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Abstract

Tremendous strides have been made in mapping the complexity of the human gut microbiota in
both health and disease states. These analyses have revealed that rather than a constellation of
individual species, a healthy microbiota consists of an inter-dependent network of microbes. The
microbial and host interactions that shape both this network and the gastrointestinal environment
are areas of intense investigation. Here, we review emerging concepts of how microbial metabolic
processes control commensal composition, invading pathogens, immune activation, and intestinal
barrier function. We posit that all these factors are critical for the maintenance of homeostasis and
avoidance of overt inflammatory disease. A greater understanding of the underlying mechanisms
will shed light on the pathogenesis of many diseases and guide new therapeutic interventions.
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The microbiota: An inter-dependent network

The microbial communities in the intestinal tract of vertebrates consist of bacteria, viruses,
archae, and fungi. In humans the intestine is home to some 104 bacterial cells and possibly
many thousands of individual strains [1, 2]. To convey some perspective on the immensity
of this ecosystem, this microbial population contains more than 100 times the number of
genes and 10 times the number of cells compared to the host [1]. The microbiota of the
gastrointestinal tract is a symbiotic partner of the host as it is crucial for intestinal
microvasculature development, metabolism and development of multiple components of the
host immune system ([3, 4] and Kabat et. al. in this issue). The specific microbial-derived
factors at this interface are the subject of intense investigation as these factors likely play
key roles in the regulation of various disease processes. The complexity of the symbiotic
relationship between the microbiota and the host has evolved to extract the maximal benefits
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of a diverse microbiota such as pathogen resistance, metabolism and immune development,
while at the same time minimising deleterious effects including imbalanced over-
representation of certain members (dysbiosis), microbial translocation, and inflammatory
responses. In order for the host to maintain homeostasis, contact between the microbiota and
the epithelial cell surface must be limited and carefully controlled. This is achieved by
various mechanisms including the host mucus layer, antimicrobial proteins, immunoglobulin
A (IgA), and regulation of commensal outgrowth [5-7].

The vast genomic dataset of the Human Microbiome Project has provided unparalleled
insight into the composition, structure, and temporal assembly of the microbiota [1]. Moving
forward, the next big step will be to utilize this information to gain a better understanding of
how the microbiota function in both health and disease. A major theme from recent work is
the reciprocal interactions of the microbiota and host, which we are beginning to understand
at a mechanistic level. Here we review these recent findings, highlighting current gaps in our
understanding of these processes. Specifically, we discuss how commensal microbes
determine the composition of their own intestinal ecosystem, operating as an inter-
dependent network rather than a vast collection of individual species. We examine how
these interactions manifest themselves in the microbe food supply chain, and the manner by
which they provide strong resistance to invading pathogens, including engaging in crosstalk
with the host immune system. Finally, we highlight the potential of the microbiota in
shaping the function of the intestinal epithelial barrier and discuss the significance this may
hold in the treatment of disease.

Commensal Establishment and Competition

In humans and mice, the major bacterial phyla that occupy the intestine during homeostasis
are Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes [1]. Temporal and spatial
studies using shotgun metagenomic sequencing or 16S rRNA sequencing have shown that
the microbiota appears to operate as an inter-dependent network whereby each member of
this community must adapt to its niche within this environment (Reviewed in [8]). The basis
of any individual niche can be anatomic (e.g. at the mucosal barrier) and/or metabolic (e.g
acquiring nutrients from other microbes, diet or mucus). In humans, gut colonization
commences immediately after birth and then undergoes ecological succession with
progressive environmental exposures [1, 2]. It appears that most members of the microbiota
establish their long term colonization in early childhood [9, 10].

Numerous host factors influence the composition of the microbiota early in life including
diet, hygiene, environmental contacts, antibiotic use, and breastfeeding [1, 2, 11]. However,
quantification of the relative importance of each of these factors has been challenging.
Recent studies have begun to unravel some of the microbial factors and mechanisms
involved in establishing the composition of the microbiota (see Figure 1A). Differential
oxygen levels along the length of the intestine and during early-life are also major
determinants of bacterial composition as the relative amount of oxygen impacts the ability of
aerobic, facultative anaerobic, and obligate anaerobic species to thrive. The first bacteria to
colonize the gut in early-life are aerobic or facultatively anaerobic bacteria (Enterobacteria,
Enterococci, and Staphylococci) because of the higher oxygen levels present [12]. As these
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bacteria grow they rapidly consume oxygen and release metabolites that make the intestines
more suitable for anaerobes like Bifidobacterium, Clostridia and Bacteroides [13]. Thus, as
the infant ages there is an increase in the complexity of the microbiota that is inversely
correlated with changes in the population of aerobes and facultative anaerobes. Diet, host
factors such as mucus, and microbial-derived metabolites are all potentially key factors in
shaping the microbiota based on the differential requirements of nutrients by individual
commensals. For example, the high concentration of short chain carbohydrates and amino
acids in the intestine favours the growth of bacteria that can metabolize these molecules
including Proteobacteria and Lactobacillales [1]. In the colon, the majority of nutrients
available for bacteria are derived from indigestible or resistant carbohydrates in the diet as
well complex carbohydrates in the host mucus layer [14]. Bacteroidetes express clusters of
enzymes that are organized in polysaccharide utilization loci (PUL), which can act in
concert to breakdown complex carbohydrates and use them as an energy source, likewise
Firmicutes are also adept at polysaccharide fermentation [15, 16]. This activity favours
colonization of the colon by these phyla. Commensal organisms have evolved to efficiently
utilize glycans (polysaccharides) from a number of sources including the diet and mucus
layer (Reviewed in [17]). These dietary glycans then undergo microbial fermentation
resulting in the production of short chain fatty acid (SCFA) metabolites (discussed below)
[18]. Fluctuations in dietary glycans together with the selective microbial glycan preferences
would conceivably allow species competition to create a changeable and heterogeneous
microbiota. For instance, as little as 24 hours after altering dietary fiber content, detectable
shifts in the microbiota can be observed, wherein consumption of more resistant plant
starches increases the abundance of Firmicutes such as Eubacterium rectale, Ruminococcus
bromii, and Roseburia spp [19-22]. Similar observations have been made in associative
studies between European and African children where the high fiber diet of the latter
correlates with a major increase in polysaccharide-consuming Bacteroidetes [23]. Overall,
the predominant influence on composition of the microbiota appears to be host-related
factors, as when germ-free mice are colonized with the microbiota of other species they
select for a bacterial composition that is far more similar to other mice than the donors [24].

Competition between commensals for available nutrients begins early in life during
breastfeeding, which provides a major source of oligosaccharides, leading to an early-life
abundance of Bifdobacterium infantis [25-29]. A recent study in mice suggested that this
competition for milk oligosaccharides in early-life actually has long-term impacts on
microbial composition and potentially influences DSS-colitis susceptibility in adulthood
[30].

However, the identity or function of the protective species have not been discerned
Commensal microorganisms can also interact in a mutually beneficial pattern through “food
chains’, wherein certain species may be dependent on others for partial degradation or
production of metabolites [17]. For example, recent studies have shown that co-colonization
of germ free mice with both Bacteroides thetaiotaomicron and E. rectale produces a
substantially different set of glycan degradation products than in mice undergoing mono-
colonization [31]. This suggests that the two bacteria interact metabolically through a food
chain mechanism. Indeed, B. thetaiotaomicron is a major producer of the SCFA acetate,
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which can be consumed as a major carbon source by another member of the Firmicutes
Faecalibacterium prausnitzii [32]. Furthermore, B. thetaiotaomicron express PUL enzymes
that can harvest certain glycans, such as fucose, from mucus but lack the pathways to utilize
them allowing other as yet unidentified commensals to profit from this nutrient source [16].
Interestingly, it has recently been demonstrated that members of the Bacteroidales can
package these enzymes into bacterial outer membrane vesicles to be utilized to produce
glycan breakdown products to allow the growth of other bacteria at distant sites from the
producer [33].

Although the content of any diet can effect bacterial composition, it would be an over-
simplification to suggest that diet alone is responsible for the diversity of the microbiota or
its variation among individuals. Other host genetic factors (not yet defined) and immune
factors (discussed below) play a role in the establishment of the microbiota (i.e. influencing
competition for limited sites near the epithelial barrier/mucosal immune system) [34].
Herein, there is an important functional distinction between the microbes that reside in the
digesta (luminal) and readily pass through the gut (i.e. Lactobacillaceae and
Enterococcaceae) and barrier-associated microbes, which reside within the inner mucus
layer in closer contact with the host mucosa (i.e. Lachnospiraceae and Ruminococcaceae)
[35, 36]. It can be hypothesized that these two sets of microbial populations play differential
roles in regulating intestinal barrier function. A recent demonstration of barrier competition
was provided by Lee et al., using one of the most abundant colonic commensal genera, the
Bacteroides [15]. The authors aimed to demonstrate that there is a colonization saturation
point for many commensals. Mono-colonization with individual Bacteroides species reached
a specific saturation level in germ-free mice that was not permissive of additional
colonization by the same species. However, other Bacteroides species could efficiently
colonize these same mice. This finding suggested that a finite and non-dynamic habitat was
available for any given Bacteroides species. Importantly, the phenomenon of habitat
saturation was not universal as Escherichia coli did not show this activity. The authors also
showed that a novel cluster of Bacteroides genes referred to as commensal colonization
factors (ccf), which harvest polysaccharides either from dietary sugars or host mucus
glycans, are expressed in close contact with the host epithelium. In turn these genes allowed
colonization at the epithelial barrier and resistance to microbial disturbances, such as
antibiotics and pathogenic infection, by sequestering a nutrient source for ccf-harbouring
bacteria. This report is clearly a provocative idea and runs counterintuitive to the underlying
assumption of the field that all bacterial-host interactions are necessarily dynamic.

A recent study of human subjects attempted to put experimental observations on commensal
competition into perspective by suggesting that only three human enterotypes exists [37]. An
enterotype is defined as a signature composition of microbes that is similar to communities
in other individuals based on the presence and relative abundance of certain detectable
species [37]. Based on a study of fecal samples from 39 individuals the authors suggested
that healthy humans could be categorized into 3 subtypes based on stratified patterns of
microbe genera, in particular high abundance of either Bacteroides, Prevotella, or
Ruminococcus, and that these were not specific to any given continent. However, the human
microbiome project (see Box 1 Human Microbiome Project) using a far larger and more
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comprehensive dataset (242 healthy adults sampled at 15-18 body sites up to three times,
generating 5,177 microbial taxonomic profiles from 16S ribosomal RNA genes and over 3.5
terabases of metagenomic sequence) has largely rebuked this finding of limited enterotypes.
Instead it indicates that the gut microbiome may represent more a continuum of inter-
individual variation rather than three distinct subsets [1, 2].

The composition of the microbiota is diverse and highly variable between individuals. It is
generated early in life through a process of ecological succession dictated by environmental
exposures, commensal interaction, and various host factors. The predominant influence on
microbial selection is provided by the host through establishment of local
microenvironments, nutrition, and as discussed below immune responses to both pathogens
and commensals. Additional studies carefully evaluating the gut microbiome composition
over time in the same individuals will be useful in furthering our understanding of normal
variation (noise) versus disease variations [38].

Commensal Suppression of Pathogens

One of the primary functions of the microbiota is to prevent invasion of pathogens (such as
Salmonella spp, Shigella flexneri) and the inflammation that can be stimulated by an
overrepresentation of specific commensals (such as Escherichia coli) (see Figure 1B)
[39-41]. Certain members of the indigenous bacterial community, termed pathobionts, have
inflammatory potential in either a genetically susceptible host or a host where the microbiota
has been perturbed (i.e. through antibiotics). Rather than enteric epithelial invasion or
systemic dissemination, overgrowth of these pathobiont microbes can precipitate pathologic
immune responses. For example, in the presence of a diminished enteric microbiota
following antibiotic treatment of mice, indigenous E. coli can expand and induce pathologic
inflammation through the activation of the inflammasome [40]. The precise molecular
differences between such indigenous commensals and exogenous pathogens are still being
unravelled. Due to the diverse microbiota and pathogen carrier states between individuals, it
is likely that a spectrum exists between pure commensals and pure pathogens that is filled by
the concept of the pathobiont.

Nevertheless, the commensal microbiota has similar mechanisms for dealing with both
inflammatory pathobionts and pathogens. These mechanisms include competition for limited
nutrients and sites of epithelial adherence, along with the production of antimicrobial factors
such as specific SCFAs, and bacteriocins. Certain commensal bacteria, including the
members of Clostridiales, produce SCFAs that can alter the local enteric pH and prevent
growth of intestinal pathogens in mice [42-44]. Fukuda et al., recently demonstrated in mice
how the Bifidobacterium metabolite acetate can potently inhibit the growth of
enterohaemorrhagic E. coli O157:H7 and lethality induced by translocation of its Shiga
toxin into the blood [43]. Butyrate, another prominent SCFA produced by carbohydrate
fermenters, down regulates the expression of virulence factors from Salmonella enterica in
vitro, including genes localized to the Salmonella pathogenicity island 1 (SP11) [45].
Bacteriocins are a set of toxins that specifically inhibit different strains of the same or
closely related bacterial species (Reviewed in [46]). For example, commensal E. coli
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produces bacteriocin to inhibit the growth of the pathogenic enterohaemorrhagic E. coli
0157:H7 strains in anaerobic liquid cultures [47].

Competition for nutrients is also vital in maintaining the stability of the endogenous
microbial community. For example, commensal E. coli has been shown in vitro at least, to
compete with human pathogenic adherent-invasive E. coli strains for consumption of critical
carbohydrate metabolites [48]. Moreover, Citrobacter rodentium, which is a pathogenic
mouse E. coli modelling human attaching and effacing bacteria, cannot be eradicated when
mono-colonized in germ-free mice but is eventually outcompeted and expelled from the
intestines of conventionally-reared mice [49]. Kamada et al. questioned the mechanisms that
might control this commensal resistance. They discovered that C. rodentium initially
upregulates virulence factors (LEE gene cluster) that were required for growth in
conventional mice but not in germ-free mice. These virulence factors enabled it to attach to
and grow on carbohydrate molecules similar to those used by commensals. However,
eventually this pathogen is outcompeted for utilization of these carbohydrates by the
indigenous microbes and expelled from the intestine.

The strongest evidence that a healthy balanced microbiota controls pathogen invasion is that
disruption of this equilibrium by antibiotic treatment in mice or humans leads to
proliferation and colonization by three well-studied enteric pathogens: Salmonella enterica,
Clostridium difficle, and Vancomycin-resistant enterococcus (VRE) [50-53]. Typically these
pathogens would poorly colonize the intestinal tract in the presence of an intact microbial
repertoire. Interestingly, a similar concept appears to be true for certain indigenous
commensals in a susceptible host. Ayers et al., recently demonstrated that some strains of
mice contain multi-antibiotic resistant endogenous E. coli. Following broad spectrum
antibiotic disruption of the microbiota, this E. coli rapidly expands [40]. The authors showed
that this expansion in the absence of commensals poses a risk of systemic dissemination and
septic shock if the epithelial barrier is breached. Others studies investigating commensal
bacterial-driven models of ulcerative colitis in mice have observed pathobionts that expand
and induce a chronic inflammatory intestinal disease, including B. thetaiotaomicron,
Klebsiella pneumonia, and Proteus mirabilis [54, 55]. Interestingly, these studies did not
observe an indigenous E. coli that is multi-antibiotic resistant or one that induces
inflammation arguing perhaps that the observations of Ayres et al., may be mouse strain or
colony specific.

The microbiota of the intestinal tract utilizes multiple mechanisms (including secretion of
soluble factors and competition for nutrients) to resist invasion by various opportunistic
pathogens and expansion of pathobionts. However, as is often the case with microbes some
pathogens have evolved to subvert these processes for their own benefit.

Pathogen Subversion of Commensal Resistance to Colonization

Some pathogens can overcome commensal resistance and flourish in the host intestinal tract
(see Figure 1B). Recent work from multiple groups elucidated the molecular mechanisms
utilized by specific bacteria to subvert commensal defences. Ng et al. recently found that
certain diarrheal pathogens expand in numbers after antibiotic-mediated disruption of the
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indigenous microbiota [16]. The authors demonstrated that B. thetaiotaomicron in
monocolonized germ free mice could harvest, but not utilize, mucus-derived sialic acid and
fucose. This led to the up-regulation of the nan operon pathway (a cluster of genes linked to
a single promoter involved in regulation of related catabolic function) in S. enterica and C.
difficile to enable metabolism of these sialic acid and fucose nutrients. This allowed for
greater expansion of these pathogens than that which occurred in the absence of the
commensal B. thetaiotaomicron. Similar results were obtained by treating the complex
microbiota of conventionally-reared mice with streptomycin, leading to an increase in sialic
acid, as the commensal microbes (as yet not identified) that normally consume sialic acid
were likely eliminated. This also led to subsequent pathogen expansion upon inoculation.
These findings suggest that commensal resistance to pathogens also arises from competition
for by-products catabolized by other commensals like the model symbiont B.
thetaiotaomicron. This might well be termed a “pathogen food chain’. A critical question
arising from this study is the identity of the streptomycin-sensitive sialic acid consuming
commensals. These bacteria may well be of therapeutic value in prevention of diarrheal
diseases.

Another newly appreciated strategy that pathogens employ to effectively colonize is to
promote host inflammation leading to excess free radicals [56, 57]. This concept arose
primarily through studies of Salmonella pathogenesis. Free radicals can act as electron
acceptors for which the majority of commensal species do not express the metabolic
pathways, in particular the tetrathionate reductase (ttrA) cluster, to utilize in respiration [57].
Pathogens that express this enzyme, can therefore gain a growth advantage. Infection by
Salmonella typhimurium induces inflammation and reactive oxygen species (ROS)
generation via NAPDH oxidase activity during the respiratory burst of phagocytes [57].

Under homeostatic conditions, commensals produce H,S during fermentation, which is then
normally converted to an innocuous thiosulfate by the epithelium in order to prevent toxicity
from H,S [58]. ROS oxidizes the thiosulfate produced by the epithelium, resulting instead in
the production of tetrathionate. This in turn facilitates respiration by Salmonella (expressing
the ttrA cluster), thus imparting a growth advantage on this pathogen [57]. Maier et al.
recently examined the initial phase of gut ecosystem invasion by S. typhimurium, in the
presence of a low complexity or Schaedler microbiota, which consists of less than 20 species
[56]. Having a reduced microbiota but still maintaining many symbionts, including
Lachnospiraceae and Bacteroides, facilitated Salmonella infection. Importantly, the authors
specifically examined the period prior to any inflammation and reactive oxygen species
production [56]. The findings revealed that in order to initially expand, Salmonella
expressed a hydrogenase enzyme, which enabled it to utilize the hydrogen gas output from
commensal fermentation as an energy source.

This mechanism identifies how inflammation enables the expansion of the exogenous
pathogen S. typhimurium, however the question remains how inflammation effects the
expansion of indigenous microbes that are associated with human chronic inflammatory
diseases. In a state of dysbiosis, often associated with various inflammatory pathologies
such as IBD, commensals have substantially altered relative abundance due to overgrowth
(or reduction) of certain species [59, 60]. For example, it is well-established from multiple
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independent human metagenomic and 16S sequencing studies that the increased abundance
of Enterobacteriaceae (E. coli is a major family member) is positively correlated with IBD
diagnosis [59, 60]. More specifically E. coli has been linked to IBD through both culture and
antibody detection methods in mucosal biopsies [61, 62]. Despite these correlations, it has
not been possible to establish a causal relationship between commensal E. coli and colitis. In
a recent elegant study, Winter et al. attempted to dissect the question of whether E. coli
expansion is a cause versus secondary effect of inflammation [63]. The authors
demonstrated that intestinal inflammation (generated by use of the epithelial damaging agent
DSS) leads to the production of nitrate and nitrite ions in vivo. These ions were selective for
facultative anaerobes such as E. coli. Unlike most commensals, E. coli expresses nitrate
reductases that sequester nitrate ions as terminal electron acceptors to facilitate anaerobic
respiration [63]. This process confers a growth advantage to E. coli (but not mutants lacking
these reductase enzymes) as this bacteria is able to utilize the nitrate products of
inflammation to produce an energy advantage over most intestinal anaerobes, which strictly
rely on fermentation to provide their energy requirements. These data suggest that E. coli
expansion occurs as a secondary result of nitrate production during inflammation, and thus it
is more representative of a marker of intestinal inflammation rather than a causal factor.

Although the microbiota of the intestinal tract maintains a strong cooperative resistance to
pathogen invasion, there are specific pathogens and indigenous commensals that have
evolved to subvert these processes by taking advantage of commensal- and host-derived
metabolites. The secondary line of defence against pathogen colonization involves the
immune defences of the intestinal barrier, which interestingly also play a pivotal role in
shaping the composition of the microbiota.

Crosstalk between Microbes and Intestinal Barrier Defences

The intestinal barrier defence includes a physical component (a layer of epithelial cells), and
a chemical component that includes the mucus layer, secretory IgA, and the antimicrobial
peptides (AMPs). We now understand that this physical-chemical barrier forms part of the
intestinal immune system and plays a critical role in determining the composition of the
microbiota. Likewise, the microbiota itself modulates the function of the intestinal immune
system through the production of metabolites and immune-stimulatory ligands (reviewed in
greater depth by Kabat et. al. in this issue). There is now increasing interest in how soluble
factors released by commensal organisms may influence intestinal epithelial cells, which
form the physical barricade between activation of immune cell populations and the
microbiota.

The Role of Barrier Immune Defences: IgA

IgA is secreted across the epithelium into the intestinal lumen and coats bacteria providing a
key defence against pathogens (Reviewed in [64]). In germ-free mice one of the most
pronounced immunological defects is a loss of secretory IgA and lack of plasma cells [65].
This defect is reversible by colonizing germ-free mice with commensals, demonstrating that
the microbiota directs the production of intestinal plasma cells and secretory IgA [66]. This
process is believed to operate by dendritic cells (DCs) acquiring gut commensal bacteria and
migrating to mesenteric lymph nodes to interact with naive B cells to induce production of
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IgA [67]. A recent study has taken this analysis of IgA induction one step further by
examining the early stages of B cell development and V(D)J recombination in various
mouse tissues [68]. Surprisingly, the authors observed that B cell receptor editing actually
occurs not only in fetal liver and bone marrow, but also in the intestinal lamina propria.
Intestine-specific editing of B cell receptors appeared to be regulated by signals produced by
the developing microbiota, which did not exist in germ-free mice [68]. This study offers an
explanation of how IgA-specific responses to commensals arise after intestinal colonization
takes place. The commensal microbiota therefore regulates the initial development of
intestine-specific B cell IgA repertoires. It has been well established that the Toll-like
receptor (TLR) ligands of many commensal bacteria direct the function of both intestinal
epithelial cells and mucosal DCs to induce IgA class switching (Reviewed in [69]).
Moreover, mice deficient in the polymeric 1gA receptor (pIgR) cannot trancytose IgA into
the intestinal lumen and consequently these mice have an increased presence of bacteria in
gut-draining mesenteric lymph nodes [70]. Overall, this indicates an important role for the
microbiota in shaping intestinal immune responses required to prevent the translocation of
commensal bacteria across the gut epithelial barrier. Although the microbiota is clearly
important in these processes the specific bacteria responsible for IgA induction have not
been identified.

Interestingly, there is mounting evidence to suggest that a reciprocal relationship also exists,
such that intestinal 1gA specificity controls the composition of the microbiota. In order to
understand the effect of somatic hypermutation on intestinal B cell immunity, Wei et al.
generated mice with a point mutation in the activation-induced cytidine deaminase gene thus
impairing B cell capacity to undergo somatic hypermutation and limiting the diversity of
their secretory IgA repertoire [71]. The authors demonstrated that these mice spontaneously
develop dysbiosis with overgrowth of specific bacteria, such as Yersinia enterocolitica,
suggesting that normal diverse IgA repertoires are necessary to control these commensals
[71]. Moreover, recent seminal work from Kawamoto et al. elegantly demonstrated that a
regulatory feedback loop exists in the gut between the commensal Firmicutes and IgA
selection [72]. Using transfer of Foxp3* T cells into T cell-deficient mice the authors were
able to show that these cells select for a highly diverse IgA repertoire in germinal centres of
Peyer's Patches. This in turn contributed to maintenance of a more diversified microbiota, in
particular Firmicutes, which facilitated the further expansion of Foxp3™ T cells in the Peyer's
patches. Thus, IgA and the microbiota can regulate each other creating a symbiotic
mutualism between the host and microbes during homesostasis. We now need to understand
how these processes break down during pathogen invasion or chronic inflammation in IBD.

The Role of Barrier Immune Defences: anti-microbial proteins

Similarly to IgA, the AMPs also seem to share a reciprocal relationship with the microbiota.
These evolutionarily ancient innate immune peptides are produced and secreted by most
mucosal epithelial cells (and some immune cells), however a specialized cell type, known as
Paneth cells, located exclusively in the small intestinal crypts of Lieberkuhn, are the major
source of these peptides in the intestinal tract (Reviewed in [73]). The primary AMPs
produced in the intestines include the a-defensins (produced by Paneth cells), -defensins
(produced by colonocytes), C-type lectins (Regenerating islet-derived protein (REG) family;
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produced by Paneth cells and enterocytes) and cathelicidins (produced by colonocytes),
Lysozyme, Phospholipase A2, and RNases (all produced by Paneth cells) [73]. The
mechanism of action of these peptides varies widely. Broad spectrum bacterial targeting
defensins and cathelicidins, possess cationic residues that are attracted to negatively charged
bacterial lipid rich membranes creating pores leading to cell lysis, whereas other AMPs,
including C-type lectins, selectively target Gram-positive bacteria by exclusively binding
peptidoglycan [74, 75]. Despite the potency of AMPs, just as with antibiotics some
pathogens have also developed mechanisms to evade AMP killing. For example, Salmonella
and Shigella spp evade defensins by reducing the negative charge on their anionic cell walls
to repulse cationic AMPs, or by inhibiting enteric synthesis of these molecules [76, 77].
More recently we have begun to understand the regulation of AMP secretion, which appears
to be tightly controlled in order to minimize the toxic effect of some AMPs on mammalian
cell membranes. Studies in germ-free mice have demonstrated that some intestinal AMPs
require microbiota-derived signals, whereas others are dependent solely on the host. For
instance, B-defensin 2, REG3y, and angiogenin 4 (RNase) are either expressed at very low
levels or absent in germ-free mice but upregulated upon colonization with the microbiota of
conventionally-reared mice [74, 78-80]. Furthermore, other studies have begun to unlock the
molecular basis for this microbiota-driven AMP expression. For example, stimulation of
TLRs directly on epithelial cells is required for REG3y expression, as mice lacking myeloid
differentiation primary response protein 88 (MyD88) specifically on intestinal epithelial
cells produce significantly reduced REG3y and have diminished Paneth cell activity [81-83].
In addition, the intracellular pathogen recognition receptor (PRR) nucleotide
oligomerization domain (NOD?2), is activated by muramy! dipeptide ligands of Gram-
positive and —negative bacteria to induce release of multiple AMPs from Paneth cells [84].
As a consequence of this role Nod2-deficient mice have substantially altered compositions
of their small intestinal microbiota compared to littermate controls. Microbial signals may
also induce AMPs via a non-PRR-dependent mechanism. For example, the production of the
SCFA metabolite butyrate potently induces the expression of cathelicidins in human
intestinal epithelial cell lines, thus enhancing resistance to infection [85]. Another important
aspect of AMP regulation is that when these molecules are isolated from different tissue
compartments it can be observed that they undergo selective post-translational activation by
the reducing environment within the intestinal lumen, in contrast to the oxidizing conditions
inside the cell, which are associated with weak AMP activity [86].

AMPs are not only regulated by commensals but also play a fundamental role in shaping the
composition of the microbiota. Functional studies employing antibody-mediated
neutralization of REG3y in mice have provided direct evidence that this AMP is intimately
involved in resistance to the opportunistic intestinal pathogen VRE [50, 87]. Importantly,
Salzman et. al. demonstrated that a-defensins in particular, exert a profound effect on the
composition of major phyla in the intestinal microbiota [88]. The authors compared the
microbiota of Mmp7-deficient mice (unable to cleave and activate a-defensin) and a-
defensin-overexpressing transgenic mice and discovered that reciprocal differences emerged
in bacterial composition of the Firmicutes, and Bacteroidetes [88]. Finally, it appears that an
integral part of the role of AMPs in shaping the microbiota involves achieving separation
between the host epithelial surface and microbes. Recent evidence suggests that this effect is
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established in large part by the intestinal mucus layers concentrating the AMP activity [83,
89]. At baseline in Reg3y~deficient mice, there is a pronounced increase in colonization of
the intestinal surfaces by the Reg3y targeted Gram-positive bacteria, however there are no
changes in the bacterial contents of the luminal digesta, suggesting that activity of the AMP
is limited to the mucus layer and epithelial surface [83].

Overall, there is increasing evidence that the host barrier immune defences not only prevent
microbial invasion but also play an essential role in shaping the composition of the normal
commensal population. A reciprocal relationship exists such that the commensals provide
feedback signals that act to tune the control of the immune system in order to maintain
separation between the microbiota and the physical epithelial barrier.

Microbial Modulation of the Intestinal Epithelial Barrier

The intestinal epithelial barrier is initiated by the intestinal stem cell (ISC) niche that gives
rise to the differentiated cell types, including Paneth cells (small intestine), enteroendocrine
cells, goblet cells, and absorptive colonocytes (colon) or enterocytes (small intestine) (see
FigurelA) [90]. Bacterial metabolites and molecular patterns are the conduits through which
intestinal microbes communicate with the intestinal epithelium. As described above, SCFAS
are the major bacterial metabolites of gut fermentation. Regardless of which glycan or
fibrous substrate is degraded, these molecules play critical roles at the epithelial surface.
Butyrate in particular is a preferred energy source for absorptive colonocytes improving
differentiated colonocyte survival using tissue explants in vitro (Reviewed in [91]).
Propionate and acetate are more efficiently absorbed into the blood stream than butyrate,
and have dramatic systemic effects on host function and immunity [92, 93]. Locally these
SCFAs promote various host metabolic hormone and digestive processes by binding to the
G-protein coupled receptors (GPCR) 41, 43, and 109a, which are differentially expressed on
various intestinal and immune cell subsets (reviewed in [94]). Seminal work by Maslowski
et. al. investigated how bacterial metabolites may impact on the immune system in particular
the SCFAs as these molecules are diminished in multiple inflammatory diseases [92]. By
studying the loss of function of GPR43 in mice, the authors uncovered a pivotal role for
these molecules in suppressing inflammation in models of asthma, colitis, and arthritis.

Recently, Smith et. al. expanded upon these observations to demonstrate that germ-free mice
have reduced numbers of regulatory T cells (Treg) in the colon and that this defect was
reversible through colonization in a microbiota-, SCFA-, and GPR43-dependent manner
[93]. The authors went on to show that SCFAs could directly induce Treg proliferation,
through binding GPR43, and thus suppress colitogenic inflammation in mice during the T
cell-transfer colitis model. SCFAs may be of significant clinical relevance in IBD as the
levels of these molecules are lower in IBD patients than healthy controls, and as we have
discussed SCFAs act to control both microbial composition and reduce inflammation [45,
85, 92, 95]. . These studies of SCFAs are likely only the first of many discoveries to evolve
in this field. There are potentially many other metabolites that will influence the immune
system or the epithelium through effects on epithelial turnover and barrier integrity.

Recent studies have demonstrated evidence to suggest bacterial localization adjacent to ISCs
in crypts [15, 96], therefore, there is much interest in understanding whether and how the
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Emerging

microbiota acts on ISCs to stimulate their proliferation/differentiation during homesostasis
and repair. The bulk of studies so far suggest an indirect interaction. In Drosophila, Buchon
et al. employed re-colonization of axenic (germ-free) flies with the commensal bacterium
Erwinia carotovora [97]. They found that the re-colonization stimulated an increase in
intestinal epithelial proliferation [97]. The authors suggested that ISCs were responsive to
ROS signals produced by the host immune system following colonization, rather than the
bacteria themselves. A similar process was identified in mice, whereby I1SC proliferation
was induced by the commensal Lactobacillus, due to its Nox1-mediated induction of ROS in
the intestinal epithelium [98]. In a study examining the effects of aging on intestinal
homeostasis and epithelial proliferation in Drosophila, it was demonstrated that as flies age
they experience chronic activation of the transcription factor Foxo in the intestine [99]. Foxo
induced microbial dysbiosis and increased innate immune signalling via dysregulation of
Rel/NFkB activity. As the flies aged this dysregulation led to increased ROS-driven ISC
hyperproliferation [99]. This process did not occur in axenic flies suggesting there is a role
for microbiota-induced ROS in epithelial barrier dysplasia.

The direct host-commensal interaction is dictated by the presence of the intestinal mucus
layer, produced by epithelial goblet cells and overlying the intestinal epithelium. Its
importance is demonstrated by loss of function mutants, such as Muc2, that lead to
spontaneous colonic inflammation and mucosal thickening in untreated mice (at 5 weeks of
age), and more severe colitis than wild-type littermates following treatment with DSS [100].
We described in detail above (see Commensal Establishment and Competition) how the
mucus layer and its glycan content shape the microbiota. Interestingly, the commensal
communities have also been proposed to regulate mucus production, with the most
convincing evidence coming from studies in germ free rodents. Goblet cells are both fewer
in number and smaller in size in germ free mice as compared to conventionally raised mice
[101]. Furthermore, the overall thickness of the mucus layer is decreased in germ-free
rodents [102]. This phenomenon is reversible by addition of microbiota from
conventionally-reared rodents [102]. Despite this broad evidence of a clear role, our current
knowledge of the mechanism of goblet cell sensitivity to commensal microbial products is
extremely limited and is now the subject of intense investigation in IBD pathogenesis.

Both the epithelium and mucus layer appear to respond to signals derived from the
microbiota, including microbial molecular patterns and metabolites. We are only now
beginning to investigate the cellular and molecular mechanisms underlying these effects.

Many unanswered question remain and future studies will aim to determine the effects of
microbial ligands and metabolites on ISCs. It will be interesting to determine if shifts in
metabolites secondary to the changes in bacterial composition can directly influence the
function of the epithelial barrier in diseases such as IBD.

Concepts in our Understanding of the Microbiota and Disease

An emerging concept in studies of the microbiota is that the particular bacterial genera that
are present in an individuals’ microbiome are perhaps less important and less indicative of a
disease state than are the networks of bacterial genes present [1, 60, 103]. Based on analysis
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within a population of healthy individuals, the inter-individual variation in bacterial genes is
comparatively much less than genus level composition [60]. Similarly, this pattern of
bacterial genes is also more predictive of the disease state in IBD than is the bacterial genera
signature [60]. Therefore, it may be more informative to examine the gene pathways present
in an individual's microbiome rather than taxonomically categorizing the specific bacteria
present. This type of gene pathway analysis has identified that bacterial metabolic pathways,
such as the oxidative stress pathway, are more dramatically shifted in IBD than the
taxonomical bacterial composition. Furthermore, the evolutionary link of phylogeny and
microbial gene function may be sufficient such that simply sequencing the 16S marker genes
can predict (using the PICRUSt algorithm) the metabolic roles of the uncultivated microbes
living in the human intestinal tract [103]. Extending on this notion, recent publications
conveyed that the general loss of microbiota richness (and thus bacterial genes) is predictive
of diseases such as obesity [11, 104]. A similar observation has been made in IBD where the
number of bacterial genes is at least 20% lower in diseased patients compared to healthy
controls [105]. Whether these findings have potential implications for causation and
therapeutic intervention remains to be seen.

Concluding Remarks

Over the next few years, there is much progress anticipated in understanding the impact of
microbial populations on host physiology (see Box 2 Important areas of future research).
One of the major caveats in the past has been the inability to examine the direct effects of
specific microbes or metabolites on primary intestinal epithelial cells in vitro. The advent of
new techniques for perpetuating cultures of these cells and their lineage differentiation may
provide important new insights into the role of epithelial-microbe interactions [106, 107].
Furthermore, with a greater understanding of the manner in which commensals interact in
inter-dependent networks and interface with the host we will hopefully begin to determine
whether microbial community changes result from disease or are implicit in instigating
disease. This will be a key future development in guiding therapeutic strategies, including
those that would entail engineering microbial genomes. An important step forward will be
the translating of the Human Microbiome Project findings into relevant animal models, in
order to experimentally assess the functional roles of various microbes and networks of
commensals in host health and disease, and also examine the influence of environmental
perturbations on these microbial populations. For example, metagenomic screens have
shown that the bacterial redox pathway is dysregulated in IBD. Given the possible
importance of this pathway in epithelial proliferation, as discussed above, a critical question
to be addressed is whether this acts as a dysbiotic trigger factor in IBD.

An improved understanding of the mechanisms underlying host-microbe interactions in
homeostasis and disease would potentially enable targeted therapies involving manipulation
of specific microbial populations. Although fecal transplant has produced exciting results in
the treatment of antibiotic resistant C. difficile, this is a highly variable treatment with
unknown long-term consequences and uncertain applicability to other intestinal diseases
[108]. More specific manipulations of the microbiota may prove more beneficial. Similarly,
a deeper understanding of these interactions may also lead us to adopt a more conservative
stance on the use of antibiotics, especially in early-life, due to long-term effects on
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symbiotic commensal-host relationships. Despite the recent advances in our understanding
of commensal colonization, competition and impact on immune cell development and
differentiation, many aspects of the host-microbe interaction remain unknown. Developing
approaches to examine how a complex microbiota interacts as a spatially and temporally
dynamic network rather than distinct static species should be a priority.
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Box1: Human Microbiome Project

An initiative launched in 2008 by the National Institute of Health with the aim of culture-
independent identification and molecular characterization of the microorganisms found in
association with both healthy and diseased states in humans. This initiative was termed
“The Human Microbiome Project’ (http://www.hmpdacc.org/), or HMP. The ultimate
goal was to understand the role of the human microbiome in the maintenance of health
and causation of disease, and to use this knowledge to improve the ability to prevent and
treat disease. The HMP has generated a comprehensive data resource for various body
sites (including mouth, nose, skin, intestine, and vagina) using directed 16S and also
metagenomic sequencing of DNA to identify microbes and predict functional gene sets.
Some of the principal findings have included evidence that there is strong body site
(habitat) specificity among subjects but that the diversity and abundance of each habitat's
microbes varies substantially between healthy subjects. Despite this diversity there was
strong conservation of functionality of the bacterial genes between subjects. Thus, there
are many different compositions of bacteria that can lead to the same overall functional
potential. Another interesting finding was that human body sites varied widely in their
alpha diversity (diversity of taxonomical units at a given body surface within an
individual). For example, saliva was shown to have very high alpha diversity (many
different taxa). Other interesting findings included correlations of groups of organisms
with healthy host phenotypes. For example, ethnicity appeared to strongly correlate with
microbiota composition across all body sites, and age of the individual appeared to have
a significant influence on the microbiota of the skin and oral cavity. Furthermore, there
was a correlation of microbial composition and body mass index.

The future goal of this project is that by providing access to this microbiome data
resource (much like the human genome project) this will enable investigators to
characterize the functional relationship between the human microbiome at various body
sites and its role in human disease [1, 2]. One shortcoming of the HMP is that it has thus
far largely overlooked the human virome, in particular the RNA genomes that exist for
both mammalian viruses and bacteriophages. The other major question emanating from
this project is that given the substantial inter-individual variation in diversity and
abundance of the healthy microbiome what is the influence of diet and host genetics on
this composition.
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Box 2: Important areas of future research

Determining the functional role (cause vs effect) of microbial dysbiosis in
disease settings, such as in animal models of IBD.

Determining the impact of microbial-derived metabolites on intestinal epithelial
and stem cells.

Determining the impact of microbes and their metabolites on immune education
of different immune cell subsets at the gastrointestinal interface.

Determining the impact of microbes and their metabolites on systemic immune
education including in the liver (the main site of metabolism), and lymphoid
organs.

Temporal (longitudinal) analysis of the impact of the intestinal microbiota in
immune cell development, differentiation and function, so as to assess whether
there are critical ‘windows of opportunity’ early in life that corresponds to the
development of the stable adult microbiota.

Systems-based approaches to define the underlying network architectures that
characterize the interactions among intestinal microbial populations in
homeostasis, and how these change in disease settings.

Further analysis of the fungal component of the microbiota and its correlation
with human disease.

Metagenomic screening of the human virome including both DNA and RNA
mammalian viruses and bacteriophages, and their correlation with disease.
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Figure 1. Microbiota exerts control at the epithelial barrier during homeostasis and dysbiosis
(A) The composition of the epithelial barrier is controlled in the stem cell niche, located in

the crypt of Lieberkuhn, giving rise to four cell types. These include Paneth cells (small
intestine only) that secrete antimicrobial factors (AMPS), goblet cells secreting glycosylated
proteins to generate the protective mucus layer, neuroendocrine cells producing metabolic
hormones (not depicted here), and the most abundant cell type the absorptive enterocyte (or
colonocyte). A mucus layer covers the epithelial interface with the lumen. During
homeostasis commensal microbiota exert effects on the intestinal barrier cells through the
production of metabolites by fermentation of dietary polysaccharides such as short chain
fatty acids (SCFAs), and the microbial molecular ligands (such as LPS) they express. They
also control any potential pathogens and pathobionts through secretion of SCFAs (alter pH,
and virulence factor expression) and bacteriocins. Certain commensal microbes possess
polysaccharide utilization loci (PULS) that enable the enzymatic harvesting of glycans from
mucus. These glycans can then also be sequentially utilized as an energy source by other
commensals via a “food chain’ mechanism. IgA is produced by plasma cells in the lamina
propria and trancytosed across the epithelium as secretory IgA. IgA is induced by and binds
to commensals, which creates a reciprocal feedback loop between host-symbiont during
homeostasis. IgA also prevents colonization by pathogens and overgrowth of pathobionts.
(B) During dysbiosis the commensal microbial community becomes unbalanced and
exuberant expansion of pathobionts and colonization and invasion by pathogens may also
occur. Invasive flagellated pathogens, such as the Salmonella spp., evade commensal
resistance and gain a growth advantage through several mechanisms including utilizing the
bacterial products of fermentation (hydrogen gas) and mucus degradation (glycans) in order
to produce energy. This could be termed a ‘pathogen food chain’ Commensal E. coli species
rapidly outgrow by utilizing nitrate and nitrite ions released by the epithelium during
inflammation as terminal electron acceptors to facilitate anaerobic respiration. Outgrowth of
microbes and epithelial invasion of pathogens induces increased immune cell recruitment
(including IgA-secreting plasma cells) to the epithelial barrier. The reciprocal mechanisms
of 1gA regulation during dysbiosis are largely unknown, however, defects in the IgA
pathway or repertoire can initiate dysbiosis.
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