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Abstract

Chronic inflammatory diseases are the most important causes of mortality in the world today and 

are on the rise. We now know that immune-driven inflammation is critical in the etiology of these 

diseases, though the environmental triggers and cellular mechanisms that lead to their 

development are still mysterious. Many chronic inflammatory diseases are associated with 

significant shifts in the microbiota towards inflammatory configurations, which can affect the host 

both by inducing local and systemic inflammation and by alterations in microbiota-derived 

metabolites. This review discusses recent findings suggesting that shifts in the microbiota may 

contribute to chronic disease via effects on the immune system.
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IMMUNITY, THE MICROBIOTA AND CHRONIC INFLAMMATORY DISEASE

In the past decade our knowledge of chronic inflammatory disease (CID) has been 

transformed by a new understanding of the central role of the immune system in driving 

pathology. The immune system functions as a ‘rheostat for the entire body; seeking out 

physiological disturbances, (infectious or otherwise), and rectifying them via both 

inflammatory immune responses, but also critical repair/regulatory processes such as the 

clearance of dead cells and the restoration of the physical barrier [1, 2]. Thus, many of the 

most chronic and debilitating diseases afflicting humankind can be seen as a shift in the 

immune response away from repair/regulation, and towards immune-driven inflammatory 

responses. Some of these diseases are also associated with a significant shift in the 
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composition of the microbiota [3–7]. The microbiota is a significant source of both 

nutritional metabolites and inflammatory innate immune signals [8]. Therefore, 

compositional shifts in the microbiota are of potential importance as modifiers and triggers 

of disease, in the context of genetic predisposition and environmental factors.

CID can encompass both autoimmune disease, such as systemic lupus erythematosus or 

rheumatoid arthritis, that are obviously associated with defects in the immune system and 

responses against self antigens in addition to auto-inflammatory disorders such as metabolic 

syndrome and cardiovascular disease, that have more recently been associated with immune-

driven inflammation and are not dependent upon autoantigen recognition. In this review. we 

will focus more on links between the microbiota, immunity and the non-autoimmune 

inflammatory diseases; though a link between the microbiota and many autoimmune 

diseases is undeniable and reviewed elsewhere [9, 10].

The incidence of many CID is on the rise worldwide, without a clearly defined explanation. 

It has been hypothesized that this rise in chronic inflammatory and metabolic diseases is 

due, at least in part, to a significant narrowing of bacterial diversity associated with the 

evolutionarily recent phenomena of large scale urban living [11]. Antibiotic usage, dietary 

modifications and infectious diseases all play important roles in causing alterations in the 

host’s associated microbiota. In this review we will discuss recent evidence linking CID with 

shifts in both local and systemic immune responses and disease promoting configurations of 

the microbiota.

IMMUNE/MICROBIOTA INTERACTION

Humans exist as metaorganisms consisting of host cells in addition to a vast consortium of 

microbial organisms that live on all of our barrier tissues. The highest density of organisms 

lives in the intestine, and these organisms provide a tremendous benefit to the host via the 

enzymatic processing of complex dietary constituents, such as fiber, into metabolites 

digestible by the host, in addition to many other enzymatic functions. Often these enzymatic 

pathways can involve multiple genes present in separate bacterial clades [12] and it is 

perhaps more appropriate to measure those genes that are broadly conserved and critical for 

function, known as the core metagenome, rather than individual strains of microbes whose 

maintenance is much more volatile [13]. As a result, a narrowing of organismal diversity 

may also lead to a loss of components of the metagenome, inducing possible deficits in 

functionality. Since there is great variation in the composition of the microbiota at lower 

phylogenetic levels, and significant gaps in our knowledge of the specific function of many 

strains, ‘dysbiosis’ of the microbiota is sometimes difficult to define and is contextual to the 

individual and their current state of health. Indeed it has been shown that the glycemic 

response to any particular nutritional input is unique to the individual and dependent upon 

the microbiota [14]. This study shows that although we have begun to understand how the 

host, their diet and their associated microbiota work together to influence health, the details 

appear to be quite complex and individualized. A microbiota that is ‘dysbiotic’ in one 

individual may be perfectly healthy in the context of different behavior and genetic 

predisposition. Without a more fundamental understanding of the core metagenome and how 

it affects health ubiquitously and comprehensively, describing ‘dysbiosis’ is a difficult task. 

Hand et al. Page 2

Trends Endocrinol Metab. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Therefore, while it is undeniable that the microbiota can shift into states that promote 

inflammation, (thereby meeting the definition of dysbiosis) whether these states are 

universal is not clear, and thus we will forgo use of the term dysbiosis, in favor of describing 

those configurations of the microbiota associated to disease.

The microbiome impacts multiple organ systems, including host immunity. The immune 

system is responsible for maintaining tissue homeostasis in the intestines as it must remain 

vigilant against invasive microbes while limiting overt inflammatory responses against the 

vast array of benign organisms that make up the microbiota [15]. To maintain this perilous 

relationship with the microbiota, the host has developed a series of immune mechanisms that 

severely limit and regulate the interaction between intestinal epithelia and the 

microorganisms that reside within the lumen [16]. This series of ‘checks and balances’ is 

absolutely critical to host health, because a breakdown of the intestine’s barrier function and 

immune homeostasis can contribute to inflammatory bowel disease (IBD) in addition to 

many other chronic diseases [6, 7, 17–19]. The host has also evolved multiple products that 

foster a healthy and diverse microbiota, including the secretion of IgA and bile acids and the 

fucosylation of the intestinal epithelium [20–22]. The exact mechanisms of these host 

factors in shaping the microbiota are not clear but are complex in that they both limit growth 

of some bacteria while benefiting others and are therefore part of a larger effort to maintain 

health in the microbiome [23].

There are multiple ways in which the immune system surveys the microbiota to detect 

alterations. One of the primary ways is through tonic sensation via innate immune pattern 

recognition receptors. Indeed, steady-state innate immune signaling via specific components 

of Bacteroides spp. have been shown to assist the development of a healthy immune system 

and antagonize the development of autoinflammatory disorders, such as asthma [24–26]. 

However, we now understand that the immune system also measures ‘keystone’ metabolites 

to determine the presence of a functional microbiota. This idea has been best demonstrated 

by several studies showing that Short-Chain Fatty Acids (SCFAs), which are metabolites 

derived from the microbiota-dependent breakdown of dietary fiber and are a key energy 

source for enterocytes, support immune homeostasis in the gastrointestinal tract. 

Specifically, SCFAs promote the induction and maintenance of regulatory Foxp3+ T cells 

(Tregs) in the colon and can limit experimentally induced colitis [27–29]. Critically, SCFA 

can also act systemically, leading to the diminishment of innate cell responses and pathology 

in a model of asthma [30, 31]. Similarly, a vitamin A metabolite, retinoic acid, whose 

production has been shown to be partly controlled by the microbiota, also supports immune 

function in a multitude of ways [32]. Microbiota-derived metabolites have also been shown 

to modulate the immune response through activation of the inflammasome and the 

production of IL-18 and anti-microbial peptides from enteric cells [33].

In addition to sensing of microbe-associated molecular patterns (MAMPs) and keystone 

metabolites, immune cells themselves rely on different metabolites as energy sources for 

their growth and survival. The most pertinent example of this idea is the preference of 

adipose tissue and fat metabolism for regulatory T cells (Tregs) and M2 anti-inflammatory 

macrophages that, as will be discussed in detail, may be critical to the etiology of metabolic 

syndrome [34]. As the microbiota affects the availability and absorption of nutrients via both 
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their own enzymatic capabilities, and the modification of host products such as bile acids; 

this is an important and often overlooked effect of the microbiota on the development of 

disease [35].

THE MICROBIOTA AND CHRONIC DISEASES OF THE MUCOSA

The intestine is home to the largest and most metabolically active microbial community in 

the human body. Therefore, it is perhaps unsurprising that the predominant inflammatory 

diseases of the gut, Crohn’s Disease (CD) and Ulcerative Colitis (UC) are intertwined with 

shifts in the microbiota. In both diseases, inflammatory immune responses in the intestine 

against the microbiota induce shifts towards more aggressive members of the population. 

The most salient example of this effect is the outgrowth of gram negative Proteobacteria, in 

particular the family Enterobacteriaceae in a subset of patients with IBD [3]. CD specifically 

has been associated with the outgrowth of opportunistic ‘Adherent-Invasive’ E. coli that can 

complicate the disease [36]. Additionally, IBD is also associated with a loss of benign gram 

positive Clostridia, such as Faecalbacterium prausnitzii, which are associated with health 

and the provision of metabolites such as SCFA from food [37]. Multiple animal models now 

show that a transmissible microbiota can predispose to IBD susceptibility [38, 39]. However, 

given the inconsistent efficacy of fecal transplant and antibiotic treatment for IBD it would 

be a significant overstatement to suggest that the microbiota is sufficient to induce the 

disease [19, 40–42]. One view on the etiology of these diseases is that barrier and immune 

dysfunction leads to an outgrowth of those organisms capable of withstanding the intestinal 

inflammatory response [43]. Indeed, blooms of E. coli are enabled by their ability to use 

inflammatory nitrogenous compounds as metabolites [44]. Unfortunately, the modules 

associated with survival in inflamed environments tend to be found in organisms with 

invasive capabilities and the outgrowth of these organisms lead to a further exacerbation of 

immune activation and inflammation [45–47]. For example, Clostridium difficile infection is 

a common complication of patients with IBD [48]. It stands to reason that the most 

inflammatory organisms are more likely to induce an IgA antibody response in the intestine 

[49]. Thus the fact that the IgA bound fraction of intestinal bacteria from IBD patients is 

sufficient to predispose to disease in a mouse model is excellent evidence for the hypothesis 

that a shift to an inflammatory configuration contributes to development of the disease [50]. 

However, interestingly none of the organisms discussed above was enriched in the IgA 

bound fraction of bacteria from IBD patients, and there was no ‘core’ IgA-bound 

microbiome, perhaps indicating that a loss of diversity in the ‘core’ microbiome in general is 

more important than the outgrowth of any particular organism.

The model for chronic inflammation at barrier sites, wherein genetic predisposition, 

immune-driven inflammation and an altered microbiota combine to drive disease, is not 

unique to the intestine. One clear example is Cystic Fibrosis where defective salt transport 

leads to thickened mucus, reduced function in lung phagocytes and disrupted mucociliary 

transport, which allows for the overgrowth of Proteobacteria on all of the patient’s mucosal 

surfaces, most notably their lungs, leading to chronic inflammation and damage to the 

alveoli [51]. In addition, Atopic Dermatitis is associated with immune responses against 

Staphylococcus, explaining perhaps why antibacterial wraps are effective in combating 

severe cases [52].
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THE MICROBIOTA, OBESITY AND METABOLIC SYNDROME

Obesity and associated pathologies, including Type II Diabetes (T2D) and dyslipidemia, are 

a worldwide epidemic and affect an increasing number of people each year. The mechanism 

of T2D is now believed to be a block in insulin signaling driven by inflammatory cytokines 

[53]. In lean individuals, the fat is dominated by M2 macrophages, eosinophils, group 2 

innate lymphoid cells and Tregs, all of which contribute in their own way to adipose tissue 

homeostasis [34]. In obese individuals, the adipose tissue is profoundly altered as it becomes 

invaded by inflammatory M1 macrophages that secrete large amounts of TNFα, IL-1β and 

IL-6, all of which contribute to an inhibition of PI3K/Akt signaling downstream of the 

insulin receptor [54]. Blockade of these inflammatory cytokines has shown modest efficacy 

in restoring insulin sensitivity in these patients, providing further support for this hypothesis 

[53]. Thus T2D is a metabolic disease whose symptoms are driven by alterations to the 

immune response, and identifying the underlying stressor would be of tremendous benefit to 

the development of novel therapeutics.

It is undeniable that in most cases, the primary cause of these diseases is increased access to 

high calorie foods, in particular foods high in fat and simple sugars. Gordon and colleagues 

have now established that obesity is also associated with a configuration of the microbiota 

that has an increased fraction of Firmicutes, reduced Bacteroidetes, and is capable of 

providing additional calories to the host for a given caloric intake [5] (Figure 1). 

Interestingly, the obese microbiota is both a symptom and a contributor to disease, as 

transfer of this microbiota to germ-free mice leads to significant increases in adiposity in 

recipients [55]. Building from these studies, it has been demonstrated that the microbiota of 

obese patients actually produces significantly less SCFA than that of lean identical twins 

[56]. Whether these SCFAs are contributing to regulation of inflammation via dampening of 

the immune response through Tregs and innate immune cells, or via regulating other aspects 

of metabolism or satiety is not entirely clear, but will be an important area for future 

research. The microbiota can also block adiposity. Indeed, an additional finding of these 

studies is that gnotobiotic mice transplanted with the microbiota of obese patients can be 

invaded by a healthy “lean microbiota”, if the mice are placed on a standard diet low in fat 

[56]. As well, the presence of mucinophilic bacteria, Akkermansia muciniphila, has been 

associated with a reduction of inflammation and protection from T2D, in mouse models [57, 

58] (Figure 1). Therefore, while the microbiota of patients with obesity resists weight loss, it 

is amenable to change and as such may represent a potential target for treatment.

Beyond nutrient provision, the microbiota can also directly contribute to inflammatory 

cytokine expression at the core of T2D, via activation of the immune system. In mouse 

models, this has been clearly shown by the phenotype of TLR5 knockout mice. TLR5 

knockout mice show a strikingly increased adiposity, insulin resistance and inflammatory 

cytokine production, while raised on standard mouse chow [59]. TLR5 is the innate immune 

receptor for bacterial flagellin, and mice deficient in this receptor have significantly 

increased populations of Enterobacteriaceae that can transmit many of the phenotypes in 

wild-type mice via fecal transfer [60] (Figure 1). Interestingly, the outgrowth of 

Enterobacteriaceae has also been associated with obesity and T2D in humans, though this 

finding is confounded by the effects of the diabetes medication, metformin [4, 61]. Much 
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like CD, obesity, though not metabolic syndrome specifically, is correlated with reduced 

microbial diversity [62, 63]. Therefore, a shift towards a more invasive and inflammatory 

microbiota that induces changes to the immune milieu of the adipose compartment from M2 

to M1 macrophage may contribute to the development of metabolic syndrome [64]. Indeed, 

a number of studies have linked obesity with a ‘leaky gut’, as measured by an increase in 

serum LPS, and increased intestinal adherence of Enterobacteriaceae [18, 65, 66]. In animal 

models, provision of a high fat diet and associated affects on the microbiota are sufficient to 

induce a significant increase in IFNγ expressing Th1 T cells in the small intestine which 

may traffic to associated adipose depots and directly affect inflammation [67]. The exact 

mechanism of Proteobacteria outgrowth in obesity and T2D remains unknown and will be an 

important area for future research. The effect of the microbiota on metabolic disease has also 

been demonstrated by experiments on animal models of liver disease and cirrhosis. The 

liver, via the hepatic portal vein, is directly downstream of the small intestine and acts as a 

barrier to the further trafficking of microbiota-derived products [68]. Mice deficient in 

components of the inflammasome harbor an altered microbiota with inflammatory potential 

[69]. When these animals are placed on specific diets associated with non-alcoholic 

steatohepatitis (NASH) their disease is pronounced and transmissible via the microbiota to 

co-housed animals [17]. Increased liver damage is dependent upon TLR signaling and 

TNFα production, and is associated with heightened presence of TLR ligands in the hepatic 

portal vein. Similar phenomena involving increased translocation of bacterial products may 

also contribute to other forms of cirrhosis due to alcohol abuse or as a complication of 

Cystic Fibrosis [70–72].

The microbiota and the immune system may also contribute to dyslipidemia and the cellular 

composition of the adipose tissue in a metabolically important way. The fat depots exists in 

at least two distinct states: (i) ‘white’ which functions to store energy, and (ii) brown/beige 

fat, which is critical for thermogenesis. Brown fat is present at birth, whereas beige fat 

develops later in life [73]. Instead of storing energy, beige adipocytes metabolize lipids 

rapidly to create heat and therefore is typically inversely correlated with adiposity 

throughout the body [74]. Interestingly, the presence of beige fat is supported directly via the 

local production of IL-4, IL-13, IL-25 and IL-33 from innate lymphoid cells, eosinophils, 

macrophages and stroma [75–77]. Since inflammation causes such a switch from from M2 

to M1 immune cells downstream effects on adipocytes may explain with it is so detrimental 

to metabolic health. The microbiota does seem to also play a role in the decision to switch 

on a transcriptional program associated with brown fat in white adipose tissue, in murine 

models of hypothermia, where fat ‘beiges’ for heat production. Interestingly, the transfer of 

the microbiota from hypothermic mice is sufficient to induce beige fat in the transplant 

recipient [78, 79]. However, in this context, it is unclear whether the mechanism of 

hypothermic beiging is associated with immune cytokine production and adipose tissue 

inflammatory state.

THE MICROBIOTA AND CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) and in particular atherosclerosis is the most common cause of 

death in high-income countries. The root cause of atherosclerosis is blockages in coronary 

arteries, which is caused by plaques formed of fat deposits and the development of fat laden 
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macrophages called foam cells. Development of atherosclerosis has long been associated 

with diets high in animal fats, cholesterol and red meat. Recently, Hazen and colleagues 

have identified that a chemical derivative of red meat, trimethylamine-N-oxide (TMAO) is a 

significantly more reliable indicator of risk for CVD than cholesterol, and may drive disease 

by effects on platelets [80, 81]. TMAO is the product of the bacterial breakdown of meat-

derived compounds such as L-carnitine and choline, and the microbiota is absolutely 

necessary for its production, as germ-free mice are free of TMAO, even when fed a diet high 

in choline [82]. Plasma levels of TMAO can be correlated with specific taxa of the 

microbiota, but it will only be through a better understanding of the metagenome of patients 

suffering CVD that we will be able to understand if there is a particular configuration of the 

microbiome that contributes to CVD [83]. It is possible that the process of converting 

compounds to TMAO has some benefit for the microbes that carry it out, and that these 

organisms would be selected for by a diet high in meat. Indeed, the microbiome of vegans 

has a significantly reduced ability to convert L-carnitine to TMAO [83].

Chronic HIV infection provides another example of a human disease in which CVD risk is 

elevated, with a possible contributory role for the gut microbiota. HIV-infected subjects 

exhibit multiple metabolic symptoms, but critically, a significant increase in the incidence of 

CVD [84]. HIV infection is associated with an increased abundance of invasive, pro-

inflammatory Proteobacteria in the gut microbiota including Enterobacteriaceae, along with 

a depletion of members of the SCFA-producing Clostridia clade; a microbial profile that 

superficially resembles that of IBD [85–87]. Possibly related to this shift in the microbiota, 

HIV-infected subjects also exhibit impaired mucosal barrier function, translocation of 

microbial products into systemic circulation, and increased markers of innate immune 

activation associated with risk for the development of CVD [88]. Indeed, the degree to 

which the HIV-associated gut microbiota profile is observed correlates with markers of 

circulating LPS as well as inflammatory biomarkers of CVD risk [85, 87, 89–91].

CVD may also be associated with shifts in the oral microbiota. Human periodontitis is 

characterized by an altered and expanded oral bacterial community [92]. In periodontitis 

patients, markers of systemic exposure to periodontal bacteria are elevated and correlated 

with increased risk of CVD across several cohorts [93, 94]. Indeed, mouse models reveal 

that atherogenesis is accelerated by oral colonization with the periodontitis-associated 

bacterium, Porphyromonas gingivalis and DNA from oral bacteria has been found in 

atherosclerotic plaques in mice and humans [95–97].

MODERN LIFE AND CHANGING HOST/MICROBIOTA RELATIONSHIPS

As discussed, a multitude of evidence now suggests that shifts in the microbiota towards 

inflammatory and low diversity states can contribute to chronic disease. One of the primary 

ways that modern life has changed our relationship with our resident bacteria is the advent 

of antibiotics. The invention of antibiotics sparked a revolution that fundamentally changed 

morbidity and mortality associated with bacterial infections. However, it can be argued that 

antibiotics have been overused as palliatives instead of therapeutics and in agriculture, where 

they promote rapid weight gain in livestock [98]. Recently, concerns have been raised that 

the increased use of antibiotics may be contributing to the rise of metabolic syndrome [11]. 
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Essentially, this hypothesis posits that the same effect that induces increased size in cows 

and pigs is acting on children via constitutive exposure to trace antibiotics present in meat 

and milk, and early-life administration to combat infection. In support of this idea, mice fed 

low dose antibiotics early in life grow 10% larger, and the difference is largely due to 

increases in adipose tissue [99, 100]. These differences in growth could be transferred with 

the microbiota and seemed to be associated to shifts in the mucosal immune response [100]. 

Importantly, after cessation of antibiotic treatment, the microbiota, which had deviated 

significantly from controls, returned to normal, implying that the negative impact of 

alteration in microbiota can be subsequently sustained by the immune system [100]. 

Although not formally shown, one might suspect that these immune effects are penetrating 

beyond the gastrointestinal compartment and acting upon adipose tissue homeostasis. It is 

not well understood why the microbiota that is resistant to β lactam antibiotics [100], would 

be more inflammatory and prone to the induction of metabolic issues. One intriguing 

possibility is that the most inflammatory members of the microbiota tend to be ‘successful 

colonizers’ with broad host ranges requiring genetic adaptability and therefore may be more 

accepting to horizontal gene transfer such as antibiotic resistance. Indeed, it has been shown 

that Enterobacteriaceae of different genera exchange plasmids at a very high rate in vivo 
under inflammatory conditions [101].

Another fundamental way that those in high-income countries may have developed altered 

relationship to the microbiota is through diet and exercise. Our ancestors likely ate diets high 

in fibrous plant material, and had limited access to the saturated fat and simple sugars that 

represent today the majority of calories in the ‘Western’ diet. As has already been discussed 

in this review, the Western diet can lead to metabolic syndrome and obesity and these effects 

are in part due to shifts in the microbiota that control nutrient uptake and inflammation in 

the adipose tissue. In addition, the western lifestyle, which tends to less physical activity 

contributes to shifts in the microbiota as well [102]. Western diets might be also selecting 

away from those organisms that are more closely adapted to the mammalian gut and 

dependent upon complex carbohydrates [103]. For example, the breakdown of complex 

carbohydrates to SCFA requires a cascade of enzymes that are not always present in a single 

organism and can require the cooperation of an ecological community [12]. The Western 

diet, taken to extremes, presents a situation where there is no selection for cooperative 

breakdown of complex molecules and only competition for simple sugars and energy rich 

fats. One could hypothesize that this situation would benefit the more aggressive and 

inflammatory members of the microbiota, in particular, Proteobacteria, who can divide in as 

little as twenty minutes and rely heavily on mono and disaccharides as carbon sources [104], 

and select against organisms that prefer complex carbohydrates as a carbon source. For 

example, a diet high in milk fat has been shown to favor the outgrowth of 

Deltaproteobacteria and predispose to significantly exacerbated disease in the IL-10 

knockout mouse model of IBD [20]. Thus, the western diet may not only shift the 

microbiota towards increased provision of calories, but also may benefit those organisms 

that are least symbiotic and prone to inflammatory outgrowth.

Worldwide urban life amongst millions of other human beings is a modern construction that 

we have not evolved to deal with. One of the primary ways that life has changed because of 

urbanization is infection. As opposed to our ancestors, who were beset by chronic parasitic 
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infections and intermittent outbreaks of zoonoses [105, 106], our current population sizes 

and global travel patterns supports multiple endemic pathogens. Fortunately, in the last 

century the combined efficacy of sanitation, public health, antibiotics and vaccines have 

largely mitigated the lethal consequences of these pathogens but it is undeniable that the 

frequency and biological effect of infection has been profoundly changed. A primary 

example of this effect is the worldwide reduction in enteric helminth infection. Intestinal 

helminths used to be a ubiquitous of human life, but in high-income countries are now quite 

rare. ‘De-worming’ has obvious benefits, as infections with high burdens of worms can lead 

to malnutrition and anemia [107]. However, our immune system evolved in the context of 

exposure to these organisms and as a part of the ‘Hygiene Hypothesis’ their absence is 

believed to contribute to the rise of CID [108, 109]. Multiple findings in animal models have 

shown that co-infection with helminthes can affect the immune system both systemically 

and locally at the mucosal surface [110]. For example, helminth infection can support the 

production of Tregs at mucosal surfaces, which may prevent the development of food allergy 

and temper the immune response to viruses via shifting from type I to type II immunity, 

limiting immunopathology and aiding the healing process [111, 112]. Helminth infection 

can also promote immunoregulation via induction of increased SCFA production from the 

microbiota [113]. Animal models of IBD and chronic diarrhea have shown that transient 

helminth infection may represent an effective treatment [114, 115]. Trials in human patients 

with UC have been promising, but the identification of the products that drive regulatory 

immune functions is critical, because infection with live worms present obvious limitations 

[116]. Additionally, identifying direct host affects from those that act through the microbiota 

could also assist in developing the most effective therapeutics.

Although improved sanitation has reduced the incidence of enteric infections, they remain a 

significant burden in high-income countries. For instance, the average child in North 

America will experience ten diarrheal episodes by their 5th birthday and children in low-

income countries are exposed to an even higher number of enteric infections [117, 118] 

Enteric infection poses an issue for the mucosal immune system, because the microbiota and 

inciting organisms are not always easily discriminated and it has been hypothesized that 

infections could be triggering events for CID [119]. Indeed, in many cases bacterial 

pathogenicity is contextual to the complex relationship between the bacteria, the host and the 

microbiota. Multiple laboratories have now shown that infection causes a significant shift in 

the microbiota and in general, these shifts mimic those seen in IBD, characterized by 

increases in Proteobacteria, specifically Enterobacteriaceae, and a depletion of Firmicutes 

[45–47, 120]. Given that many enteric infections belong to the same phylogenetic groups as 

prominent members of the microbiota, a critical question is how the immune system 

discriminates between opportunistic members of the microbiota and the initiating infectious 

organism. This is made all the more difficult by the fact that many infections break the 

epithelial barrier leading to translocation of the microbiota into the host [47, 121, 122]. 

Recent work indicates that the immune system does not discriminate between the microbiota 

and the infectious organism and activates microbiota-specific T cells in a comparable 

manner to those specific to the pathogen [123]. How these microbiota-specific T cells are 

maintained long-term and possibly contribute to chronic disease is an active area of new 

research. Infection with enteric pathogens such as Yersinia pseudotuberculosis can also 
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cause damage and induce ‘immunological scarring’, which can chronically affect 

homeostatic intestinal immune responses by deviating lymphatic traffic away from the 

lymph nodes and into the fat [124]. Fascinatingly, oral Yersinia infection is also associated to 

chronic pro-inflammatory shifts in the microbiota, possibly indicating a link with 

immunological scarring [125]. As well, it is interesting to consider whether this kind of 

atypical traffic of myeloid cells activated at barrier surfaces into adipose depots is somehow 

contributing to metabolic disease and IBD. Indeed, CD is characterized by the ‘wrapping’ of 

the gut with creeping fat, the presence of bacteria within the adipose tissue and the 

production of inflammatory adipokines [126, 127]. Thus taken together, these three effects 

of infection; shifts in the microbiota towards more inflammatory organisms, microbiota-

specific memory, and immunological scarring, provides a framework within which current 

or cleared infections can act as the inciting event of a CID [119]. An example in which one 

or more of these microbiota-dependent factors may be acting, is Environmental Enteropathy 

(EE) in children. EE is a disease that is prevalent in sub-Saharan Africa and parts of the 

Indian subcontinent wherein malnutrition and poor sanitation allow for chronic infection 

leading to a malabsorption syndrome [128]. Recent studies have identified that 

Enterobacteriaceae and subsequent anti-microbiota immune responses are critical players in 

the etiology this disease [129, 130]. Fascinatingly, it took two years after restoration of a 

healthy diet and abatement of chronic enteric infection, for patients with EE to experience 

full restoration of intestinal absorption, implying that either immune memory against the 

microbiota and immunological scarring could be maintaining the phenotype [131].

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

It is now clear that the microbiota acts as a genetically distinct organ that is critical for the 

enzymatic digestion of food, promotion of immune homeostasis and prevention of enteric 

infection. Just like the host-derived organs of the body, the microbiota can be damaged, or, 

as commonly described, become dysbiotic, leading to a negative impact on dependent host 

systems. Alterations to the microbiota can certainly contribute to pathology and in cases 

where these changes include the outgrowth of opportunistic and innately inflammatory 

bacteria, complicate many diseases (see ‘Outstanding Questions’ and Figure 2). Many 

studies on the microbiota describe associations to a disease state, and lack clear causative 

mechanisms. Thus, in order to achieve experimental control, many microbiota studies are 

carried out in inbred mouse models, which lack both genetic diversity and life history that 

would fundamentally shape the interaction between the immune system and the microbiota. 

Additionally, experiments done in germ-free and antibiotic treated mice can be complicated 

by defects in immune development. This is important because a patient’s history of 

infection, pathology and treatment may also be critical to understanding their current disease 

state. Going forward, it is only through a more holistic understanding of the individualized 

genetic (host and microbial) and environmental triggers of complex diseases that we will be 

able to cure them.
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OUTSTANDING QUESTIONS

• Can we define a core metagenome that is associated with health and 

conversely deficient metagenomes that are dysbiotic in all hosts? 

Alternatively, is a healthy metagenome also contextual to host genetics 

and environment and shifting temporally?

• Can we define those aspects of modern living that are contributing to 

the increase in chronic inflammatory disease via induction of shifts in 

the microbiota?

• Is infection a trigger for chronic inflammatory disease via the 

modification of the microbiota/host relationship?

• If the microbiota is a critical contributor to disease, can we modify the 

microbiota with pre and probiotics to alleviate symptoms exacerbated 

by inflammatory organisms? If the immune response is critical, can we 

modulate the immune response downstream of the microbiota to 

modulate disease phenotypes?

• Can we catalog the microbiota-derived metabolites that affect the 

immune response and understand how the balance of these metabolites 

may allow for assessment of the health of the host/microbiome 

relationship.

• Shifts in the microbiota, such as those induced by early life antibiotic 

use, seem to have a systemic immune memory. Can these ‘memory’ 

factors be defined and more importantly, can we intervene, to prevent 

long-term health impacts
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TRENDS BOX

• Chronic inflammatory disease is associated with shifts in the 

microbiota; often towards reduced diversity and increased 

inflammatory character

• The immune system can identify shifts in the microbiota both by direct 

interaction with bacteria in addition to ‘sensing’ of microbiota-derived 

metabolites

• Immune activation associated with shifts in the microbiota can have 

far-reaching systemic effects and contribute to disease

• The incidence in chronic disease is on the rise and has been linked to a 

number of environmental factors, including antibiotic use, diet and 

infection. There is evidence that these factors act on the host via 

shifting the microbiota
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Figure 1. The microbiota affects metabolic syndrome via the immune system
a) Obesity is associated with an increase in Firmicutes and a decrease in Bacteroidetes. 
Firmicutes provide an increased amount of calories to the host by increased harvest of 

energy from the diet. b) Outgrowth of Proteobacteria is associated with metabolic syndrome 

and has been shown to increase the frequency of IFNγ-producing T cells in the host, which 

in turn is associated with increased concentrations of serum LPS. Serum LPS and IFNγ may 

then drive the development of pro-inflammatory M1 macrophages in the adipose tissue. M1 

macrophages express significantly higher amounts of TNFα and IL-1β than the resident M2 

macrophages of the gut, and both cytokines contribute to insulin resistance. Beige adipose 

cells further contribute to health by metabolizing lipids to heat instead of storing them and 

are supported directly and indirectly by the cytokines IL-4, IL-13, IL-25 and IL-33. c) 

Mucophilic bacteria Akkermansia combat many of the effects of Proteobacteria outgrowth, 

including IFNγ production, and can alleviate symptoms associated with metabolic syndrome 

in animal models.
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Figure 2. Potential linkages between the environment, microbiota, immune system and chronic 
inflammatory disease
At homeostasis, the microbiota assists the host in converting the diet into metabolites that 

foster a healthy host/microbiota relationship. These metabolites bolster the barrier between 

the host and the microbiota, preventing systemic immunity and inflammation. Disruption of 

the microbiota due to environmental factors (such as diet, infection, antibiotics etc.) or host 

factors can lead to a narrowing of microbial diversity and a shift in the metabolites derived 

from the microbiota. Shifts in this relationship can also lead to increased invasion of host 

tissue by bacteria and bacterial products. Together, a shift in metabolites and increased 

translocation of microbial products is believed to contribute to immune activation at the core 

of chronic inflammatory disease (IBD = Inflammatory Bowel Disease; CVD = 

Cardiovascular Disease; T2D = Type II Diabetes; NASH/NAFLD = Non-alcoholic 

Steatohepatitis/Non-alcoholic Fatty Liver Disease).
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