes is a contextual state. Owing to the

adjuvant capacity of the microbiota, infections that occur at sites colonized by commensals
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can be, in some cases, considered as co-infections with normal constituents of the

microbiota as a major culprit of tissue damage and pathogen transmission. Although tissue

resident symbionts can provide an immunological and ecological shield against pathogen

invasion, these microbes can in some instances be coopted by pathogens for optimal

transmission. One of the first illustrations of the positive effect of the flora on pathogen

development and survival was revealed in a model of Trichuris muris nematode infection

(Hayes et al., 2011). In this model of infection, egg hatching in the large intestine only

occurred upon tight contact with bacteria suggesting that the microflora provides critical

cues for the appropriate establishment of the life cycle of gut tropic nematodes (Hayes et al.,

2011). This pro-infection role of the microbiota represents a novel paradigm for the

transmission of various pathogens including viruses. Poliovirus relies on the microbiota for

efficient replication, an effect that can be at least in part associated with the capacity of the

virus to bind to cardinal microbial products such as LPS (Kuss et al., 2011). Similarly, the

capacity of MMTV to bind to commensally derived LPS favors mucosal transmission of the

virus via the induction of the regulatory cytokine IL-10. Such effects lead to a state of

immunological unresponsiveness toward viral antigen that favors transmission of the virus

(Kane et al., 2011). In these studies the elements accounting for the pathogen transmission

and/or virulence promoting effect of the flora are highly represented microbial products such

as LPS, suggesting that both virus and nematodes may have evolved to bypass commensal

population shifts by thriving on ubiquitous microbial derived components. This would

suggest that although manipulating the flora may represent an efficient way of altering

immunity to pathogens, this strategy is unlikely to have global consequences on pathogen

transmission. Based on the pleitropic effect of the flora in induction of regulatory pathways,

host metabolism and tissue resident function, one would expect that a high number of

pathogens transmitted via mucosa or using commensal rich habitats have evolved to benefit

from the complex interaction of the host with its microbiota.

Infections represent highly volatile situations for barrier tissues, with pathogens,

commensals and environmental antigens transiently sharing the same inflamed environment.

In westernized countries, it is estimated that a child will suffer ten diarrheal episodes on

average before the age of 5, a number that can be dramatically increased in the developing

world (Kosek et al., 2003; Vernacchio et al., 2006). Thus, when added together with skin

and lung infections, the immune system has ample opportunity to be exposed to commensals

during inflammation, a situation that has the potential to disrupt our homeostatic relationship

with these microbes. In the gastrointestinal tract, acute mucosal infections are characterized

by dysbiosis associated with significant shifts in the microbiota and dominance of bacteria

with enhanced invasive and inflammatory properties that can directly exacerbate

inflammation and tissue damage (Egan et al., 2011; Heimesaat et al., 2006; Lupp et al.,

2007; Stecher et al., 2007). In particular, γ-proteobacteria dominance has emerged as a

hallmark of acute mucosal infections and enhanced pathology (Benson et al., 2009; Craven

et al., 2012; Egan et al., 2011; Heimesaat et al., 2006; Lupp et al., 2007; Molloy et al., 2013;

Raetz et al., 2012; Stecher et al., 2007). Various mechanisms could contribute to

proteobacterial ‘blooms’, including the capacity of these commensals to thrive on

metabolites derived from inflammatory setting such as nitrates and the selective death of

paneth cells (Raetz et al., 2012; Winter et al., 2013). Because of the pathogenic role of these
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bacteria, the immune system may have evolved specific mode of control. Indeed, in the

context of acute mucosal infection both neutrophils and monocytes can exit the lamina

propria and enter the gut lumen thereby creating a containment structure referred to as

intraluminal cast that limit epithelial contact with these invasive microbes and

translocation(Molloy et al., 2013).

In a number of models of gastrointestinal infections, such as Toxoplasma gondii and

Yersinia pseudotuberculosis, immunopathology can also induce the translocation of

commensal bacteria (Brenchley and Douek; Brenchley et al., 2006; Estes et al.; Hand et al.,

2012; Heimesaat et al., 2006; Jung et al., 2012; Meinzer et al., 2012). A consequence of

infection that results from the induction of inflammation and enhanced microbial

translocation is that in contrast to steady-state responses, commensal-specific T cells, much

like pathogen-specific cells, become activated and differentiate to an inflammatory

phenotype (Hand et al., 2012). In the GI tract these commensal-specific T cells form

memory cells that are phenotypically and functionally indistinguishable from pathogen-

specific T cells (Hand et al., 2012). Because of the extraordinary number of potential

antigens expressed by the host microbiota, this implies that a significant fraction of memory

cells are expected to be commensal specific and will develop over time in response to

successive infections and/or various barrier breaches. Thus, primary exposure to a pathogen

in the skin, lung and GI tract is likely to occur in the context of a much broader recall

response against commensal bacteria. Much like pathogen-specific CD4 T cells and in

contrast to CD8 memory T cells, commensal-specific memory T cells declined steadily over

time (Hand et al., 2012; Homann et al., 2001; Pepper et al., 2009). As CD4 T cells carry out

the complex task of remembering and responding to pathogenic and commensal organisms

in a constantly changing environment, perhaps development of CD4 memory reflects this

necessity for flexibility. An evolving pool of specificities within the regulatory and effector

CD4 T cell compartment may allow for the maintenance of tolerance and barrier function in

the face of variable commensal populations and intermittent infection.

The physiological consequence of long-term T cell memory against commensals remains to

be addressed. One possible consequence may be the induction of heterologous memory

wherein antigen-specific responses against commensal bacteria could drive the rapid

production of inflammatory cytokines upon secondary infection, leading to increased

protection against both pathogens and commensal bacteria. In support of this hypothesis,

healthy human serum contains antibodies specific to the skin and intestinal microbiota (Haas

et al., 2011). In addition, recent studies suggest that CD4 T cell clones that are cross-reactive

to commensals and viruses are common in healthy individuals (Su et al., 2013). Conversely,

aberrant accumulation of commensal-specific T cells may lead to the development of

inflammation and IBD (Sartor, 2006). A further exploration of antigen-specific memory T

cells residing at all barrier sites and their regulation would inform us of the potential of

impact of effector responses against commensals at steady state or in the context of

inflammation.
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Role of the microbiota in chronic diseases

Optimal microbiota host interaction implies that balance between stimulatory and regulatory

signals would allow the development of immunity without compromising the capacity of the

host to maintain tolerance to innocuous antigens. Yet, in westernized countries, the overuse

of antibiotics, changes in the diet and elimination of chronic parasitic infections, such as

those caused by helminth worms such as roundworms, hookworms or whipworms may has

selected for a microbiota that may lack the resilience required for the establishment of

balanced immune responses. For instance, as recently as 1940, the prevalence of helminthic

worm infection in children in some rural areas of the United States was as high as 70%

(Johnston et al., 2014; Weinstock et al., 2004). As well, the use of antibiotics and changes in

diet have caused the chronic and sometimes severe disappearance of potentially critical

components of the human microbiota (Blaser and Falkow, 2009). These profound changes in

the microbiota and as a direct result, the immune system, are now believed to contribute to

the dramatic and rapid increase in chronic inflammatory and autoimmune disorders seen in

high-income countries. Indeed, while each inflammatory disease is associated with unique

genetic and biological mechanisms, a unifying trend seems to be that many inflammatory

diseases are associated with significant shifts in the resident microbiota from a ‘healthy’ to a

‘diseased’ state. One tantalizing hypothesis is that the partially penetrant nature of genetic

polymorphisms associated with many complex diseases is due to the necessity of changes in

the microbiota for the onset of pathology. An alarming consequence of this hypothesis is

that susceptibility to some diseases is partly due to the stochastic acquisition of specific

commensal organisms. Interestingly, similar ‘opportunists’ are associated with multiple

disease states. Therefore, some bacteria may be particular adept at surviving in, and

contributing to, inflammation and the recent acquisition of a particular set of inflammatory

clades of bacteria may represent an be an important contributor to the etiology of

inflammatory and autoimmune diseases. Below, we will discuss a number of diseases and

their associations with the microbiota.

Role of the microbiota in IBD and autoimmune disease

The gastrointestinal tract is home to the largest population of commensal organisms in the

human body and as such is home to a unique set of immunoregulatory mechanisms that

prevent the unnecessary activation of the immune system against innocuous antigens

including those expressed by the microbiota. A breakdown in these overlapping regulatory

mechanisms results in a set of chronic inflammatory conditions that are collectively known

as Inflammatory Bowel Disease (IBD). The relationship between mucosal immune

dysfunction and IBD is illustrated by the fact that both Crohn’s Disease (CD) and Ulcerative

Colitis (UC) are associated with genes that are critical in maintenance of the epithelial

barrier and the regulation of innate and adaptive immune responses (Rivas et al., 2011). The

etiology of IBD is complex and is believe to be the consequence of genetic factors, the host

immune system, and environmental factors such as the microbiota (Maloy and Powrie,

2011). Stressors such as defined infections have been also proposed to contribute to the

induction of these disorders (Cadwell et al., 2010).

Belkaid and Hand Page 17

Cell. Author manuscript; available in PMC 2015 March 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



IBD is associated with profound changes in the composition of the intestinal microbiota

highlighting the importance of the microbiota in disease etiology. Notably, numerous studies

have shown that both CD and UC are associated with a reduced complexity of the

commensal microbiota and consistent shifts in the consortia to a dysbiotic state. For

example, in a similar manner to what is observed during acute mucosal infections, both CD

and UC are characterized by the outgrowth of the phyla proteobacteria and in particular the

Enterobacteriaceae family (Frank et al., 2007). Notably Crohn’s Disease has been associated

with commensals that are intrinsically inflammatory and blur the line between commensal

and pathogen. For example, Adherent-Invasive E. coli, Yersinia and Clostridium difficile are

much more common in patients suffering from Crohn’s disease than healthy individuals and

in some mouse models have been shown to be key contibutors to IBD (Issa et al., 2008;

Lamps et al., 2003; Rolhion and Darfeuille-Michaud, 2007). In mice deficient in IL-10 or in

IL-10 and TGF-β and therefore prone to develop colitis, defined commensals such as

Helicobacter hepaticus or commensal Bacteroides are sufficient to induce disease (Bloom et

al., 2011; Cahill et al., 1997; Kullberg et al., 2002). It is hypothesized that these commensal

bacteria with enhanced inflammatory potential contribute to disease via their capacity to

invade and promote innate and adaptive immune responses to otherwise benign food

antigens and commensal organisms (Elson and Cong, 2012; Packey and Sartor, 2008).

Indeed, increased serum antibody responses against antigens derived from the microbiota is

characteristic of Crohn’s Disease patients (Dubinsky et al., 2006; Lodes et al., 2004). One

simple explanation as to why particular commensal organisms are able to ‘bloom’ during

inflammation is that these organisms are closely related to obligate pathogens and therefore

possess modules that allow for survival under the harsh conditions of immune activation.

Indeed, commensal E. coli, which is benign under homeostatic conditions, is capable of

using inflammatory nitric oxides generated by the immune response as an energy source,

conferring a significant growth advantage (Winter et al., 2013). Other organisms such as

Bilophila wadsworthia can take advantage of dietary induced bile acids to dominate the

intestine, contributing to disease in mouse strains prone to colitis providing a glimpse at how

diet may trigger IBD via its profound impact on the microbiota (Devkota et al., 2012a). An

intriguing hypothesis that can be derived from these studies is that IBD is caused or

exacerbated by a positive feedback loop, where host mutation leads to dysregulated immune

responses in the GI tract, which drive the outgrowth of inflammatory bacteria that in turn

promote more inflammation. One striking experimental example of the influence of the flora

on IBD is that of mice deficient in both T-bet and adaptive immunity that develop a

spontaneous and transferrable form of ulcerative colitis (TRUC mice) (Garrett et al., 2007).

Deficiency of T-bet in the innate immune system leads to exaggerated tumor necrosis factor

alpha (TNF-α) production by dendritic cells, which together with the absence of Treg creates

a chronic inflammatory state that modulates the composition of the microflora and

eventually leads to the development of colorectal cancer (Garrett et al., 2007; Garrett et al.,

2009). Interestingly, transfer of the microbiota from TRUC mice into wild-type recipients

also transfers the colitis. Defined species of commensals such as Proteus mirabilis,

Klebsiella pneumoniae or Helicobacter typhlonius are found at increased frequency in

TRUC mice and can transfer disease in wild-type mice (Garrett et al., 2010; Powell et al.,

2012). Further demonstration that colitis can, at least in experimental settings, become

“contagious” was revealed in a number of mouse models where innate immune defects in
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components of the inflammasome or IL-22 led to aberrant responses to commensals (Elinav

et al., 2011). Deficiency of the NLRP6 component of the inflammasome from colonic cells

results in reduced IL-18 levels and shifts in microbiota composition characterized by

expansion of the bacterial phyla Bacteroidetes (in particular the family Prevotellaceae) and

TM7. Consequent to the microbial shift, these mice spontaneously develop intestinal

hyperplasia and are more susceptible to chemically induced colitis and colonic cancer

(Elinav et al., 2011; Hu et al., 2013). As for the TRUC mice, the colitic phenotype can be

transferred by the microbiota to neonatal or adult wild-type mice that have no innate

immune defect, though it should be noted that colitis is less severe in these animals (Garrett

et al., 2007). How these infectious and dysbiotic microbiota contribute to human disorders

remains to be addressed but is of critical importance if we are to understand the recent rise

of IBD incidence.

Perhaps equally important to the outgrowth of inflammatory components of the microbiota

in the induction of IBD is the loss of symbiotic commensal organisms that rely upon

fermentation as their energy source. Sequencing studies have shown that the bacteria of the

phylum Firmicutes and in particular the class Clostridia are reduced in patients suffering

IBD (Frank et al., 2007). This is potentially important because of the effect that bacteria

within this class can have on GI resident Treg cells. Clostridia, has been shown to directly

induce colonic Tregs that can oppose colitis induction (Atarashi et al., 2013; Atarashi et al.,

2011). Additionally, and as previously discussed, single chain fatty acids (SCFA), have been

shown to limit GI inflammation both by the induction of Treg and the direct inhibition of

macrophage and neutrophil activation (Arpaia et al., 2013; Furusawa et al., 2013; Maslowski

et al., 2009; Smith et al., 2013). The enzymatic processes necessary for the fermentation of

fiber to SCFA are largely dependent upon bacteria within the Clostridia class(Pryde et al.,

2002). Thus, the mucosa-associated immune system is shaped by commensal dysbiosis in at

least two distinct ways. First, the outgrowth of opportunistic clades of bacteria drives

increased inflammation and secondly, the loss of benign fermenting bacteria that produce

‘keystone’ metabolites results in reduced immunoregulation.

The microbiome may also contribute to autoimmune disease at other barrier and systemic

sites. While it was initially thought to be largely sterile, the resident microbiota of the

respiratory tract has recently been described, (Beck et al., 2012) and is a likely contributor to

the etiology of asthma and other airway inflammatory disorders, such as cystic fibrosis (CF).

Cystic fibrosis is caused by inactivating mutations in the cystic fibrosis transmembrane

conductance regulator (CFTR) gene required for the homeostatic control of chloride ions in

the lung. The expression of mutated CFTR proteins leads to the build-up of thick mucus on

the surface of the airway that cannot be easily removed by the action of the cilia. The build

up of mucus on the surface of the lung allows inflammatory constituents of the lung

microbiota to gain a foothold and grow out, leading to an influx of neutrophils and

macrophages and immune-mediated damage to the airway that severely limits pulmonary

function. The bacteria that are most commonly associated with the disease, Pseudomonas

and Staphylococcus are often constituents of the healthy lung microbiota (Blainey et al.,

2012) and therefore CF is perhaps the simplest example of a genetic disease whose
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mechanism is the induction of dysbiosis within the microbiota and subsequent activation of

the immune system leading to uncontrolled inflammation.

Given the microbiota’s role in setting the systemic immune tone, a number of groups have

investigated the role of the commensal microbiota in animal models of autoimmune disease.

Rheumatoid Arthritis is an autoimmune disease characterized by the invasion of joints by

immune cells and in particular immune complexes formed from autoreactive antibodies. In a

murine model of rheumatoid arthritis, disease is significantly reduced in the absence of

commensal bacteria with diminished disease associated with a reduction in the pro-

inflammatory Th17 response (Wu et al., 2010). Arthritic phenotypes were completely

restored when germ-free animals were monocolonized with SFB, which drives the

differentiation and or dissemination of both intestinal and splenic Th17 cells (Wu et al.,

2010). Analysis of the microbiome of patients suffering RA revealed a surprising

relationship between the disease and a potentially inflammatory clade of Prevotellaceae but

how the microbiota contributes to immune activation and dissemination of T cells and

antibodies to the joints in RA is unknown (Scher et al., 2013).

Multiple Sclerosis is an autoimmune disease characterized by the invasion of the Central

Nervous System by immune cells resulting in the demyelination of neurons and subsequent

pathology. The incidence of disease in the mouse model of Multiple Sclerosis: Experimental

Autoimmune Encephalitis (EAE), is also dependent upon the commensal microbiota (Berer

et al., 2011; Lee et al., 2011; Ochoa-Reparaz et al., 2010a; Ochoa-Reparaz et al., 2009;

Ochoa-Reparaz et al., 2010b). This data is in agreement with what had been known

anecdotally for many years, that disease varied amongst genetically identical animals housed

in different settings. Multiple studies have now shown that the activation of myelin-specific

B cells and the invasion of the neurons by effector T cells requires the commensal

microbiota (Berer et al., 2011; Ochoa-Reparaz et al., 2009). It should be noted that the role

of the microbiota in inducing EAE is contextual. For example the commensal microbiota

may be protective in this disease as PSA of B. fragilis can ameliorate symptoms via the

induction of IL-10 producing regulatory T cells (Lee et al., 2011).

How in these models the microbiota is acting to drive disease is not completely understood.

It does seem likely that in individuals prone to autoimmunity the intrinsic inflammatory

nature of defined commensal bacteria could lead to an increase in the systemic threshold of

activation. Additionally the average microbiota possesses millions of potential antigens and

as recently highlighted the possibility of dangerous cross-reactivity between commensals,

pathogens and self is higher than previously understood (Su et al., 2013).

As alluded to previously, the commensal microbiota can provide protection against some

inflammatory disorders. For instance, incidence of disease in the Non-Obese Diabetic

(NOD) mouse model of Type 1 Diabetes (T1D) is maximal in germ-free animals and the

presence of SFB within the microbiota segregates with protection from the disease (Kriegel

et al., 2011; Pozzilli et al., 1993). Moreover, MyD88 knockout mice bred to the pro-diabetic

background are also protected from disease due to the possession of a ‘protective’

microbiota that can be transmitted from mother to child (Wen et al., 2008). The mouse

model of diabetes, but not the human disease has a significant preference for females, which
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is in concert with most other autoimmune disorders. Interestingly, this sexual dimorphism is

also dependent upon the microbiota, as it is not seen in germ-free mice, and the transfer of a

male microbiota to females equalizes the incidence of the disease as a result of changes in

the expression of sex hormones (Markle et al., 2013; Yurkovetskiy et al., 2013). How the

microbiota shapes the immune system and which bacterial clades are important in T1D is

still not known but this research may lead to an understanding of factors contributing to the

initiation of T1D, a disease that has been increasing in prevalence worldwide without a

known stressor. Additionally, how the microbiota may shape host physiology, such as sex

hormones, resulting in modification of the immune response adds an additional layer of

complexity that will be an important component of future studies.

Role of the microbiota in cancer

Perhaps the first indication that the commensal microbiota could drive cancer was provided

by the observation that stomach ulcers and subsequent stomach cancer were caused by the

presence of a single type of bacteria Helicobacter pylori (Marshall and Warren, 1984). The

vast majority of people carrying H. pylori are asymptomatic and thus as for most host-

microbe interactions, the host response to the colonization determines whether chronic

inflammation and carcinogenesis occurs. Similar phenomena seem to be important to the

etiology of cancers at other barrier surfaces, most notably the intestine. On the other hand,

H. pylori is associated with protection from other types of cancer (Atherton and Blaser,

2009) further highlighting the functional contextuality of commensal.

Intestinal cancer is inextricably linked to inflammation in the GI tract and commensal-driven

immune activation is an important contributing factor to the etiology of these diseases

(Grivennikov and Karin, 2010). Notably, IBD and in particular CD, is associated with the

development of colon cancer (Elinav et al., 2013). Liver cancer has also been linked to the

microbiota via induction of specific bile acids that damage DNA within the liver

(Yoshimoto et al., 2013). A number of studies have attempted to link signaling via innate

immune receptors in the GI tract and disease in mouse models of colorectal cancer, however

the results have been disparate, perhaps due to the confounding factor of the microbiota

(Elinav et al., 2013; Fukata et al., 2007; Lowe et al., 2010; Rakoff-Nahoum and Medzhitov,

2007; Salcedo et al., 2010). Indeed, dysbiosis of the microbiota seems to be an important

factor in determining whether the immune system contributes or protects against the

initiation of cancer. For example in the NLRP6 deficient mice, that lack a key component of

the inflammasome and TRUC mice, susceptibility to colorectal cancer is associated with

dysbiosis that is directly related to immune dysfunction (Garrett et al., 2009; Hu et al.,

2013). Moreover, as a direct illustration of the importance of the microbiota in colon cancer,

disease susceptibility can be transferred to healthy mice via the commensal microbiota

(Garrett et al., 2009; Hu et al., 2013). The microbiome of human patients suffering from

colorectal cancer is also modestly disrupted with an increased representation of Prevotella

(Sobhani et al., 2011). Additionally, mouse models of colorectal cancer have been shown to

be exacerbated by specific strains of bacteria. For example, E. coli that expresses the

polyketide synthase genotoxic island can promote tumorigenesis in defined models of colon

cancer and E. coli that express the same gene module are found in patients afflicted with

colon cancer (Arthur et al., 2012). Bacteria of the phylum Fusobacteria are also found at a
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high frequency residing within the tumor tissue and are important in inducing the traffic of

tumor promoting myeloid cells (Kostic et al., 2013; Kostic et al., 2012; Rubinstein et al.,

2013). In general, commensal-driven infiltration of intestinal tumors by immune cells is

believed to be an important driving factor in tumorigenesis. Studies have shown that colonic

tumors have a reduced mucus layer and are susceptible to bacterial translocation and the

influx of Th17 cells (Grivennikov et al., 2012). Related to this, in the Multiple Intestinal

Neoplasia mouse model, chronic colonization with the Th17 inducing bacteria

enterotoxigenic Bacteroides fragilis leads to increased tumorigenesis (Wu et al., 2009).

Therefore, colon cancer, much like IBD and stomach cancer, may be caused or exacerbated

by an over-exuberant immune response against a dysbiotic commensal microbiota.

However, it should be noted that commensal-induced inflammation is a ‘double-edged

sword’ for the host. As previously discussed the microbiota is also an integral part of the

capacity of the host to control tumor in the context of immunotherapy and chemotherapy.

Thus, the role of the microbiota in tumor development and control is highly contextual and

very much dependent upon the exact constituents of the microbiota and the state of the host

immune system.

Role of the microbiota in Type II Diabetes and metabolic syndrome

Metabolic syndrome is a set of risk factors for heart disease, stroke and diabetes that are

related to increased adiposity and sedentary lifestyles. Type II diabetes (T2D) is an

inflammatory condition where increased adiposity and metabolic defects drive chronic

production of inflammatory cytokines such as TNF-α and IL-1 (Gregor and Hotamisligil,

2011). These inflammatory cytokines inhibit insulin signaling leading to insulin resistance

and increased blood sugar (Osborn and Olefsky, 2012). The microbiota has been proposed to

play a prominent role in this process. Indeed, the commensal microbiota of obese individuals

is significantly altered such that the ratio of firmicutes is increased in relation to

bacteroidetes, a shift associated with increased nutrient production for the host (Turnbaugh

et al., 2006). Importantly these changes are transferrable as the microbiota of genetically

obese mice leads to increased adiposity amongst healthy cage mates (Turnbaugh et al.,

2006). Significant changes to the commensal microbiota have been observed in T2D as well

and interestingly are associated with a reduction in SCFA producing strains of Clostridia

and increases in E. coli (Karlsson et al., 2013; Qin et al., 2012). Serum LPS levels are also

increased as a result of T2D, indicating that increased translocation of bacterial products

may be taking place and in mouse models, high fat diets have been associated with increased

translocation of commensal E. coli (Amar et al., 2011; Jayashree et al., 2013). Finally, there

is some evidence that susceptibility to obesity itself is regulated by the immune system.

Mice deficient in TLR5 develop exacerbated metabolic syndrome and grow obese faster

than wild-type controls (Vijay-Kumar et al., 2010). The transfer of the microbiota alone is

sufficient to transfer the susceptibility to metabolic syndrome and tellingly, these mice are

particularly susceptible to the outgrowth of E. coli (Carvalho et al., 2012; Vijay-Kumar et

al., 2010). Therefore in T2D, as in IBD, the disease can be exacerbated by complex

interactions between the immune system and the microbiota, leading to chronic

inflammation.
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Interdependence of diet, commensal and the immune system

The immune system is not only controlled by its symbiotic relationship with the microbiota

but is also exquisitely sensitive to the nutritional status of the host. Evidence now exists for a

multi-directional interaction between the diet, immune system and commensal microflora.

The intestine serves as the primary site of nutrient absorption in the body. As such, the

immune system and commensal microbiota are sensitive to changes in diet. Dietary control

of immune cells is mediated both by metabolic requirements as well as direct sensing of

food- derived metabolites. For instance, metabolite of vitamin A, retinoic acid, that is highly

enriched in the gut, can directly control the capacity of lymphocytes to respond to antigen

and to migrate to the gastrointestinal tract (Hall et al., 2011a; Hall et al., 2011b). In addition,

dietary derived AHR ligands from cruciferous vegetables are important signals for intestinal

immune development and immune responses (Kiss et al., 2011; Li et al., 2011). The concept

that defined metabolites could control unique aspects of the immune system is believed to be

a highly generalizable observation extending to all micronutrients explored thus far,

including iron, folate, zinc, selenium and Vitamin C, D and E (Mora et al., 2008; Savy et al.,

2009; von Essen et al., 2010). However, the diet has a profound and highly dynamic impact

on the composition and function of the microbiota. Therefore, an understanding of the role

of diet in immune responses requires integration of the commensal microbiota as well

(Figure 4). As an example, mice fed a high fat diet have altered commensal communities

that not only effect energy harvest, but that can also alter immunity and increase the severity

of disease states such as colitis (Devkota et al., 2012b; Gregor and Hotamisligil, 2011; Ley

et al., 2006b; Monira et al., 2011). Defined dietary deficiency can also alter commensal

communities. For example, the essential micronutrient Vitamin A that is required for the

induction of protective immunity has also profound effects on the composition of the

microbiota (Cha et al., 2010). Recent findings have also shown that the immune system may

also be able to directly affect dietary intake. For instance, mice lacking B cells have

deficiencies in dietary absorption (Shulzhenko et al., 2011). Conversely and as mentioned

mice deficient in the receptor for bacterial flagellin, TLR5, have a dysbiotic commensal

microflora that leads to increased weight gain and the development of metabolic syndrome

(Vijay-Kumar et al., 2010). Thus immunodeficiency can alter the gut flora’s composition

and thereby the metabolic capacity of both the flora and the host. This idea may have

important consequences for human health not only in the developed world where metabolic

syndrome is epidemic but also in the developing world. Children with severe malnutrition

represent an example of both immunodeficiency and dietary deficiency coinciding in a

clinically relevant way. Malnourished children have dramatically altered commensal

communities likely with diminished metabolic capacity and impaired ability to promote host

energy absorption; a problem that can persist even after dietary intervention (Gordon et al.,

2012; Monira et al., 2011; Yatsunenko et al., 2012).

Fundamental changes in cultural traditions and socio-economic status have affected the

nutritional status of humans worldwide, altering microbial communities in unpredictable and

possibly harmful ways (Lozupone et al., 2012). Considering the interdependency of the diet,

immune system and microbiota an important challenge over the next few years will be to
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develop experimental strategies aimed at defining critical dietary regulators of this complex

and interdependent network.

Concluding remarks

Autoimmune and inflammatory diseases, all associated with dysregulated immune responses

have been rising dramatically over the past few decades. The field of immunology is at a

fascinating crossroad. In recent years, immunological research has evolved from a lymphoid

tissue-centric view of the immune system to the understanding of tissue microenvironments

as a fundamental determinant of immune responses. This area of research has led to the

integration of the microbiota as an intrinsic regulator of all immune responses. There is

today an explosion of discoveries associated with the growing understanding of the role of

communities of microbes, keystone bacterial species, commensal derived products or

metabolites and more particularly of the link between some of these components and disease

states in humans. This provides scientists and clinicians with a unique opportunity to

develop an integrated exploration of human health that includes ecologists, nutritionists,

geneticists, microbiologists, biochemists and immunologists. In this multidisciplinary area

of research lies the key to fundamental discoveries aimed at manipulating or restoring

defined aspects of the immune system-microbiota dialogue in order to promote or restore the

health of the human meta-organism.
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Figure 1. The mucosal firewall
1) The mucus represents the primary barrier limiting contact between the microbiota and

host tissue and preventing microbial translocation. 2) Epithelial cells produce antimicrobial

peptides that also play a significant role in limiting exposure to the commensal microbiota.

3) Translocating commensals are rapidly eliminated by tissue resident macrophages. 4)

Commensals can also be captured by CD103+ CD11b+ DCs that traffic to the mLN from the

lamina propria but do not penetrate further. Presentation of commensal antigens by these

DCs leads to the differentiation of commensal specific regulatory cells (Treg) Th17 cells and

IgA producing B cells. Commensal specific lymphocytes traffic to the lamina propria and

Peyer’s Patches. In the Peyer’s patches Treg can further promote class switching and IgA

generation against commensals. The combination of the epithelial barrier, mucus layer, IgA

and DCs and T cells comprises the ‘mucosal firewall’, which limits the passage and

exposure of commensals to the Gut-Associated Lymphoid tissue preventing untoward

activation and pathology.
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Figure 2. Promotion of immune regulation by the microbiota during steady state and
inflammation
1) Commensals promote the induction of regulatory T cells via direct sensing of microbial

products or metabolites by T cells or dendritic cells. Further commensals promote the

induction of Th17 cells that can regulate the function and homeostasis of epithelial cells. In

the context of inflammation similar mechanisms may account for the regulatory role of the

microbiota. 2) Commensal derived metabolites can have a systemic effect on inflammatory

cells. For example, SCFA can inhibit neutrophil activation. Upon entrance in the tissue

inflammatory monocytes can also respond to microbial derived ligands by producing

mediators such as PGE2 that limit neutrophil activation and tissue damage.
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Figure 3. Promotion of protective immunity by the microbiota
The symbiosis between the microbiota and its mammalian host encompasses multiple of

relationships including mutualistic, parasitic and commensal. The capacity of a given

microbe, including the ones composing the microbiota, to trigger or promote disease is

highly contextual and most microbes can shift from mutualist to commensal to parasite

according to the state of activation of the host, co-infection or localization. Commensals can

control microbes with pathogenic potential (as normal constituent of the microbiota or

acquired) via distinct mechanisms. Commensals can compete for nutrients, produce

antimicrobial molecules and metabolites that affect the survival and virulence of pathogens.

Commensals can promote the production of antimicrobial peptides by epithelial cells and

reinforce tight junctions. Commensals can modulate the function of dendritic cells and other

innate cells both locally and systemically in a manner that promotes the induction of effector

T and B cells responses against pathogens. When uncontrolled, this adjuvant property of the

microbiota can promote inflammatory and autoimmune disorders.
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Figure 4. Interdependence of diet, immune and microbiota interactions
Evidence now exists for bidirectional communication between the three key factors in the GI

tract: Diet, Immune and commensal microflora. Diet can have profound influence on the

immune system (e.g. Vitamin A, Vitamin D, AHR), while the immune system can also

affect dietary intake. Diet also has dominant influence on the composition and metabolic

capacity of commensal bacteria, while this, in return, influences nutrient absorption. The

immune system is able to exert control over both commensal composition and localization,

while commensal signals are critical for development and function of the immune system.
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