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Abstract

Alterations in the composition of the commensal microbiota have been observed in many complex 

diseases. Understanding the basis for these changes, how they relate to disease risk or activity, and 

the mechanisms by which the symbiotic state of colonization resistance and host homeostasis is 

restored is critical for future therapies aimed at manipulating the microbiota.

INTRODUCTION

Normal mammalian structure and function is significantly dependent on commensal 

microbes, which normally colonize many sites of the body but especially in the 

gastrointestinal tract. The development of these indigenous commensal microbial 

communities primarily begins in the first moments of our lives and depends on the inoculum 

with founder species and, ultimately, diversification of bacterial communities brought about 

by encounters with new microbial species as well as environmental and host influences (1, 

2). In the end, this commensal ontogeny results in an individual microbial fingerprint (3). In 

adults, the composition of the intestinal microbiota is relatively stable but can undergo 

dynamic changes as a result of its interactions with diet, genotype/epigenetic composition, 

and immune-metabolic function (4). The consequences of these various interactions can vary 

markedly. For example, the ingestion of inulin-containing prebiotics, ingested substances 

that influence microbial function and consequently community composition, promotes the 

proliferation of short-chain fatty acid (SCFA)–producing bacteria with immune and 

nonimmune consequences (4). Other effects are far more reaching. These include an 

infection with an enteropathogen or repetitive exposures to broad-spectrum antibiotics, both 

of which can change profoundly the composition of the microbiota in a manner that may be 

detrimental to the host, leading to so-called dysbiosis. Such environmentally induced 

alterations in the composition of the commensal microbiota may moreover be irreversible 

(5–7), making it possible that they are associated with functional changes in the host, which 

predispose to the development of chronic disease. It is interesting in this regard that it 

remains a conundrum why diseases often arise in an age- and site-specific manner [for 

example, right side of the colon in inflammatory bowel disease (IBD) in the second decade 
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of life] (8) or why distinct complex diseases often involve common immune pathologic 

pathways (9). These observations raise the question of whether mucosal dysbiosis induced 

by host and/or environmental factors can play a role in local or systemic disease 

development. Providing answers to these questions is important because it may help enable 

the ability to predict disease development or support the rationale for restoration of the 

microbiota to a zone of normality to reestablish health. In this Review, we will consider 

these questions with a specific focus on the gastrointestinal tract where most information is 

available.

“COLONIZATION RESISTANCE” AND THE RISK OF ENTEROPATHOGENIC 

INFECTIONS

Once established, the indigenous microbiota provides many crucial functions to the host, 

consistent with the coevolved symbiotic relationship between microbes and humans. These 

have been reviewed elsewhere (10–12) and include the contribution to digestion (such as the 

ability of microbes to break down host nondigestible polysaccharides) and its secondary 

benefits (the generation of SCFA), the metabolism of xenobiotics, which aids in protection 

from environmental toxins, and, as briefly discussed here, colonization resistance. The 

origin of the concept of colonization resistance dates to the studies of Dubos in 1965 who 

demonstrated the role of the indigenous microbiota in antagonizing colonization with a 

potential pathogen (13). It is now appreciated that this protective function is probably woven 

into the many symbiotic functions of the commensal microbiota (14). These include (i) the 

competitive metabolic challenge faced by a microbial invader and (ii) the role of the 

commensal microbiota in stimulating the maintenance of a protective mucosal barrier that 

includes many structural (for example, tight junctions) and functional (for example, 

neutrophil transmigration, antimicrobial peptides, and mucus) components (15). 

Colonization resistance provides broad protection from bacteria, viruses, and possibly other 

classes of pathogens (16). True pathogens are equipped to overwhelm and evade this barrier 

by many different mechanisms such as the ability to invade the epithelium, subvert the 

immune response, and/or outcompete the commensal microbiota for essential nutritional 

substrates (17). A potentially illustrative strategy is the ability of the pathogen to induce a 

profound inflammatory state that is associated with high-level production of antimicrobial 

peptides to which the pathogen may be resistant (18). Although not directly demonstrated, 

this likely results in a disintegration of the microbial communities that provide natural 

defense, access of the invader to a nutrient-rich environment enriched by the inflammatory 

process itself, and the outgrowth of potential inflammatory allies such as Proteobacteria, 

which also survive and thrive in such a milieu (14).

In many ways, antibiotic treatment replicates infection with a pathogen by reducing targeted 

classes of microbiota. As observed in mice and in antibiotic-treated patients undergoing 

hematopoietic stem cell transplant (19), this allows resistant symbiotic commensalists to 

emerge with pathogenic properties, so-called pathobionts (20). Toxin-producing bacteria 

such as Clostridium difficile may also find an advantage when colonization resistance is 

reduced (21). Although antibiotics are characteristically administered as therapy to drive out 

C. difficile or other toxin-producing pathogens such as Campylobacter jejuni and Salmonella 
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typhimurium, emerging evidence suggests that strategies that reestablish commensalism (for 

example, restraint from antibiotics or even bacterial therapy through fecal transplantation) 

may be just as effective (22) This is not to say that antibiotics are not potentially critical to 

the treatment of antibiotic-associated C. difficile or other infections, but that colonization 

resistance imposed by the microbiota is an important mediator of disease resistance.

Mechanisms unrelated to antibiotics are also likely to contribute to dysbiosis induced by the 

loss of colonization resistance because C. difficile overgrowth and its clinical consequences 

can occur in the absence of any known antibiotic exposure. Indeed, enteropathogenic 

infection per se, inflammation itself, and potentially malnutrition can cause disruptions of 

commensal microbiota, both in animal models and probably in humans as discussed below 

(23, 24). Erosion of colonization resistance and increased susceptibility to the effects of true 

pathogens and pathobionts is therefore just one of the many consequences that flow 

secondarily from microbial dysbiosis.

Clearly, not every person who is exposed to antibiotics and experiences privation of 

beneficial classes of microbiota, or who carries true pathogens, necessarily develops disease 

(25). This is illustrated by young children infected with C. difficile. Thirty to up to 90% of 

healthy infants are colonized with C. difficile during the first year of life and yet puzzlingly 

show no disease symptoms (26). Moreover, many individuals who develop a symptomatic 

infectious disease are able to evict the pathogen (or revert the pathobiont), restore tissue 

structure and function, and presumably reconstitute symbiotic commensal microbial 

communities. There is thus a broad range of disease tolerance among individuals (27). 

Elucidating the factors that determine such disease tolerance or susceptibility in instances of 

clear-cut commensal breakdown as well as the mechanisms used by the host to reestablish a 

normal state of microbial self is of great importance. Such insights will serve to help develop 

future preventative or therapeutic strategies not only for infectious diseases but also for 

chronic diseases that are due to or facilitated by states of dysbiosis (Fig. 1).

DYSBIOSIS AND COMPLEX DISEASE: CAUSE OR CONSEQUENCE

Our intestinal microbiota is highly individual, tuned by our genetic makeup and 

environment. In health, our microbial residents contribute to the physiology of a number of 

intestinal and extraintestinal body systems. Not surprisingly, changes in the composition of 

the intestinal microbiota have been linked to diverse, complex diseases including IBD 

(encompassing Crohn’s disease and ulcerative colitis), metabolic disease, type 1 diabetes 

mellitus, allergy, asthma, and neurologic and cardiovascular disease (28, 29). Some have 

hypothesized that environmental “flatteners” derived from the forces of globalization, such 

as extensive antibiotic use, changes in the food supply, and the increased intermixing of 

humans across international borders, may result in major ecological disruptions in the 

commensal microbiota that contribute to the development of such diseases (30). Despite the 

growing number of reports linking alterations in the microbiota to inflammatory disease, it 

remains to be established whether these are primary or secondary events. This is 

complicated by the fact that very large studies are required to distinguish disease-associated 

change from the profound amount of interindividual variation observed in the microbiome. 
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For example, monozygotic twins share only 40% of phylotypes and exhibit even more 

divergence when characterized at the level of the metagenome and metatranscriptome (31).

INFLAMMATORY BOWEL DISEASE

There is abundant evidence that the microbiota plays a key role in the pathogenesis of 

Crohn’s disease and ulcerative colitis, both chronic relapsing diseases of the gastrointestinal 

tract. In mouse models, the microbiota is often required for the development of colitis in 

genetically susceptible hosts (32). However, the microbiota can also provide protection 

against the development of colitis. For example, germ-reduced mice generated by antibiotic 

administration or germ-free mice that are raised under sterile conditions exhibit more severe 

disease in a dextran sodium sulfate (DSS)–induced colitis model that is dependent on the 

innate immune system (33, 34). This increased susceptibility is the result of decreased 

production of SCFA in the absence of the commensal microbiota. SCFA engagement of the 

G protein (heterotrimeric guanine nucleotide–binding protein)–coupled receptor 43 

(GPCR43) on polymorphonuclear leukocytes acts to diminish their infiltration into tissues 

and, consequently, protects against inflammation (34). Enhanced susceptibility of germ-free 

or germ-reduced mice to colitis models dependent on the adaptive immune system has also 

been observed. Invariant natural killer T (iNKT) cells, which recognize lipid antigens in the 

context of CD1d on antigen-presenting cells, are increased in the colonic tissues of germ-

free mice and cause profound inflammation when triggered by stimulating environmental 

factors in oxazolone-induced colitis (35). Thus, both the innate and the adaptive limbs of the 

mucosal immune response are stimulated or restrained by the effects of intestinal microbes. 

Although more difficult to ascribe a direct link, some patients with Crohn’s disease similarly 

exhibit decreased inflammation in response to antibiotic therapy (36). Similarly, diversion of 

the fecal stream in IBD patients ameliorates intestinal inflammation, which reappears in a 

significant proportion of patients after restoration of the commensal microflora (36). Hence, 

IBD may be viewed as a maladaptation of host commensal mutualism in which genetic and 

environmental factors conspire to promote the accumulation of microbial communities 

capable of driving disease as well as loss of protective groups of microorganisms, with the 

end result being chronic intestinal inflammation.

Support for this comes from a recent large observational study showing that frequent 

antibiotic use during the first year of life increased the risk of developing Crohn’s disease 

(37). Although not necessarily causative, these results suggest that early-life host-microbiota 

interactions are especially important in setting the threshold of intestinal homeostasis (38, 

39). Similarly, later-life emergence of pathobionts such as adherent-invasive Escherichia 
coli, as discussed below, or loss of protective microorganisms such as Faecalibacterium 
prausnitzii, a Firmicute whose absence is linked to postoperative relapse of Crohn’s disease, 

may be important determinants of disease activity (40, 41). Thus, changes in the microbiota 

may occur before or after development of inflammation and affect susceptibility to and the 

phenotypic manifestations of disease (Fig. 2).

Results from mouse models and genome-wide association studies have converged to identify 

key pathways involved in intestinal homeostasis that are altered in IBD. About 100 distinct 

susceptibility loci have been identified in IBD, and these map to diverse pathways including 
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intestinal barrier function, host defense, and immune regulation (42, 43). In Crohn’s disease, 

there is increasing evidence for dysfunction of Paneth cells, specialized intestinal epithelial 

cells located at the base of the crypts within the small intestine, leading to reduced 

antimicrobial peptide production and increased local proinflammatory activity. Cells 

expressing variants of the cytosolic pattern recognition receptor NOD2 (CARD15) that are 

associated with an increased risk of Crohn’s disease exhibit reduced activation of nuclear 

factor κB in response to intestinal bacteria and impaired secretion of antimicrobial peptides 

called α-defensins by Paneth cells (44). This alteration in antimicrobial immunity in the 

intestine of Crohn’s disease patients may account for the observation that these individuals 

also display dysbiosis characterized by increased Bacteroidetes and Firmicutes in the ileum 

(45). Such observations reinforce the notion that Paneth cell function plays an important and 

perhaps essential role in regulating access of microbes to the epithelial cell surface (46). 

Paneth cell abnormalities are observed in patients or mice expressing the risk allele of the 

autophagy gene ATG16L1, a multifunctional gene that controls defense against intracellular 

infection, secretory pathways, and the activity of inflammasomes within the cell (47). In 

mice, these defects depend on the presence of specific types of norovirus infection (48). It 

remains to be determined whether these effects of norovirus infection in a susceptible host 

are through its ability to affect the host immune response, epithelial cell function, and/or the 

composition of the microbiota. Nevertheless, these studies support the primary importance 

of a microbial factor in the development of IBD within a specific genetic context.

These and other IBD-related deficits in host defense may allow both a breakdown in the 

compartmentalization of the intestinal microbiota with increases in intestinal epithelial cell–

associated bacteria and bacterial translocation into the intestinal mucosa. IBD is associated 

with a decrease in the complexity of the commensal microbiota similar to that observed 

during enteropathogenic infections and chemically induced colitis (24, 49, 50). This 

suggests that the inflammation seen in IBD is associated with a loss in colonization 

resistance. Indeed, 16S ribosomal RNA sequencing has revealed not only alterations in the 

diversity of the microbiota in IBD, with reductions in the two major phyla Bacteroidetes and 

Firmicutes, but also increases in adherent bacteria, particularly Enterobacteriaceae and other 

Proteobacteria such as adherent-invasive E. coli (24, 49, 51, 52). What may be important is 

not the presence of one particular bacteria but the ratio of pathogenic to more protective 

species. This is consistent with results showing that monozygotic twins with Crohn’s disease 

exhibit an increased ratio of adherent-invasive E. coli to F. prausnitzii, the latter of which has 

anti-inflammatory functions (53). Similarly, analysis of the mucosal microbiota in patients 

with ulcerative colitis or their unaffected siblings demonstrated dysbiosis, including loss of 

microbial richness, which correlated with a reduction in host responses that are important for 

barrier protection (52). Although provocative, the challenge will be to distinguish whether 

these changes are primary events involved in the etiology of disease or a correlate of 

inflammation. Indeed, Proteobacteria differentially accumulate in diverse inflammatory 

settings including colitis, asthma (54), and chronic gastritis (55). This suggests that such 

classes of bacteria may be specifically adapted to exploit the inflammatory environment at 

the expense of other commensal bacteria.

Resolution of the cause or consequence debate requires the use of mouse or other relevant 

animal models to directly test the causality of changes in the microbiota and intestinal 
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inflammation. A number of recent studies show that specific genetic defects that predispose 

to increased susceptibility to colitis results in shifts in the microbiota that are in some cases 

transmissible. Thus, mice deficient in the innate immune system sensor, the NLRP6 

inflammasome, have dysbiosis of the microbiota with increased representation of bacterial 

phyla such as Bacteroidetes (Prevotellaceae) and TM7 (56). These mice are more susceptible 

to chemically induced colitis, a phenotype that could be transferred to adult wild-type mice 

by the microbiota (56). Similarly, mice deficient in T cells, B cells, and the transcription 

factor T-bet exhibit an altered microbiota and develop an ulcerative colitis–like disease that 

is transmissible through the microbiota (57). Transfer of a mild form of the disease to wild-

type mice correlates with the presence of Proteus mirabilis and Klebsiella pneumoniae but 

also requires additional and as yet unidentified components of the commensal microbiota. 

Along these lines, a recent study in mice has shown that colitis-inducing species are not 

necessarily those with the largest changes in colonization levels but rather are members of 

the indigenous microbiota that acquire pathogenic features only in specific host genetic and 

environmental contexts, that is, pathobionts (58). Together, data from mouse models suggest 

that there may be no universal colitogenic bacteria but that distinct pathobionts emerge from 

a dysbiotic commensal microbiota that are driven by a particular genetically determined, 

environmentally induced maladapted host response. This individuality poses challenges for 

treatment strategies aimed at targeting colitogenic bacteria and suggests that identification of 

pathobionts in IBD will require analysis of genetically defined patient subgroups displaying 

early clinical signs.

ALLERGY AND ASTHMA

The incidence of allergic disease and asthma is rising to epidemic proportions in the 

developed world. The realization of the impact of environmental factors such as the size of 

households, the number of older siblings in the family, the global decrease of infectious 

diseases, and more recently, exposure to livestock on the development of allergy and asthma 

has led to the hygiene hypothesis (59–61). This is now interpreted as the effect of Western 

life-styles: Increased sterility leads to reductions in perinatal microbial exposure, which 

impairs microbiota-driven protective mechanisms such as immune tolerance. Although most 

attention has focused on reduced exposure to exogenous microbes, there is also evidence of 

missing indigenous microbiota because of reductions in mother-to-child transmission. One 

particularly noteworthy organism is Helicobacter pylori, a member of our ancestral 

microbiota that dominates the gastric niche. Once present in most human individuals, 

antibiotic use and reduced transmission have led to a rapid decline in the frequency of 

individuals who harbor H. pylori, estimated to be below 10% in Western-born children (5). 

Although a causative agent in gastric ulcer and cancer in some individuals, H. pylori 
colonization in early life has been linked to enhanced gastric physiology and immunity. It 

has been proposed that the recent rapid decline in H. pylori colonization has contributed to 

the similarly rapid increases in allergic and metabolic disease (5). Indeed, epidemiological 

evidence shows that allergic disease and asthma are inversely correlated with the presence of 

H. pylori, and experimental infection with H. pylori protects against allergic asthma in a 

mouse model (62). Of course, H. pylori is one member of the indigenous microbiota that we 

can measure, and it remains to be established whether other poorly characterized or as yet 
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unidentified microbial components may also be protective against the development of these 

diseases.

Despite impressive epidemiological evidence, little is known about the mechanisms by 

which gastrointestinal microbiota prevent local inflammation or allergic disease at distant 

sites such as the lungs and skin that are affected in allergic and asthmatic disease. Evidence 

from mouse models suggests that metabolic activity or constituents of particular microbes 

may protect against disease. For example, polysaccharide antigen A of Bacteroides fragilis 
(63) or SCFA (34) may prevent immune pathology in the intestines, lungs, joints, and central 

nervous system by promoting immune-suppressive T regulatory cells or controlling 

neutrophil function, respectively. Recent studies, however, reveal a distinct mechanism that 

directly supports the hygiene hypothesis. In mice, neonatal but not late-life exposure to 

commensal microbiota is necessary to prevent epigenetic changes that induce expression of 

the Cxcl16 gene, which encodes a chemokine that binds CXCR6 in the colonic and lung 

epithelium (35). In the absence of this microbial-induced restraint on CXCL16 expression, 

CXCR6+ iNKT cells accumulate in the colon and lung where later-life exposure to 

environmental factors leads to the induction of colitis and asthma, respectively. Consistent 

with this, early, but not late, antibiotic exposure affects later-life susceptibility of mice to 

allergic asthma (64). In another model system, the microbiota were shown to protect from 

allergic disease through reductions in immunoglobulin E (IgE)–mediated mobilization of 

basophil precursors (65). Understanding the commensal microbial organisms within the 

intestines and potentially lungs that are responsible for these protective immune changes 

may provide new routes to prevent or inhibit inflammation at barrier surfaces and restore 

homeostasis. Moreover, they will inform the age of the host at which such interventions can 

be anticipated to be successful (35).

METABOLIC DISEASE: DIABETES, OBESITY, AND CARDIOVASCULAR 

DISEASE

Increases in metabolic diseases such as obesity and insulin resistance worldwide have 

traditionally been explained by the host’s intake of higher calorific Western-style diets. 

However, focus has also shifted to include the impact of the microbiota on our metabolic 

health [see Review by Holmes et al. (66)]. This is because the intestinal microbiota through 

its own metabolic activity not only can provide a significant quantity of the host’s caloric 

content but also can be a major contributor of biologically active metabolites that can be 

detected both locally in the colon and in systemic sites such as the urine [see Review by 

Nicholson et al. (67)].

Evidence in favor of a causal link between the microbiota and obesity comes primarily from 

mouse models. For example, germ-free mice are resistant to high-fat diet–induced obesity 

because of a lack of fermenting bacteria that can process complex polysaccharides and 

resultant reduced SCFA production. Colonization of germ-free mice with fermenting 

bacteria such as Bacteroides thetaiotaomicron together with organisms that promote the 

fermentation process such as Methanobacterium smithii restored weight increase and obesity 

that was dependent on the SCFA receptor, GPCR41 (68). Similarly, changes in the 
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microbiota and bacterial metabolic pathways occur in mice with genetic lesions in signaling 

pathways that regulate leptin, a hormone critical for the regulation of appetite and 

metabolism (67). These changes in the microbiota are associated with uncontrolled food 

intake and obesity. Markedly, transfer of the microbiota from leptin-deficient mice to wild-

type mice led to a milder form of adiposity, which indicates that the microbiome itself can 

be a primary driver of metabolic disease. Another causative example of the microbiota 

driving metabolic disease is mice lacking the microbial sensor Toll-like receptor 5 (TLR5). 

These mice develop metabolic disease with hyperlipidemia, hypertension, insulin resistance, 

and weight gain. Tlr5−/− mice harbored an altered intestinal microbiota, which could transfer 

the metabolic syndrome to wild-type mice (69). Why TLR5 deficiency causes an obesity-

associated microbiome is currently unknown.

The influence of the microbiota on metabolism, however, goes both ways, at least in mice. 

Mice fed a high-fat diet have altered bacterial community structure, which leads to reduced 

diversity and a phylogenetic shift from Bacteroidetes to Firmicutes. This change is 

associated with the presence of increased fermenters in the gut and an increased 

representation of bacterial pathways associated with polysaccharide fermentation and SCFA 

production. This functional adaptation has been coined an “obesity-associated microbiome” 

because of its increased capacity for energy harvest (70).

Some mechanistic insight into immune-mediated control of metabolism comes from the 

finding that B cells and IgA, a molecule important for the appropriate compartmentalization 

of the microbiota, influence the balance of immune and metabolic pathways in intestinal 

epithelial cells through a microbiota-dependent mechanism (71). In the presence of IgA, the 

intestinal microbiota promotes the expression of genes involved in lipid metabolism and 

storage. In the absence of IgA, however, there is a shift toward the expression of genes 

involved in host defense and inflammation. Although not directly demonstrated, deficiency 

in IgA may thus lead to a redistribution of microbial communities toward enhanced 

proportions of mucosa-associated bacteria. The resulting compensatory adaptation of the 

intestinal epithelial cell response may then veer toward host defense and away from a 

homeostatic metabolic response. Regardless of the mechanism, these data illustrate the 

connectivity between immunity, the microbiota, and metabolism, an area that is only starting 

to be unraveled.

Despite convincing data in mouse models, the link between the microbiota and metabolic 

disease in humans is less compelling. There are reports of alterations in bacterial phyla in 

lean versus obese individuals, but other studies have not found this (72). Of course, human 

studies are confounded by the number of variables that can influence obesity including age, 

sex, diet, genetics, and environmental factors, to name but a few. Furthermore, it is possible 

that changes at the species level that cannot be detected by next-generation sequencing may 

be functionally relevant.

The intestinal microbiota has also been linked to heart disease in the presence of a high-fat 

diet (73). Increased metabolites of the dietary lipid phosphatidylcholine have been observed 

in the blood of patients suffering from myocardial infarction or stroke compared to that of 

normal individuals. In a mouse model, phosphatidylcholine metabolites such as choline are 
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converted into trimethylamine by the intestinal microbiota. Trimethylamine is further 

metabolized in the liver to trimethylamine-N-oxide, which promotes arterial plaques and 

cardiovascular disease. These results raise the possibility that targeting particular 

components of the microbiota involved in choline metabolism may provide a novel 

therapeutic approach in the treatment of cardiovascular disease (67).

CANCER

Primary and sporadic mutations of tumor suppressor genes that accumulate in a 

characteristic progression underlie the development of cancer. Colorectal cancer provides a 

good model of this because the polyp to cancer progression can be followed visually and 

biologically. There is increasing evidence that inflammation may play a critical permissive 

role at all stages of cancer development and progression. Consequently, diseases that are 

characterized by chronic inflammation are often associated with a marked increase in cancer 

as is the case for colorectal carcinoma in IBD. Given the ability of the commensal 

microbiota to modulate inflammation, it is reasonable to consider whether the microbiota 

contributes to the pathogenesis of human carcinogenesis (74, 75). Among the cancers that 

have been linked to the microbiota are those involving the gastrointestinal tract and 

especially the colon where most of the microbes congregate, rather than the small intestine.

Sporadic colorectal cancer is typically initiated by somatic mutations in the adenomatous 

polyposis coli (APC) gene and when transmitted as a loss-of-function germ-line mutation is 

conferred in a Mendelian fashion and associated with early-onset familial colorectal cancer. 

Mice that are heterozygous for mutated Apc (ApcMin/+) are the most tractable model for 

studying gene-environment interactions in the development of colorectal cancer because 

they develop polyps upon loss of heterozygosity of the wild-type Apc allele and cancers 

upon the accumulation of additional mutations (76, 77). In contrast to ApcMin/+ mice with an 

intact microbiota, germ-free ApcMin/+ mice exhibit decreased numbers of adenomatous 

polyps (78). On the other hand, colonization of mice with enterotoxin-producing B. fragilis, 

a symbiote with pathogenic capabilities, which is often carried by asymptomatic individuals 

(79), can promote cancer development in ApcMin/+ mice. This occurs through β-catenin–

driven epithelial cell proliferation by virtue of the toxin’s ability to degrade E-cadherin (80, 

81). It is therefore possible that pathobionts and pathogens are important cofactors in the 

development of colorectal neoplasia. Whether this occurs through indirect (for example, 

effects on innate or adaptive immune functions even in the absence of overt inflammation or 

altered xenobiotic metabolism in conjunction with other environmental factors) and/or direct 

(for example, phenotypic exacerbation of an existing mutation or induction of a second 

genetic mutation) mechanisms is unknown. With regard to an indirect mechanism, ApcMin/+/

Myd88−/− mice exhibit smaller tumors (82). With regard to a direct mechanism, 

Streptococcus gallolyticus ssp. gallolyticus, a biotype of Streptococcus bovis, which has 

been associated with colorectal cancer, can induce cyclooxygenase 2 expression (83). 

Cyclooxygenase 2 overexpression, which is often observed in colorectal cancer, is associated 

with a worse prognosis (84).

In humans, analysis of the microbiota in colon cancer tissue versus control tissue has also 

led to two independent reports of increased representation of Fusobacterium spp. and, in 

Blumberg and Powrie Page 9

Sci Transl Med. Author manuscript; available in PMC 2016 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



particular, Fusobacterium nucleatum, which has previously been associated with periodontal 

disease (85, 86). Whether these bacteria actually play a role in tumor development or 

progression or simply adapt to the intestinal cancer niche is not known. It has recently been 

suggested that particular members of the microbiota, such as B. fragilis discussed above, in 

addition to having virulence factors, may remodel the microbiome, favoring inflammatory 

responses that promote epithelial cell transformation, leading to cancer (87). This in turn 

may foster the emergence of additional microbes that might be considered as “carcinogenic 

allies” that further promote cancer progression through sustaining the inflammatory 

response and other mechanisms that directly affect the cancer cell. Such studies demonstrate 

how specific microbes may contribute to specific stages of colorectal cancer development 

perhaps in certain genetically susceptible contexts that are either encoded germ line or 

induced as a consequence of somatic or epigenetic alterations. This raises the possibility that 

eliminating such “pathogenic” organisms through specific antimicrobial measures, 

approaches that enable colonization resistance, or other means may be important avenues for 

the prevention of colorectal cancer and its development.

Such considerations also highlight the continuum that exists between chronic inflammation 

and the development of cancer. Inflammation-associated cancer has been observed in 

numerous animal models of inflammation and in people infected with inflammation-

inducing microbial pathogens (for example, H. pylori) or in people with chronic 

inflammatory disorders like IBD (74, 75). H. pylori infection has been shown to promote 

both gastric carcinoma and mucosa-associated lymphoid tissue lymphoma (5). Because H. 
pylori is disappearing from human populations because of antibiotic treatment and reduced 

transmission, the incidence of gastric cancer has declined. In the case of IBD, inflammation-

inducing pathobionts and loss of colonization resistance, as discussed above, may play a role 

in cancer development. For example, germ-free but not colonized mice deficient in 

interleukin-10, a key negative regulator of chronic inflammation and a genetic risk factor for 

primary and sporadic forms of human IBD, are resistant to chemically induced colorectal 

cancer (88). As previously hypothesized, infectious agents (and perhaps pathobionts) that 

are associated with neoplasia may drive tumorigenesis by their ability to promote 

proliferation, induce genetic errors, and suppress the ability of the immune system to 

eliminate the agent and/or transformed cells as modeled in viral systems (89).

It is also likely, however, that some components of the microbiota may prevent cancer (75). 

Thus, although the incidence of gastric cancer has decreased with the reduction in H. pylori 
infection, there has been an associated increase in gastroesophageal reflux disease and 

associated cancer. The mechanisms for this reciprocal relationship between gastric and 

esophageal cancer are not known but may relate to a change in the gastric microbiota in the 

absence of H. pylori with downstream effects on acid secretion, production of metabolic 

hormones, and the immune response (90). These studies suggest that changes in the 

microbiota in one location in the gastrointestinal tract (that is, the stomach) can affect cancer 

development at a different gastrointestinal site. Although defining the factors responsible for 

protection from carcinogenesis is of obvious benefit, these studies highlight the beneficial 

and detrimental roles played by the microbiota in the development of cancer.
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IN PURSUIT OF NORMALITY AND REESTABLISHMENT OF HOMEOSTASIS

This discussion raises the question of whether the microbiota can be manipulated in a 

preventative and/or therapeutic manner in pursuit of defending against allergy and 

inflammation in a genetically susceptible host or stimulating tissue repair and restoring a 

durable state of homeostasis. To accomplish this will require an understanding of many 

different factors. Most important is the need to achieve a consensus definition of what 

comprises a normal microbiota and microbiome, and at each stage of life—a task that is 

challenged by the uniqueness of each individual in this regard. Accomplishing this also 

requires a deeper understanding of the biologic modules of the host to which the microbial 

components and metabolites are linked [see Review by Hooper et al. (91)]. Specifically, we 

are beginning to recognize that microorganisms and their expressed attributes are connected 

to specific biologic consequences, such as induction of distinct epithelial functions, 

secretory IgA immunity, and immune deviation of T cells to T helper 17 or T regulatory 

cells, for example (15, 91). With this knowledge, it can be envisioned that precise repair of 

induced or genetically based immune defects might be achievable by therapy with specific 

microbiota (or perhaps genetically engineered microbiota) or their functional components 

and/or prebiotics, which stimulate and sustain their expansion and persistence. An early 

example includes the administration of a Bifidobacterium lactis–containing milk product to 

mice genetically susceptible to colitis. The regimen promotes a microbial ecology that is 

associated with increased SCFA production and creation of an intestinal environment that 

prevents colonization with inflammation-inducing Enterobacteriaceae (92). Whether such 

approaches can be refined and translated to clinical practice such as humans with Crohn’s 

disease that are characterized by emergence of Enterobacteriaceae, including adherent-

invasive E. coli, is unclear. Related types of fermented milk products have effected similar 

ecologic changes in human volunteers, however, raising the possibility of personalized 

approaches to repair of the microbiome (93).

At the other extreme would be those states in which the microbiome is completely “broken,” 

a meta-state that is also in need of a definition just as importantly as the requirement to 

explain normality. Just as in the case of organ failure wherein transplant is the final option, a 

movement is under way to similarly develop fecal transplantation as a therapeutic modality. 

Although recently demonstrated to be successful in an uncontrolled trial of 70 patients with 

chronic, relapsing C. difficile colitis, its long-term effects and consequences need to be 

understood (22).

Such studies illustrate the promise of manipulating the microbiome for the long-term benefit 

of humans in the prevention and treatment of chronic disease. Accomplishing this will 

require, among other things as discussed in the accompanying paper by Hooper and 

colleagues (91), improved mouse models, for example, that contain a humanized microbiota, 

which is characteristic of and phenocopies specific clinical conditions. Such models would 

allow for tractable therapeutic manipulations that would assist the testing and ultimately the 

translation of different potential therapeutic interventions (94).
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Fig. 1. 
Factors at the commensal-host interface associated with health and disease. Environmental 

and host factors (which are under genetic control) determine the composition and functional 

consequences of the components within the lumenal milieu. The lumenal milieu consists of 

commensal microbiota and their products and secreted factors of the host (blue). These 

lumenal states are metastable at any given point in time and likely age-dependent. Health is 

associated with symbiosis of the commensal microbiota and host responses (lumenal, 

epithelial, and subepithelial), which are a reflection of homeostasis. Disease on the other 

hand is characterized by dysbiosis of the commensal microbiota and the corollary host 

responses. Whether symbiosis or dysbiosis is a primary or secondary factor in disease 

development remains an open question. The ultimate development of disease at any given set 

point in this model is dependent on many factors, which determine tissue tolerance and 

include genetic susceptibility among others. GPCR43, G protein–coupled receptor 43; PSA, 

polysaccharide antigen A; Treg, T regulatory cell; ER, endoplasmic reticulum; wt, wild-type 
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allele; mut, mutant allele; TMA, trimethylamine; Th, T helper; IL, interleukin; TGFβ, 

transforming growth factor–β; IFNγ, interferon-γ; iNKT, invariant natural killer T.
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Fig. 2. 
Cycles of equilibrium and imbalance at the commensal-host interface. Homeostasis is 

associated with symbiotic commensalism and colonization resistance together with epithelial 

and immune balance. Perturbations, such as enteropathogenic invasions, disrupt this balance 

by inducing inflammation, resulting not only in tissue destruction but also breakdown in the 

state of commensalism and, consequently, dysbiosis. Dysbiosis can be associated with the 

evolution of pathobionts that function as inflammatory allies (for example, Proteobacteria), 

which are able to flourish in the inflammatory milieu and further promote inflammation 

induced by the invading pathogen. Some types of perturbations, such as antibiotics, can lead 

directly to breakdown in commensalism and subsequent colonization by pathobionts and 

pathogens that are able to take advantage of the niche (for example, C. difficile). Under 

normal circumstances, the host can restore a metastable state of commensalism associated 

with control of pathobionts and pathogens, reestablishment of colonization resistance, and 

tissue repair. Individuals who are unable to accomplish this develop chronic disease. Factors 

that affect each of these hypothetical parts of this health-disease cycle include genetics, age, 
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and environmental experiences among others. NADPH, reduced form of nicotinamide 

adenine dinucleotide phosphate; AIEC, adherent-invasive E. coli.
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