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Abstract

The diverse microbial populations constituting the intestinal microbiota promote immune 

development and differentiation, but because of their complex metabolic requirements and the 

consequent difficulty culturing them, they remained, until recently, largely uncharacterized and 

mysterious. In the last decade, deep nucleic acid sequencing platforms, new computational and 

bioinformatics tools, and full-genome characterization of several hundred commensal bacterial 

species facilitated studies of the microbiota and revealed that differences in microbiota 

composition can be associated with inflammatory, metabolic, and infectious diseases, that each 

human is colonized by a distinct bacterial flora, and that the microbiota can be manipulated to 

reduce and even cure some diseases. Different bacterial species induce distinct immune cell 

populations that can play pro- and anti-inflammatory roles, and thus the composition of the 

microbiota determines, in part, the level of resistance to infection and susceptibility to 

inflammatory diseases. This review summarizes recent work characterizing commensal microbes 

that contribute to the antimicrobial defense/inflammation axis.
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INTRODUCTION

The development in metazoans of a tubular tract for food digestion, nutrient absorption, and 

waste expulsion is believed to have occurred over 500 million years ago (1, 2). The 

evolution of the intestinal tract created a niche for microbial symbionts, with resulting 

complex microbial populations that are uniquely adapted to life in this environment and that, 

to greater and lesser extents, depend on each other for survival. Although these microbial 

populations have, for hundreds of years, provoked curiosity among microscopists, 

microbiologists, and physiologists, they remained largely uncultured and therefore 

uncharacterized, in part because they generally do not cause disease. The last decade, 
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however, has seen remarkable progress in our understanding of the mammalian intestinal 

microbiota and their impact on immune system development and function (3, 4). Whereas 

much of the focus of microbiota and microbiome studies has been on microbiota 

composition of healthy individuals (5–7), parallel studies have correlated microbiota 

composition with a wide range of diseases, which are outlined in this review. The major 

messages emerging from this growing body of work are that healthy humans are colonized 

with diverse microbial populations that differ between individuals; that different microbes 

can have distinct interactions with the innate and adaptive immune systems of their 

mammalian host; and that exogenous factors, in particular medical interventions such as 

antibiotic administration, can lead to marked changes in the microbiota with downstream 

implications for health.

Variation in microbiota composition within healthy human populations has led to the 

enterotype hypothesis, which posits that humans can be divided into three groups on the 

basis of their fecal microbiota composition (7). The fecal microbiota of healthy individuals 

could be grouped into three enterotypes, the first predominated by Prevotella, the second by 

Bacteroides, and the third by Ruminococcus. Other studies suggest that microbiota 

differences between individuals occur over a wide and continuous range of compositions 

with indistinct boundaries (8). Further analysis of sequence data obtained from healthy 

subjects established associations between microbiota composition and breast-feeding, 

gender, and level of education. These studies also revealed correlations between microbial 

composition at different anatomic sites and demonstrated that the gut and vaginal microbiota 

are more stable than the oral microbiota (9).

Our understanding of how microbiota complexity is maintained and how the individual 

bacterial taxa compete with and support each other is rudimentary, but important new 

insights have emerged. Metabolism of host-derived polysaccharides by Bacteroides fragilis, 

an obligately anaerobic bacterial species that inhabits the human colon, is required for 

intestinal colonization and persistence, and genetic deletion of the polysaccharide utilization 

locus markedly reduces competitiveness in the gut (10). Commensal microbiota–mediated 

metabolism of host polysaccharides, for example the cleavage of sialic acid or fucose from 

host mucin, can promote infection with enterohemorrhagic Escherichia coli, Salmonella 

typhimurium, and Clostridium difficile by promoting virulence gene expression (11) or by 

enhancing growth (12). Competition between different microbial species and strains can also 

be mediated by distinct susceptibilities and resistances to phage-mediated lysis, a 

mechanism that has been shown to facilitate colonization of the gut with some strains of 

Enterococcus faecalis (13).

The interactions between bacterial taxa in the gut can be direct (e.g., bacterial species B 

inhibits or promotes bacterial species A) or indirect (e.g., bacterial species B modifies 

immunologic or physiologic host factors, which then either inhibit or promote colonization 

by species A). Studies of these interactions are greatly facilitated by isolation, growth, and 

characterization of the wide array of commensal bacterial species, a critical step that is both 

technically challenging and, given the marked genomic differences between bacterial strains 

belonging to the same species, daunting in terms of the massive number of potential strains 

to be studied. The importance of characterizing multiple strains was demonstrated in a study 
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of four Bifidobacterium longum strains, of which only two provided resistance against an 

intestinal pathogen (14). Recent studies demonstrate that many colon-derived bacterial 

species can be cultured in vitro (15), including bacterial species that drive in vivo T cell 

differentiation (16, 17). The immunologic impact of microbiota composition is increasingly 

recognized as important; some bacterial taxa drive intestinal T regulatory cell (Treg) 

development, whereas others induce Th17 T cell development (16, 18). Microbial 

populations associated with specific mammalian host species have evolved to optimally 

promote their respective hosts’ immune system maturation (19).

BIOINFORMATIC AND COMPUTATIONAL PLATFORMS FOR MICROBIOTA/

MICROBIOME ANALYSIS

Multiparallel nucleic acid sequencing has greatly enhanced our understanding of commensal 

bacterial populations. Microbiota composition is generally determined by sequencing PCR-

amplified bacterial 16S ribosomal RNA genes, and the microbiome is determined by 

shotgun sequencing of randomly generated DNA fragments obtained by shearing DNA 

isolated from fecal or other samples (5). These approaches generated massive amounts of 

sequence data that required the development of bioinformatic programs to facilitate analysis. 

A number of platforms, including mothur (20) and QIIME (21), have been developed to 

organize sequence data and to assign taxonomic labels to each sequence. Other methods, 

such as UniFrac, enable investigators to compare complex samples and to correlate 

microbiota composition with specific experimental or clinical scenarios (22). Another 

method that has enabled investigators to identify bacterial taxa that differ between samples 

is LEfSe (linear discriminant analysis effect size), which supports high-dimensional class 

comparison between microbiomes obtained from different groups (for example, colitis 

versus normal control samples) (23). Programs such as MetaPhlAn (24) facilitate the 

determination of bacterial taxon prevalence in samples that have been shotgun sequenced, 

whereas PICRUSt enables investigators to estimate the representation of microbial 

metabolic pathways on the basis of 16S rRNA taxonomy (25). These platforms are well 

established and are commonly used for microbiota and microbiome analyses.

More recently, mathematical models have been used to predict shifts in microbiota 

composition following different perturbations and to identify interactions between distinct 

bacterial taxa. Using modified Lotka-Volterra equations, which were originally derived to 

mathematically model predator-prey dynamics, one mathematical approach incorporates the 

growth rates of different bacterial taxa, their susceptibilities to specific perturbations (such 

as antibiotic administration), and their impacts on each other. If provided with quantitative 

data on the densities of specific bacterial populations and knowledge of their growth rates 

and susceptibilities to a specific perturbation, one can calculate the strength of interactions 

between bacterial populations (26). This approach was used to identify a subnetwork of 

bacterial groups that appears to confer protection against C. difficile infection. Another 

mathematical approach to study reconstitution of germfree mice with complex flora 

suggested that interactions between bacterial species range from competitive to parasitic, 

with the surprising result that mutualistic interactions were not detectable (27).
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INTESTINAL EPITHELIAL BARRIER AND INNATE IMMUNE DEFENSES

Mucin and Epithelial Cell–Mediated Barriers Against Infection

Although blood draining from the gut flows to the liver, which protects the systemic 

circulation by filtering microbes that traverse the intestinal epithelium (28), the most 

important barrier to bacterial entry of deeper tissues is the intestinal epithelium. The mucin 

layer that coats luminal epithelial cell surfaces physically excludes microbes inhabiting the 

intestinal lumen. Direct bacterial contact with luminal epithelial cell surfaces can occur in 

the absence of intestinal mucin layers or when specific microbes can penetrate mucin. The 

predominant mucin secreted by goblet cells is Muc2, which is a large, highly glycosylated 

multidomain protein that forms disulfide-bonded trimers that are partially resistant to 

trypsin. Muc2 forms a dense, approximately 50-μm-thick mucin layer in the colon that is 

attached to underlying epithelial cells and a more dispersed outer layer (29). Some 

pathogens and commensal bacteria can penetrate the dense mucin layer by proteolytic 

degradation (30, 31), and a subset of commensal bacteria can penetrate the outer mucin layer 

and break down and metabolize the O-linked glycans attached to Muc2 (32–34) (Figure 1). 

Deficient O-linked glycosylation of Muc2 by epithelial cells increases susceptibility to 

dextran sodium sulfate (DSS)-induced colitis and also shifts the composition of the 

microbiota (35, 36). DSS administration to mice is associated with increased bacterial 

penetration of the inner mucous layer by commensal bacteria, potentially leading to 

subsequent inflammation (37).

Under normal circumstances, bacterial penetration of the dense inner mucin layer is limited 

(38), presumably because of the density of the mucin but also because of mucin association 

with the antimicrobial C-type lectin, regenerating islet-derived 3 γ (RegIIIγ) (39, 40). 

Commensal microbes enhance mucin production by goblet cells in a MyD88-dependent 

fashion, and germfree or antibiotic-treated mice have markedly reduced levels of mucin. The 

thickness, density, and composition of mucin differ between the stomach, small intestine, 

and colon (41, 42), and the ability of bacteria to penetrate the mucous layers along the gut 

differs, with greater mucus penetration in the small intestine than in either the stomach or 

the colon (41). Muc1 expression in the stomach and small intestine has been implicated in 

resistance to Campylobacter jejuni and Helicobacter pylori infection (43, 44), whereas 

Muc2 provides resistance to enteric S. typhimurium infection (45). In addition to functioning 

as a barrier against penetration by luminal bacteria, Muc2 conditions lamina propria 

dendritic cells to become tolerizing, thereby reducing inflammatory responses to absorbed 

substances (46). Goblet cells have recently been shown to deliver antigens to lamina propria 

dendritic cells, providing a potential delivery pathway to facilitate mucin-mediated 

tolerization of antigen-presenting cells (47).

Below the mucin layer, intestinal epithelial cells form a continuous barrier that is one cell 

layer thick. Intestinal epithelial cells absorb a wide range of nutrients, including proteins, 

carbohydrates, and fats but excluding bacteria. Achieving the right balance between nutrient 

absorption and microbial exclusion is critical to optimal health, and deviation from this 

balance is deleterious to the host. Intestinal epithelial cells express innate immune receptors, 

but receptor positioning (i.e., apical versus basal) minimizes unnecessary activation by 
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harmless commensals in the intestinal lumen while enabling rapid defensive responses when 

the barrier is breached. For example, Toll-like receptor 5 (TLR5), the innate immune 

receptor specific for bacterial flagellin, is not expressed on the apical surface of epithelial 

cells, where flagellin is presumably present at high concentrations (48). Deletion of MyD88 

in intestinal epithelial cells reduces production of mucin and antibacterial peptides and 

increases susceptibility to infection (49). Certain components of the inflammasome, such as 

Nod-like receptor pyrin domain 6 (NLRP6), are selectively expressed by intestinal epithelial 

cells and can influence the composition of the intestinal microbiota by inducing IL-18 

expression (50) (Figure 1). Nod2 is also expressed in intestinal epithelial cells and has been 

implicated in the regulation of defensin expression (51). Selective deletion of IKKβ in the 

intestinal epithelial cells prevents NF-κB activation and is associated with impaired lamina 

propria dendritic cell conditioning and markedly reduced Th2 CD4 T cell responses to 

intestinal worm infection but enhanced inflammatory Th1 responses (52).

Intestinal epithelial cells can also express CD1d, an MHC-like molecule that presents 

glycolipids to natural killer (NK) T cells (see below). Cross-linking of CD1d, however, 

activates STAT3 and induces intestinal epithelial cells to produce IL-10. Deletion of either 

CD1d or IL-10 in intestinal epithelial cells results in enhanced NK T cell–mediated 

intestinal inflammation (53). Lymphocytes, in particular T cells expressing the γδ T cell 

receptor, infiltrate the intestinal epithelial cell layer and receive signals from epithelial cells 

that induce expression of antimicrobial factors (54).

Lamina Propria Macrophages and Dendritic Cells

Immediately below the intestinal epithelial cell layer, complex cell populations make up the 

lamina propria. The lamina propria is a well-vascularized and lymph-drained tissue whose 

functions include facilitating systemic nutrient distribution, establishing immune tolerance 

toward innocuous antigens and microbes, and providing immune defense against potentially 

pathogenic microbes that emerge from bacterial populations inhabiting the intestinal lumen. 

Mesenchymal stromal cells of the intestinal lamina propria help orchestrate immune 

responses by responding to microbe-derived molecules that trigger MyD88-mediated signals 

and potentially other innate immune signaling pathways (55). Although the role of stromal 

cells in the lamina propria is likely underappreciated and underinvestigated, great progress 

has been made in the last decade in our understanding of the macrophage and dendritic cell 

populations of the gut (56, 57).

Given the density and complexity of microbial populations in the intestinal lumen and the 

obvious benefits of mucus and epithelial cell–mediated segregation of these organisms from 

underlying tissues, the initial revelation that myeloid cells disrupt interepithelial cell tight 

junctions and extend processes into the intestinal lumen was both astounding and disquieting 

(58, 59). Subsequent studies implicated CX3CR1-expressing bone marrow–derived cells as 

the key population accessing the intestinal lumen and taking up pathogenic organisms such 

as S. typhimurium (59). Extension of processes into the intestinal lumen is dependent on 

MyD88-mediated signaling in CX3CR1-expressing mononuclear cells (60). CD103+ 

dendritic cells of the lamina propria, which have been implicated in the transport of bacteria 

and antigens to draining mesenteric lymph nodes and in the induction of tolerance by 

Caballero and Pamer Page 5

Annu Rev Immunol. Author manuscript; available in PMC 2015 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



production of retinoic acid (61), have also been found to patrol between intestinal epithelial 

cells and extend dendrites into the intestinal lumen, taking up pathogenic bacteria such as S. 

typhimurium and nonpathogenic commensal bacteria and transporting them to draining 

lymph nodes (62) (Figure 1). Diehl et al. (63) investigated the contribution of the 

commensal flora to microbial transport by lamina propria–residing, bone marrow–derived 

cells and found that antibiotic treatment or MyD88 deficiency increased the delivery of 

bacteria to mesenteric lymph nodes and enhanced specific T cell and antibody responses.

The identity of the cell populations capable of delivering bacteria to draining lymph nodes 

remains somewhat controversial. CX3CR1+ mononuclear phagocytes have been shown to 

transport bacteria (63), while other studies implicate CD103+ dendritic cells (64). It is likely 

that this controversy in part stems from varied dendritic cell definitions and the plasticity of 

inflammatory monocytes infiltrating the intestinal lamina propria, particularly during 

intestinal inflammation. For example, CCR2+Ly6Chi monocytes give rise to CX3CR1+ 

mononuclear phagocytes, and once differentiated, they appear to become nonmigratory. 

However, under inflammatory conditions, CCR2+Ly6Chi monocytes can differentiate into 

migratory dendritic cells and prime T lymphocytes (65, 66). In other organs, such as the 

lung, CCR2+Ly6Chi monocytes pick up bacteria and particulate antigens and deliver them to 

draining lymph nodes, in the process differentiating and acquiring markers that overlap with 

those of dendritic cells and nonmigratory CX3CR1+ cells (67). An additional mechanism by 

which antigen can make its way from the lumen to the draining lymph node is uptake by 

CX3CR1+ mononuclear phagocytes followed by connexin 43–dependent transfer to CD103+ 

dendritic cells, which then traffic to the draining lymph node (68). Deletion of connexin 43 

demonstrated that antigen transfer to CD103+ dendritic cells was necessary to establish 

immune tolerance. A small population of CX3CR1+ mononuclear phagocytes that are not 

monocyte derived exists in the intestine. These cells lack monocyte/macrophage surface 

markers and are thought to be bona fide dendritic cells. Although not much is known about 

their function, they have recently been implicated in the differentiation of Th1 and Th17 

cells (69).

Bone marrow–derived neutrophils and monocytes play central roles in innate immune 

responses to intestinal infection, in some cases reducing potentially deleterious inflammation 

and in other cases increasing inflammation-mediated antimicrobial defenses. For example, 

during intestinal infection with Toxoplasma gondii, inflammatory monocytes are recruited to 

the lamina propria and, in response to commensal bacteria, produce prostaglandin E2, which 

reduces neutrophil-mediated tissue damage (70). Inflammatory monocyte–derived lamina 

propria mononuclear phagocytes, in response to stimulation by microbe-derived molecules, 

also contribute to intestinal tolerance by producing IL-1β, which induces RORγt-expressing 

innate lymphocytes to produce granulocyte-macrophage colony-stimulating factor (GM-

CSF), which feeds back to mononuclear phagocytes and enhances differentiation of Tregs 

(71). Intestinal phagocytes can also produce IL-1β in response to infection with gram-

negative pathogens such as S. typhimurium and Pseudomonas aeruginosa following 

induction of NLRC4 inflammasome signaling (72). In other settings, however, lamina 

propria mononuclear phagocytes and dendritic cells contribute to innate immune defense 

against epithelial barrier penetration by rapidly producing inflammatory cytokines and 
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chemokines and orchestrating the recruitment of bactericidal cell populations. Production of 

IL-23 by macrophages and dendritic cells is essential for innate immune defense against 

infection with the murine pathogen Citrobacter rodentium (73). CD103+ dendritic cells in 

the lamina propria can be divided into a large population that expresses CD11b and a less 

frequent, Batf3-dependent population, which probably resides within lymphoid aggregates 

and Peyer’s Patches (56, 74). The CD11b+CD103+ dendritic cell subset, which expresses 

TLR5, is the major IL-23-producing cell population following flagellin administration (75) 

and also following C. rodentium infection (76). Batf3-dependent CD11b−CD103+ dendritic 

cells, though, have been shown to prime the development of CD8+ effector T cells and 

stimulate the production of antigen-specific IgG upon TLR activation (77–79). Dendritic 

cells of the cecum-draining lymph node can harbor live bacteria that are relatively 

unresponsive to antibiotics, suggesting that some intestinal bacteria have evolved 

mechanisms to access subepithelial tissues for long-term persistence (80). 

CD11c+CD103−CD11b− plasmacytoid dendritic cells (pDCs) are a minor dendritic cell 

population in the intestine. Derived from the same common dendritic cell progenitor (CDP) 

as classical dendritic cells, pDCs are unique in their ability to secrete copious amounts of 

type I IFNs in response to viral and bacterial antigens (81).

Innate Immune Signaling in the Intestinal Wall

Activation of the innate immune system by microbial stimulation of innate immune 

receptors is an essential early step in defense against infection by pathogenic organisms. 

However, innocuous and potentially beneficial colonizing bacteria are composed of 

molecules that can bind innate immune receptors and potentially trigger inflammatory 

responses. Triggering of some innate immune receptors, however, can also induce tolerance 

by reducing inflammatory responses. Indeed, development of the mucosal immune system is 

in part dependent on innate immune receptor triggering by commensal microbes in the 

intestinal lumen (82). Colonization of the murine gut with the anaerobic bacterium B. 

fragilis and its production of polysaccharide A (PSA) enhance T cell development and 

differentiation (83). PSA is believed to promote Treg development and inhibit Th17 

responses by stimulating TLR2 (84) (Figure 1). In this setting, TLR2 signaling occurs in part 

via Gadd45α in intestinal dendritic cells upon exposure to B. fragilis outer membrane 

vesicles containing PSA (85). Although the specific dendritic cell population that responds 

to PSA stimulation in the colon has not been identified yet, a recent study suggests that 

pDCs might have a role, given that transfer of TLR2−/− bone marrow–derived pDCs 

rendered mice susceptible to colitis (86). It is likely that other monocytes/DCs also 

contribute to Th17 development.

Intestinal epithelial cells express antimicrobial molecules, including the bactericidal C-type 

lectin RegIIIγ, in response to gut colonization by commensal bacteria (87). Microbe-derived 

molecules drive RegIIIγ expression by stimulating TLRs (88, 89). RegIIIγ expression 

reduces bacterial colonization of the dense mucous layer associated with intestinal epithelial 

cells, thereby reducing microbial contact with the epithelium (40, 90). RegIIIγ binds to 

peptidoglycan by its lectin domain, and more recent studies of closely related RegIIIα 

demonstrated that bactericidal activity results from association with bacterial phospholipids 

and the formation of a hexameric structure that produces a pore in the bacterial membrane 
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(91). In contrast to RegIIIα, which is inhibited by gram-negative lipopolysaccharide (LPS), 

RegIIIβ has bactericidal activity against gram-negative bacteria by lectin-mediated 

association with LPS and, at least in part, pore formation in the gram-negative outer 

membrane (92, 93).

Which TLRs contribute to immune defense versus tolerance induction in the gut remains 

incompletely resolved. TLR5 has been investigated most extensively. Whereas early studies 

suggested that TLR5 is expressed on the basal surface of intestinal epithelial cells, 

subsequent studies demonstrated that TLR5 is predominantly expressed on lamina propria 

dendritic cells and that TLR5 expression on lamina propria dendritic cells facilitates the 

development of Th17 T cells and IgA-producing cells (94, 95). Systemic administration of 

bacterial flagellin, the microbial ligand for TLR5, induces the expression of RegIIIγ by 

intestinal epithelial cells along the entire length of the small intestine and provides 

significant protection against intestinal colonization by vancomycin-resistant Enterococcus 

(VRE) (96) and infection by C. difficile (97). Systemic flagellin rapidly induces expression 

of IL-23 by CD103+CD11b+ lamina propria dendritic cells, as noted above, which in turn 

stimulates IL-22 production by type 3 innate lymphoid cells (ILC3s), which then leads to 

RegIIIγ expression by intestinal epithelial cells (75) (Figure 1).

Although TLR5 stimulation can promote innate immune defenses against intestinal 

infection, TLR5 signaling, under homeostatic conditions, reduces gut inflammation and 

metabolic syndrome (98). In some mouse colonies, TLR5 deficiency is associated with 

development of spontaneous colitis and massive weight gain with parallel development of 

metabolic syndrome. This association has been attributed to alteration of the intestinal 

microbiota, including expansion of proteobacterial populations, resulting from deficient 

TLR5 signaling (99). In the absence of TLR5, flagellin-specific-IgA levels are reduced, 

which appears to increase the expression of flagellin and invasion of flagellated bacteria into 

subepithelial tissues (100). Although some studies have demonstrated that TLR5 deficiency 

results in the development of obesity and metabolic syndrome (98), this finding is not 

replicated in all TLR5-deficient mouse colonies (101).

Flagellin and TLR5, although contributing to intestinal defense against microbial pathogens, 

are only part of the story. Oral administration of DNA isolated from the gut flora, for 

example, corrects innate immune antimicrobial responses in antibiotic-treated mice (102), 

and oral administration of LPS corrects antibiotic-induced innate immune deficiency in the 

gut and enhances resistance against VRE (103). The extent to which TLR-mediated signals 

influence the composition of the intestinal microbiota is controversial. Comparison of wild-

type C57BL/6 mice with littermate control TLR2-, TLR4-, TLR5-, TLR9-, or MyD88-

deficient mice did not detect differences in their luminal or mucosa-associated ileal, cecal, or 

fecal microbiota under homeostatic conditions and following recovery from antibiotic 

treatment (104). This study demonstrated that microbiota composition is largely determined 

by familial transmission of the microbiota and that the composition of bacterial populations 

inhabiting the gut can drift over time as distinct breeding colonies are kept in isolation from 

each other.
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Defects in innate immune signaling have also been implicated in microbiota-mediated 

development of inflammatory bowel disease, obesity, and obesity-associated steatohepatitis 

(105). Deficiency of the NLRP6 inflammasome subunit in mice is associated with a shift in 

colonic microbiota composition that leads to inflammatory bowel disease and steatohepatitis 

(50, 106). Transfer of the aberrant microbiota from NLRP6 knockout mice to wild-type mice 

resulted in the development of these inflammatory diseases, suggesting that loss of NLRP6 

alters the mi-crobiota to be proinflammatory, or in other words, that NLRP6 signaling in 

intestinal epithelial cells controls the composition of the microbiota and steers it to an anti-

inflammatory state. This process is in part regulated by IL-18-mediated signaling (50). 

Another important mechanism by which NLRP6 modulates microbiota composition is 

regulation of intestinal goblet cell secretion of mucin (Figure 1). NLRP6 facilitates goblet 

cell autophagy and also exocytosis of mucin granules, and mucin production is markedly 

reduced in its absence (107). Reduced mucin production renders mice more susceptible to 

infection by intestinal pathogens, as noted above.

Whereas inflammasome signaling in intestinal epithelial cells contributes to antimicrobial 

defense, inflammasome signaling following systemic infection can have adverse effects. For 

example, mortality following systemic spread of a pathogenic strain of E. coli was mediated 

in part by the Naip5/NLRC4 inflammasome (108). In contrast, systemic absorption of 

microbial molecules from the gut, such as peptidoglycan fragments, can trigger Nod2 

signaling and activate circulating neutrophils, thereby enhancing resistance against infection 

by Streptococcus pneumoniae and Staphylococcus aureus (109). Nod2 signaling in the gut 

also acts locally, by promoting inflammatory monocyte recruitment into the gut during C. 

rodentium infection (110). Studies with germfree mice demonstrated a systemic effect of 

microbial colonization on mononuclear phagocytes. Specifically, mononuclear phagocytes 

from germfree mice were hyporesponsive to microbial stimulation, a result of aberrant 

chromatin modification of innate immune response genes (111). These studies are revealing 

the complexity of innate immune recognition and responses in mucosal tissues, and it is 

likely that many more examples of proinflammatory antimicrobial responses and contrasting 

anti-inflammatory or tolerizing responses will be discovered in the coming years.

Innate Lymphocytes and the Intestinal Microbiota

Innate lymphocytes derive from common lymphoid progenitors, depend on common γ-chain 

and IL-7R signaling and the Id2 transcriptional regulator, and differentiate under the control 

of specific transcription factors that are shared with T lymphocytes into an array of 

phenotypes that are categorized as ILC1 (T-bet dependent and IFN-γ producing), ILC2 

(GATA-3 dependent and IL-4 and IL-13 producing), and ILC3 (RORγt dependent and IL-17 

and IL-22 producing). ILCs represent an important arm of the innate immune defense 

system, at the level of orchestrating immune tissue development and, more directly, 

antimicrobial defenses (112).

A subset of ILC3 cells contributes to innate immune tissue development in the gut by 

producing lymphotoxin α and lymphotoxin β. The ILC3 cells involved in this process are 

referred to as lymphoid tissue inducer (LTi) cells, and their existence depends on the RORγt 

transcription factor. Soluble lymphotoxin α facilitates the production of T cell–dependent 
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IgA in the gut, whereas lymphotoxin β on the surface of ILC3s promotes T cell–independent 

IgA production (113). In utero development of LTi cells depends on maternal retinoid 

intake, and retinoic acid in the developing fetus is required for RORγt induction and LTi 

development (114).

ILCs play essential roles in defense against intestinal bacteria and also nonpathogenic 

bacteria that cross the intestinal epithelial barrier and reside in gut-associated lymphoid 

tissues. Upon depletion of IL-22-producing ILC3s, lymphoid tissue–residing bacteria such 

as Alcaligenes can disseminate and drive systemic flares of inflammation (115). Because 

ILCs and differentiated T lymphocytes can express overlapping phenotypes, and because 

depletion of ILCs often also results in depletion of T lymphocytes, it has been challenging to 

distinguish the roles of these cell populations in the induction of inflammation and during 

defense against infection. Using ILC-specific depletion strategies, Hepworth et al. (116) 

found that the absence of ILC3s resulted in dysregulated T cell responses to the commensal 

flora. Furthermore, this process required MHC class II expression by ILC3s (116). Although 

this finding suggests that responding T lymphocytes may interact directly with MHC class 

II–expressing ILC3s, the role of ILC3-mediated antigen presentation remains unclear. IL-22 

expression by ILC3s is promoted by the aryl hydrocarbon receptor (Ahr), and mice lacking 

Ahr have markedly reduced numbers of IL-22-producing ILC3s. Surprisingly, Ahr 

deficiency results in increased numbers of Th17 cells, potentially the result of increased 

intestinal colonization by segmented filamentous bacteria (SFB) (117), and also increases 

the risk of spontaneous colitis. ILC3s were recently shown to be a major source of GM-CSF 

following stimulation by IL-1β, which is produced by mononuclear phagocytes upon 

stimulation by microbial molecules. In turn, GM-CSF acts on mononuclear phagocytes to 

enhance their effector functions (71). The interactions between myeloid cells, ILCs, T 

lymphocytes, and B lymphocytes are complex, and our knowledge of these relationships is 

far from complete. Indeed, novel cell populations, such as populations of CD71+ erythroid 

cells, which were recently demonstrated to attenuate inflammatory responses against newly 

colonizing intestinal bacteria in the neonate by producing arginase-2, are being discovered 

and assigned functional roles in the relationship between the host immune system and 

colonizing microbes (118).

ADAPTIVE IMMUNE DEFENSES AND THE INTESTINAL MICROBIOTA

Antibody- and T lymphocyte–mediated recognition of intestinal bacteria contributes to 

immune defense but also to the pathogenesis of intestinal and systemic inflammatory 

diseases (119). In parallel with advances in our understanding of the complex microbial 

populations inhabiting the gut and the more detailed characterization of individual members 

of the microbiota, recent studies have begun to define the specificity of antibody and T cell 

responses to intestinal microbes and the mechanisms driving microbe-mediated 

differentiation of immune cells.

Secretory IgA

Whereas the intestinal microbiota influence systemic antibody responses, as demonstrated 

by increased serum IgE levels in germfree mice (120), induction of secreted IgA in response 

to intestinal bacteria is particularly important for antimicrobial defense and intestinal 
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microbiota homeostasis. Secretory IgA provides defense against intestinal pathogens, and its 

absence has been implicated in the expansion of some commensal bacterial populations such 

as SFB (121) and in the maturation of the intestinal microbiota during neonatal life (122). 

Colonization of the murine small intestine with SFB and its ability to induce IgA were 

established by studies over 15 years ago (123), and recent studies demonstrate that SFB 

induce Peyer’s Patch development and IgA secretion (124) (Figure 1).

The PD-1 inhibitory receptor regulates the development of T follicular helper cells in 

Peyer’s Patches, and its absence promotes precursor cells that produce IgA with lower 

affinity for intestinal bacteria, ultimately affecting the composition of the microbiota (125). 

Kinetic analyses of intestinal IgA responses against commensal bacteria suggest that specific 

antibodies can be secreted for prolonged periods but also that they are dynamic and that new 

IgA antibodies are generated following shifts in microbiota composition (126). Deep 

sequencing of the IgA-encoding genes of mice revealed a very broad repertoire with many 

distinct specificities and increasing diversity with aging (127). Whereas secreted IgA, by 

virtue of its specificity, influences composition of the microbiota, some IgA-producing 

plasma cells also produce TNF and iNOS, and depletion of these cells alters microbiota 

composition and decreases resistance against infection (128). Thus, IgA-producing plasma 

cells may augment defensive strategies that have largely been attributed to myeloid cell 

populations.

Th17 Cells

SFB also contribute to the differentiation of Th17 cells in the murine small intestinal lamina 

propria (18, 129). SFB appear to have a unique ability to penetrate the small intestinal 

mucous layer and directly contact the surface of intestinal epithelial cells, a characteristic 

that likely contributes to their ability to drive the differentiation of Th17 T cells (Figure 1). 

Whole-genome sequencing of SFB revealed a reduced genome size compared with other 

Clostridiales and its dependence on exogenous amino acids, suggesting that this organism is 

highly adapted to and dependent on its mammalian host (130). Two recent studies 

investigated the antigen specificity of Th17 cells induced by SFB monocolonization and 

discovered that the majority of T cells belonging to this subset are specific for SFB. Thus, 

without apparent invasion of the lamina propria, SFB induce a broad Th17 response that is 

directed against several SFB-encoded antigens (131) and that depends on MHC class II 

presentation by lamina propria dendritic cells and is independent of secondary lymphoid 

tissues (132). Whereas T cell responses to commensal bacteria can be induced by intestinal 

infections that destroy the epithelial cell layer and induce potent inflammatory responses 

(133), the response to SFB is distinct and occurs in the presence of an intact epithelial 

barrier and in the absence of apparent inflammatory cell infiltration of the lamina propria.

Gut microbiota, including SFB, induce IL-1β in intestinal macrophages (also known as 

mononuclear phagocytes), and it has been suggested that the IL-β then binds to T cell–

expressed IL-1 receptor to induce Th17 T cells (134). A recent study has demonstrated that 

light-cycle disruption in mouse colonies can promote the differentiation of Th17 cells (135). 

This study demonstrated that the REV-ERBα transcription factor, which is implicated in 

regulation of the circadian clock, enhances NFIL3 activity, which in turn interferes with 
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RORγt binding to its promoter. Thus, interference with REV-ERBα expression reduces 

NFIL3 activity and enhances Th17 development. This finding suggests that sleep 

abnormalities or frequent challenges to the baseline circadian rhythm of mammals may 

incrementally increase Th17 development and increase the risk of inflammatory diseases.

Regulatory T Cells

The intestinal lumen contains a wide range of microbial inhabitants and ingested antigens 

that are potential inducers and targets of T cell responses. Tregs limit naive T cell 

differentiation into effector cells that can target many of the innocuous antigens that are 

present in the intestinal lumen. In the absence of Tregs, inflammatory diseases involving the 

gut occur rapidly and can be lethal. Recent studies have identified bacterial species that 

drive intestinal Treg development. Colonization of mice with altered Schaedler flora, which 

consists of eight distinct bacterial species, induced colonic Tregs in germfree mice (136) and 

prevented colitis. Characterization of colonic Tregs induced by commensal bacteria revealed 

that their repertoire of T cell receptors was distinct from that of Tregs at other sites, 

suggesting that colonic Tregs are derived from circulating naive CD4 T cells (137). 

Remarkably, induction of colonic Tregs can be driven by colonization with a single bacterial 

strain of B. fragilis that expresses PSA (138). The ability of bacteria belonging to the 

Bacteroidetes phylum to drive Treg differentiation was also demonstrated by colonizing 

germfree mice with different mixtures of human fecal bacterial cultures that included 

Bacteroides caccae, B. thetaiotaomicron, B. vulgatus, B. massiliensis, and Parabacteroides 

distasonis (139). Other studies have demonstrated that murine- and human-derived fecal 

microbes that belong to Clostridium clusters IV and XIVa drive Treg development in the 

murine colon (17), in part by inducing TGF-β production by intestinal epithelial cells 

(Figure 1). Optimal Treg development in mice can be induced by colonization with 17 

human-derived strains belonging to these Clostridia groups (16, 140). Trafficking of Tregs 

to colonic lamina propria is mediated by the G protein–coupled receptor 15 (GPR15) 

heterotrimeric guanine nucleotide–binding protein–coupled receptor, the expression of 

which is modulated by the gut microbiota (141). One mechanism by which Tregs are 

induced involves the intestinal microbiota upregulation of Uhrf1 expression. Uhrf1, in turn, 

DNA methylates the cyclin-dependent kinase inhibitor p21 promoter, thereby inhibiting its 

transcription and promoting Treg proliferation (142).

Natural Killer T Cells and Mucosal-Associated Invariant T Cells

NK T cells are present in the intestinal lamina propria and have been implicated in 

inflammatory bowel disease. The number of NK T cells in the colonic lamina propria is 

increased in germfree mice and can be normalized by administering microbiota to neonatal 

but not adult mice (143). Other studies have demonstrated that NK T cells isolated from 

germfree mice are hyporesponsive to antigen and that colonization of mice with 

Sphingomonas, but not E. coli, normalized NK T cell responsiveness to antigen (144). 

Recent studies have demonstrated that, in addition to Sphingomonas, other bacterial 

inhabitants of the gut produce glycolipids that are bound by CD1d and presented to NK T 

cells. B. fragilis, for example, encodes a serine palmitoyltransferase that catalyzes synthesis 

of sphingolipids (145), including a B. fragilis–produced α-galactosylceramide (α-GalCer) 

closely related to α-GalCer produced by a marine sponge; the latter has been extensively 
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used to characterize NK T cells in experimental systems and to augment NK T cell 

responses in vivo. Studies of B. fragilis–derived glycosphingolipids have identified variants 

that reduce lamina propria NK T cell numbers in germfree mice and enhance resistance to 

oxazolone-induced colitis (146).

Mucosal-associated invariant T (MAIT) cells are prevalent in the gut and respond to the 

MHC class I–like molecule MR1. Recent studies have demonstrated that MAIT cells can 

respond to intestinal epithelial cells that are infected with Shigella flexneri but not S. 

typhimurium (147). The ligands that are bound by MR1 and their role during in vivo 

antimicrobial defense warrant further study.

DIET, VITAMINS, METABOLISM, IMMUNITY, AND THE INTESTINAL 

METABOLOME

Food digestion, nutrient and vitamin absorption, immune defense, and bacterial and host 

metabolism are interrelated and interdependent processes occurring in the gut. The 

implications of these interactions for the mammalian host are profound. The mechanisms by 

which commensal bacteria contribute to host metabolism are increasingly being defined 

(148). Given the complexity of intestinal microbial populations, one approach to determine 

the impact of specific bacterial species on host metabolism has been to colonize germfree 

mice with individual bacterial strains and measure the impact on host gene expression (149). 

A study taking this approach demonstrated that two bacterial species, B. longum and B. 

thetaiotaomicron, have distinct effects on gene expression by intestinal epithelial cells but 

also influence each other’s gene expression patterns. Ingestion of different dietary 

carbohydrates, such as fructose-based polysaccharides, can drive the selective expansion of 

bacterial species that encode the appropriate hydrolytic enzymes and can thereby alter 

microbiota composition (150). The impact of altered microbiota composition can be 

profound, in some cases leading to obesity that can be reversed by transfer and expansion of 

specific members of the Bacteroidetes phylum (151). Changes in diet can rapidly alter the 

composition of the human fecal microbiota (152), with animal-based diets reducing the 

density of bacteria belonging to the Firmicutes phylum and increasing organisms associated 

with bile tolerance. Pregnancy has also been associated with changes in the intestinal 

microbiota toward a composition that, upon transfer into germfree mice, increases adiposity 

and reduces insulin sensitivity (153).

Vitamin A is an essential dietary component and is metabolized into retinoic acid, which 

plays an important role in T cell differentiation, including development of Tregs (154–156). 

Ingested vitamins, such as vitamin B12, are also of benefit to the microbiota, and recent 

studies revealed that the intestinal symbiont B. thetaiotaomicron expresses three 

nonredundant vitamin B12 receptors that can each confer competitive advantages to the 

bacterial strain, depending on the presence of distinct vitamin B12 analogs (157). Intestinal 

bacteria can also produce vitamins, such as vitamin B3 (also known as niacin), and signal via 

GPR109A and reduce intestinal inflammation (158). Recent studies have demonstrated that 

a dietary switch from carbohydrates to tryptophan leads to production of tryptophan 

metabolites by intestinal microbes that enhance signaling via the aryl hydrocarbon receptor, 

in turn leading to greater IL-22 production (159). The impact of microbiota-mediated 
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metabolism of ingested nutrients on host health can also be negative, as demonstrated by 

studies of L-carnitine, a trimethylamine that is acquired by meat ingestion. Conversion of L-

carnitine to trimethylamine-N-oxide by microbiota members that are expanded in meat-

eating individuals led to increased progression of atherosclerosis in mice (160).

It is clear that intestinal microbes can dramatically alter the absorption and metabolism of 

orally administered medications. Recent studies have demonstrated, for example, that some 

strains of Eggerthella lenta, a member of the human microbiota, can inactivate the cardiac 

drug digoxin and that changes in diet can alter in vivo metabolism of the drug, leading to 

different drug levels (161). For a drug like digoxin, which has a relatively narrow 

therapeutic window of activity and potentially lethal toxicities, changes in its metabolism by 

intestinal microbes can have serious clinical implications.

Although most studies of the microbiota have focused on microbiota composition, 

determined either by deep bacterial 16S rRNA gene sequencing or by shotgun sequencing of 

fragmented bacterial DNA, recent studies have started to investigate the bacterial 

transcriptome and metabolome. Analysis of the bacterial transcriptome in the gut 

demonstrated that many genes and their respective transcripts are similarly abundant. 

However, genes associated with sporulation and amino acid synthesis are often 

downregulated, whereas genes involved in ribosome biogenesis and methanogenesis are 

upregulated (162). Administration of xenobiotics to mice can dramatically alter gene 

expression by intestinal microbes, with transcript fluctuations greatly exceeding the 

quantitative changes in the representation of different bacterial taxa (163). Beyond 

determination of the microbiota transcriptome, mass spectrometric analysis of microbially 

produced or modified metabolic products promises to provide new insights into the role of 

intestinal microbes in health and disease (164). The impact of the microbiota on a wide 

range of metabolites was revealed by treatment of mice with antibiotics; over 87% of 

metabolites, including bile salts, eicosanoids, and steroid hormones, were affected by 

antibiotic-induced shifts in the microbiota (165). The metabolomic changes induced by 

antibiotic administration have been implicated in the development of adiposity and have 

been suggested to contribute to the ongoing obesity epidemic (166). Administration of fecal 

microbiota from different humans to germfree mice demonstrated conserved metabolite 

differences that could be detected by mass spectrometry–based metabolomic assays of urine 

samples (167).

Among the metabolites that are being characterized in the intestinal lumen, short-chain fatty 

acids and bile salts stand out as having clearly demonstrable roles in immune development 

and defense against infection. Short-chain fatty acids include acetate, butyrate, and 

propionate and are produced by fermentation of fiber and other polysaccharides by a range 

of intestinal bacteria (168). Bacteria belonging to the Bifidobacterium genus can produce 

acetate, which reduces the susceptibility of the colonic epithelium to damage caused by the 

E. coli O157:H7 Shiga toxin (14). In this setting, a Bifidobacterium-expressed transporter 

pumps acetate into the intestinal lumen (169). Short-chain fatty acids produced by intestinal 

microbes stimulate GPR43 expressed by host inflammatory cells and reduce inflammation, 

and mice with a deletion of the gene encoding GPR43 have enhanced colitis and arthritis 

upon induction of inflammation (170). Short-chain fatty acids, and butyrate in particular, 
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have recently been demonstrated to regulate extrathymic Treg development in a GPR43-

dependent manner (171–173). Butyrate and propionate administration enhances histone 

acetylation in the promoter of the Foxp3-encoding gene, potentially by inhibiting histone 

deacetylase function.

On the one hand, bile salts released into the intestinal lumen can affect the composition of 

the microbiota; on the other hand, commensal microbes can alter the composition of 

intestinal bile salts. Ingestion of milk fats, for example, increases production of taurocholate 

by the liver, which in turn leads to expansion of the bacterial species Bilophila wadsworthia 

(174). B. wadsworthia can enhance the development of colitis in IL-10-deficient mice, 

demonstrating the indirect mechanism by which dietary changes can alter the risk of 

inflammatory diseases. Antibiotic treatment, on the other hand, can alter the gut microbiota 

and eliminate microbes that deconjugate primary bile salts and also dehydroxylate primary 

bile salts to produce secondary bile salts, which have been implicated not only in the 

induction of colitis but also in defense against a subset of intestinal pathogens (175).

AUTOIMMUNITY, INFLAMMATORY DISEASES, AND THE MICROBIOTA

Mouse models have provided important insights into the role of different bacterial species in 

the development of colitis. The role of Muc2 and the mucin layer in protection against 

pathogen-associated colitis was demonstrated in a study of C. rodentium infection in mice 

deficient in Muc2 (176). Even in the absence of pathogens, loss of O-linked glycans on 

mucin can lead to colitis associated with myeloid cell infiltration of the colonic lamina 

propria and increased TNF production (35). Colitis in mice lacking core 1-derived O-

glycans was associated with increases in the frequency of Lactobacillus and Clostridium 

species and a decrease in bacteria belonging to the Ruminococcaceae and Lachnospiraceae 

families (177) (Figure 2). The development of colitis is associated with mucous layer 

penetration by luminal bacteria that are normally kept at a distance from epithelial cells and 

presumably also dendritic cells and mononuclear phagocytes inhabiting the underlying 

lamina propria (178). In mice, Helicobacter hepaticus is associated with the development of 

colitis, but this colitis can be ameliorated by PSA, which is produced by some strains of B. 

fragilis (179). Establishing causative relationships between the intestinal microbiota 

composition and development of colitis is challenging because intestinal inflammation alters 

the composition of the microbiota (180–182). Thus, changes in microbiota composition in 

individuals with established intestinal inflammation might be causative, or they may simply 

reflect the presence of inflammation. In a mouse model, the potential impact of carbohydrate 

metabolism and even the presence of substances like dopamine on the microbiome and 

metabolome varied with colitis flares and remissions (183). A recent study characterized the 

microbiome of people with newly diagnosed and untreated Crohn’s disease and found 

increased prevalence of Enterobacteriaceae and decreased abundance of Bacteroidales in 

patients with active disease (184) (Figure 2).

Deficiency of IL-22 can result in changes in the intestinal microbiota that increase 

susceptibility to experimental colitis (185). Resistance to colitis can be enhanced by retinoic 

acid administration, which, at least in part, acts by increasing IL-22 production by γδ T cells 

(186). Mice deficient in B and T cells and also deficient in the T-bet transcription factor 
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develop colitis that is characterized by high levels of TNF production and microbiota that, 

upon transfer into wild-type mice, induce colitis (187). The microbiota of these mice had 

increased prevalence of Klebsiella pneumoniae and Proteus mirabilis, although these two 

bacterial species did not transmit colitis in the absence of other microbiota members (188). 

Subsequent studies identified Helicobacter typhlonius as the cause of colitis in this model 

and implicated TNF and IL-23 production by lamina propria dendritic cells followed by 

IL-17 production by ILC3s (189). Deficiency of NOD2 has also been associated with a shift 

in microbiota composition that predisposes mice to the development of colitis (190). The 

RIG-I-MAVS pathway, which is an important innate immune signaling system for defense 

against viruses, also contributes to defense against colitis that may result from stimulation 

by bacterial RNA and the induction of IFN-β and RegIIIγ (191).

The contribution of the intestinal microbiota to other autoimmune diseases has also been 

investigated, revealing additional interesting associations. Gender-associated differences in 

the intestinal microbiota have been implicated in the development of diabetes in nonobese 

mice (192, 193). Development of diabetes in these mice is dependent on MyD88-mediated 

signaling in response to the colonizing microbiota (194). Development of obesity and 

associated type 2 diabetes has been associated with reduced prevalence of a specific 

commensal bacterial species, Akkermansia muciniphila (195). In contrast, new-onset 

rheumatoid arthritis in humans was associated with increased prevalence of Prevotella copri 

in fecal samples, and colonization of mice with this organism increased susceptibility to 

colitis (196). Positive correlations between gut microbes belonging to the genus Collinsella 

and atherosclerosis (197) and negative correlations between Lactobacillales and the 

development of graft-versus-host disease following allogeneic hematopoietic stem cell 

transplantation have been found and suggest that the impact of microbiota composition can 

extend beyond the gut (198). Indeed, colonization with SFB and induction of Th17 

responses promote the development and progression of arthritis and inflammatory disorders 

of the central nervous system (199, 200). Furthermore, in a murine model of autism 

spectrum disorder, colonization of susceptible mice with B. fragilis reduced the development 

of abnormal anxiety and sensorimotor disorders (201).

THE INTESTINAL MICROBIOTA AND CANCER

Although it is widely accepted that chronic inflammation can lead to cancer, increasing 

evidence is indicating that colonizing microbes can drive cancer development and 

progression by direct or indirect effects on host tissues (202–204). Fusobacterium 

nucleatum is an obligate anaerobic gram-negative bacterium that is associated with colon 

tumors and adenomas. In the ApcMin/+ mouse model of intestinal tumorigenesis, exposure to 

F. nucleatum increased myeloid cell recruitment to tumors, suggesting that some microbes 

in the intestinal lumen mediate tumor development or progression by orchestrating 

recruitment of suppressive cells to the tumor (205). The FadA adhesin of F. nucleatum has 

also been demonstrated to bind to E-cadherin and to activate β-catenin signaling in epithelial 

cells, providing a potential mechanism to enhance immune cell recruitment and activate 

oncogenic pathways within tumors and adenomas (206). B. fragilis, specifically a strain 

expressing an enterotoxin, has also been associated with intestinal cancer progression in 
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multiple intestinal neoplasia (Min) mice. In this model, Stat3 signaling and the induction of 

IL-23 and IL-17 were essential steps for tumor progression (207).

Inflammasome components have been implicated in resistance to tumor development. 

Caspase-1 is required for IL-1 and IL-18 activation, and caspase-1 deficiency enhances 

tumor development (208). Functional caspase-1 promotes intestinal epithelial cell apoptosis 

and reduces epithelial cell proliferation, thereby reducing tumor development. NLRP3 

deficiency, but not NLRC4 deficiency, in mice leads to increased colitis-associated cancer 

development (209). However, there is also evidence suggesting that overactivation of the 

inflammasome can lead to, rather than protect from, cancer progression. In this model, 

commensal-derived LPS stimulates the production of IL-1β from neutrophils during 

inflammation, which in turn stimulates the production of IL-6 from intestinal mononuclear 

phagocytes, leading to colitis-associated colorectal cancer (210) (Figure 2). Progression of 

colitis to cancer has also been suggested to result from expansion of bacterial species, such 

as potentially genotoxic strains of E. coli, that thrive in the presence of inflammation (211). 

Deletion of the NLRP6 inflammasome component led to the development of colitis and 

progression to colon cancer (50, 212). NLRP6 deficiency results in defective tissue repair 

following epithelial damage, enhancing inflammatory responses (213). In the case of 

NLRP6 deficiency, the microbiota composition changes and the microbiota acquire the 

ability to induce colitis upon transfer into wild-type mice, suggesting that NLRP6, under 

normal circumstances, pushes the microbiota composition toward a noninflammatory state. 

Along similar lines, deletion of NOD2 or RIP2 leads to alterations in the microbiota that 

increase the incidence of colitis-associated cancer, a phenotype that is transmissible to wild-

type mice and that can be ameliorated by antibiotic administration (190). IL-18 deficiency in 

mice results in a phenotype very similar to NLRP6 deficiency, indicating that IL-18-

mediated signaling is a key step in this model of cancer development (214).

Increased growth of colon tumors has been associated with increased IL-23 production by 

tumor-infiltrating myeloid cells in response to stimulation by microbial molecules that 

access the lamina propria via discontinuities in the epithelial cell layer (215). IL-23 induces 

expression of IL-22 by innate lymphocytes, which plays an important role in promoting 

epithelial cell proliferation when the epithelium is damaged but can also enhance tumor 

growth (216, 217) (Figure 2). The potential impact of microbiota composition is not limited 

to the intestinal epithelium but extends to the liver, where changes in the intestinal 

microbiota composition associated with NLRP6, NLRP3, or IL-18 deficiency promote 

progression to steatohepatitis, an inflammatory disease of the liver that, in susceptible mice, 

is a precursor for hepatocellular carcinoma (106). Another mechanism by which the 

intestinal microbiota can promote hepatic inflammation and progression to hepatocellular 

carcinoma involves the bacterially mediated conversion of primary bile acids to the 

secondary bile acid, deoxycholic acid, which can cause DNA damage and induce the 

production of inflammatory cytokines and tumor-promoting factors by hepatic stellate cells 

(218).

Recent studies in murine models have also implicated the intestinal microbiota in responses 

to cancer chemotherapy by two distinct immunologically mediated mechanisms. Iida et al. 

found that in vivo responses of lymphoma, colon carcinoma, and melanoma to 
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immunotherapy were reduced in mice with absent or antibiotic-depleted microbiota, as 

reflected by reduced TNF production by tumor-infiltrating myeloid cells (219). In this study, 

the response of a lymphoma to platinum chemotherapy was also reduced in the absence of a 

complete microbiota. In a parallel study, administration of cyclophosphamide was found to 

reduce intestinal epithelial integrity, alter the intestinal microbiota composition, and increase 

bacterial translocation from the intestinal lumen to secondary lymphoid organs, which 

resulted in enhanced populations of CD4 T cells that expressed both IFN-γ and IL-17. 

Responses of a mastocytoma and sarcoma to cyclophosphamide chemotherapy were reduced 

in mice with an antibiotic-damaged microbiota, a defect that was corrected by administration 

of IFN-γ/IL-17-producing T cells (220). These results demonstrate the complex interactions 

between the intestinal microbiota, tumors, and chemotherapeutic agents and suggest that 

increased study of microbiota composition in the setting of cancer treatment is warranted.

MICROBIOTA-MEDIATED RESISTANCE TO INFECTION

The ability of the normal microbiota to confer resistance to infection became apparent in the 

decades following the introduction of broad-spectrum antibiotics, with the discovery that 

antibiotic-treatment could render mice much more susceptible to a range of intestinal 

infections (221–224). In the last decade, significant progress has been made in our 

understanding of the mechanism by which the microbiota provide colonization resistance 

(225–227). Studies are revealing that colonization resistance can be mediated by direct 

interactions between different bacterial species or by indirect mechanisms that involve either 

stimulation of the host’s innate immune system, which induces expression of antimicrobial 

factors, or modification of host metabolic products into molecules that inhibit pathogenic 

organisms.

Antibiotics can induce dramatic and long-lasting changes to the microbiota, with expansion 

of some species and loss of others (228–231). Antibiotic treatment enhances susceptibility to 

infection by S. typhimurium and C. rodentium, and resistance to these infections has been 

associated with the presence of obligate anaerobes belonging to the phylum Bacteroidetes 

(232–234). Administration of a normal microbiota can clear pathogens from the intestinal 

lumen (235, 236).

The emergence of highly antibiotic-resistant bacterial pathogens is a growing clinical 

problem. Many of the most antibiotic-resistant pathogens densely colonize the intestinal 

tract of patients following treatment with antibiotics (230, 237). VRE are one group of such 

intestinal colonizers and can achieve very high densities in the small intestine and colon 

following antibiotic-mediated depletion of the microbiota. Administration of diverse and 

antibiotic-naive microbiota to VRE-dominated mice eliminates VRE from the gut, 

demonstrating that colonization resistance can be reestablished and bacteria can be cleared 

with administration of normal flora. Obligate anaerobes are essential for clearance, as 

demonstrated by fractionation of the microbiota by anaerobic or aerobic culture and 

treatment with chloroform to eliminate non-spore-forming organisms. Bacteria belonging to 

the genus Barnesiella were strongly associated with resistance to VRE colonization and with 

VRE clearance from the gut (236). Innate immune activation via TLR4 or TLR5 stimulation 
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can enhance resistance to VRE colonization, in part by stimulating the production of RegIIIγ 

expression in the small intestine (96, 103).

Antibiotic treatment also predisposes individuals to infection with C. difficile (238). In the 

case of C. difficile infection, TLR signaling is essential for short-term defense, and mice 

lacking the adaptor protein MyD88 have markedly increased mortality (239) that results 

from severely attenuated neutrophil recruitment to the intestinal lamina propria and damaged 

epithelium (240). MyD88 facilitates signaling through most TLRs but also through the IL-1 

and IL-18 receptors. Administration of flagellin to antibiotic-treated mice enhances 

resistance against C. difficile infection (97). Although treatment of mice with antibiotics 

reduces microbiota diversity and markedly increases susceptibility to C. difficile infection, it 

is unclear which organisms are most important for resistance, and their mechanisms of 

providing resistance are largely undefined (231, 241, 242). The composition of the 

microbiota in patients with C. difficile is distinct from the composition of the microbiota in 

patients with other causes of diarrhea (243). One mechanism by which C. difficile growth in 

vivo is enhanced is release of sialic acid from host mucus, which transiently increases 

following antibiotic treatment (12).

Fecal transplantation is one method to reestablish a complex microbiota and has been used 

in patients with recurrent C. difficile infection (244). This procedure, which involves 

obtaining fecal samples from healthy donors and administering them to individuals with 

recurrent C. difficile infection, is remarkably effective and reestablishes a normal microbiota 

that confers resistance to infection in the recipient. An important and obvious concern with 

fecal transplantation is the potential risk of transmitting unknown or uncharacterized 

infections from a resistant donor to a susceptible recipient (245). This concern is not easily 

eliminated, because the complete composition of a fecal sample is difficult to determine. 

Although it is likely that well-defined mixtures of bacterial populations will be developed 

for administration to individuals with specific intestinal infections (246–248), further work 

is required to precisely identify and characterize the bacterial strains that confer resistance to 

C. difficile and potentially other infections and inflammatory diseases.

SUMMARY

The role of the mucosal immune system in human health and resistance to infectious and 

inflammatory diseases is being defined with experimental studies of mice and clinical 

studies of patients with a wide range of diseases. Characterization of microbial populations 

associated with mucosal surfaces, particularly beneficial commensal bacterial species, has 

added a new dimension to the study of mammalian immune development, tolerance 

induction, and antimicrobial defense. Countless individuals have been protected from death 

and disease by vaccines that exploit the immune system to induce resistance to pathogens, 

and recent successes with immunotherapy for cancer suggest that manipulation of the 

immune system will continue to enhance human health and enhance longevity. Antibiotics 

have been essential in controlling infections, but injudicious use of antibiotics has 

accelerated development of antibiotic resistance in pathogenic organisms and, as we are now 

learning, changes the microbiome in ways that are deleterious to the host. Whereas the field 

of immunology began with the study of resistance to pathogen-induced infections, and thus 
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has deep roots in microbiology, defining the mammalian host’s relationship with 

commensal, nonpathogenic bacterial colonizers and fully characterizing the harmless 

microbial species that provide resistance to infections and ameliorate inflammation are new 

challenges. In addition to providing fascinating terrain for the exploration of immunologic 

and microbiologic mechanisms, this new frontier has enormous potential for enhancing 

resistance to a wide range of human diseases.

Glossary

Mucin a cell surface or secreted glycoprotein characterized by the 

presence of large, densely O-glycosylated filamentous 

domains

Goblet cell a specialized cell that produces, stores, and secretes mucins

Inflammasomes large intracellular multiprotein complexes consisting of the 

ASC/PYCARD adaptor and NLR proteins

Polysaccharide A (PSA) polymeric carbohydrate molecule with a zwitterionic motif 

that is a component of the capsule of some strains of 

Bacteroides fragilis

Innate lymphoid cells 
(ILCs)

lymphoid lineage cells that lack antigen-specific receptors

Gut microbiota (flora) the population of microbes living in our intestines
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Figure 1. 
Maintenance of intestinal homeostasis in the gastrointestinal tract. The intestinal epithelial 

surface is coated with a layer of mucus that has a pivotal role in intestinal barrier function. 

This mucous layer is organized by Muc2 mucin glycoproteins that polymerize into a gel-like 

structure, preventing luminal bacteria from coming into contact with epithelial cells. (b) In 

the large intestine, two mucous layers protect the colonic epithelium: a bacteria-free, dense, 

inner layer followed by an outer layer that harbors mucus-degrading bacteria. (a) In contrast, 

a single, loosely attached layer of mucus lines the small intestine. Mucins are produced by 

goblet cells and stored in secretory granules until appropriate stimulation, such as signaling 

through the Nod-like receptor pyrin domain 6 (NLRP6) inflammasome, prompts their 

Caballero and Pamer Page 34

Annu Rev Immunol. Author manuscript; available in PMC 2015 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release. Consistent with abundant mucus production in the colon, the number of goblet cells 

is much greater in the large intestine compared with the small bowel. The density and 

composition of luminal bacteria also differ between these two compartments. The small 

intestine harbors ~108 bacteria per gram of content. In mice, segmented filamentous bacteria 

(SFB) adhere to the intestinal surface and enhance the development of Th17 cells and the 

production of IgA by B cells. Microbial molecules stimulate the production of antimicrobial 

peptides (AMPs) from epithelial and Paneth cells through activation of innate immune 

receptors. For example, induction of regenerating islet-derived 3 γ(RegIIIγ), an 

antimicrobial protein that targets gram-positive bacteria and maintains host-bacterial 

segregation, is mediated through lipopolysaccharide (LPS) and flagellin stimulation of 

TLR4+ (Toll-like receptor 4) radioresistant cells and TLR5+CD103+CD11b+ dendritic cells 

(DCs), respectively. DCs and macrophages sample luminal antigens and stimulate cytokine 

production and T cell differentiation. Although CX3CR1+ macrophages are the major 

antigen-sampling mononuclear phagocytes in the small intestine, CD103+ DCs play a role as 

well. Nearly 1011–1012 bacteria reside in the large intestine. The microbiota are diverse, 

mainly comprising Lachnospiraceae, Bacteroides, and Clostridium groups IV and XIV. 

Tissue repair and tolerance to commensal and food antigens are key factors for maintaining 

homeostasis in the gut. IL-22 promotes epithelial cell proliferation and repair; however, 

excessive and aberrant signaling can lead to inflammation and colitis. Tolerance is 

accomplished by the induction of regulatory T cells (Tregs) through several mechanisms. In 

the small intestine, CD103+ DCs take up mucus and stimulate Tregs through IL-10 and 

TGF-β. Although the mechanism has not been elucidated, it is possible that DCs take up 

mucus directly by extending dendrites into the lumen or that goblet cells transfer mucus to 

DCs, as has been shown with antigen. In the colon, specific Treg-inducing bacteria have 

been identified. For instance, Clostridia spp. generate metabolites that upon receptor binding 

stimulate the production of TGF-βby epithelial cells. Polysaccharide A (PSA) from 

Bacteroides fragilis enhances Treg function (either through direct stimulation of TLR2+ 

Tregs or through a TLR2+ DC intermediate) while inhibiting proinflammatory Th17 

responses. Abbreviations: ILC3, type 3 innate lymphoid cell; MAMPs, microbe-associated 

molecular patterns; mΦ, macrophage.
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Figure 2. 
Inflammation, colitis, and cancer. Shifts in microbiota composition, in particular the 

expansion of γ-proteobacteria belonging to the Enterobacteriaceae family (orange), have 

been associated with colitis. These changes in bacterial composition are driven by factors 

such as infection, inflammation, antibiotic treatment, and deficiency of genes involved in the 

host-microbial response. Although specific bacteria that confer a colitogenic phenotype on 

normal hosts have been identified (188, 189), whether altered gut microbiota are the culprit 

behind colitis rather than a result of inflammation is still a matter of debate. Thinning of the 

mucous layer makes the intestine vulnerable to invasion by bacteria that may spread to other 

organs through the bloodstream. The continued presence of a colitogenic flora and 

production of proinflammatory cytokines plus alterations in the host genome perpetuate a 

state of inflammation that can eventually progress to cancer. Abbreviations: DC, dendritic 

cell; ILC, innate lymphoid cell; NLRP6, Nod-like receptor pyrin domain 6; Treg, T 

regulatory cell.
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