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SUMMARY

The human gastrointestinal tract is populated by a diverse, highly mutualistic microbial flora, 

which is known as the microbiome. Disruptions to the microbiome have been shown to be 

associated with severe pathologies of the host including metabolic disease, cancer and 

inflammatory bowel disease. Mood and behavior are also susceptible to alterations in the gut 

microbiota. A particularly striking example of the symbiotic effects of the microbiome is the 

immune system, whose cells depend critically on a diverse array of microbial metabolites for 

normal development and behavior. This includes metabolites that are produced by bacteria from 

dietary components; metabolites that are produced by the host and biochemically modified by gut 

bacteria; and metabolites that are synthesized de novo by gut microbes. In this review, we 

highlight the role of the intestinal microbiome in human metabolic and inflammatory diseases and 

focus in particular on the molecular mechanisms that govern the gut-immune axis.
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A Brief History of Microbiome Research

Scientific investigation of the non-pathogenic bacteria that populate the mammalian 

gastrointestinal tract, collectively referred to as the gut microbiome1, has a long history. Well 

over a century ago, studies demonstrated that dietary changes can alter the type of 

metabolites produced by bacteria living in the healthy intestine (Hirschler, 1886), and that 
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the composition of the intestinal microbiome itself depends on the composition of the 

consumed diet (Cannon, 1921; Herter and Kendall, 1910). The seminal notion that some 

non-pathogenic gut bacteria are more beneficial to human health than others was proposed 

as early as 1908, when Élie Metchnikoff suggested that a targeted modification of the 

microbiome may prolong life and guard against senility (Metchnikoff, 1908). His 

recommendation to regularly consume milk artificially soured by the addition of the 

“Bulgarian bacillus” (Lactobacillus delbrueckii subsp. bulgaricus), or even pure cultures of 

that microbe, to stave off the frailties of old age spawned what may very well have been the 

first “probiotics” craze (despite a distinct lack of corroborating evidence) (Bested et al., 

2013; Underhill et al., 2016); but scientific interest in the microbiome was soon 

overshadowed by the advent of powerful antibiotics and their revolutionary success in the 

treatment of bacterial infections. Over the past two decades, however, microbiome research 

has experienced a remarkable renaissance, aided by technological advances that enabled 

more rigorous experimental designs and the identification of previously unknown signaling 

pathways.

Recent estimates suggest that the body of an average human male is colonized by around 

3.8·1013 individual microbes, the vast majority of which are prokaryotes and reside in the 

colon. This slightly exceeds the number of human cells that constitute the host, which are 

estimated to number 3.0·1013 to 3.7·1013 cells for males. For human females, bacteria are 

thought to outnumber host cells by a factor of two, with 4.4·1013 bacteria to 2.1·1013 host 

cells (Bianconi et al., 2013; Sender et al., 2016a; 2016b). The genetic diversity of the 

microbiome is even more staggering. Metagenomic sequencing of fecal samples has 

identified 3.3·106 non-redundant microbial genes from up to 1,150 different species, 

outnumbering human protein-coding genes by ca. 150-fold. Each individual human is 

estimated to host at least 160 different species (Qin et al., 2010). Interestingly, this extensive 

diversity at the species level is in stark contrast to the limited diversity at the phylum level: 

the gut microbiome is dominated by members of only two phyla, the Firmicutes (no true 

outer membrane, mostly Gram-positive) and the Bacteroidetes (outer membrane, Gram-

negative). Members of the phylum Proteobacteria are also represented frequently but far less 

prominently (Eckburg et al., 2005; Hold et al., 2002; Human Microbiome Project 

Consortium, 2012). Even though the bacteria of the microbiome are still frequently 

described as commensal, i.e. neither harmful nor beneficial, their relationship with the 

human host is often highly mutualistic: at the most basic level, the host provides the bacteria 

with easy access to food and shelter, while the bacteria aid the host in digesting complex 

food and synthesize essential metabolites, such as Vitamins B and K (Cummings and 

Macfarlane, 1997). In fact, it has been estimated that 10% of metabolites found in 

mammalian blood are derived from the gut microbiota (Wikoff et al., 2009). In a very real 

sense, humans and their microbiome thus form a composite organism, a so-called holobiont. 

Over the past two decades, it has become clear that this relationship is far more complex 

than originally thought. Perturbation of the microbiome, referred to as dysbiosis, can affect a 

remarkable array of different host systems, particularly metabolic and immune processes. 

This phenomenon blurs the lines between mutualists, commensals and pathogens, as bacteria 

that are harmless or even beneficial in the context of a healthy microbiome can promote 

chronic pathologies, such as atherosclerosis and obesity, when their surrounding ecosystem 

Postler and Ghosh Page 2

Cell Metab. Author manuscript; available in PMC 2018 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is altered. Conversely, the absence of a seemingly insignificant “commensal” can have 

deleterious effects on the development of immune cells. In the following sections, we 

discuss some of the most exciting discoveries connecting the microbiome to human 

metabolic diseases and describe how bacterial metabolites shape the immune system.

The Role of the Microbiome in Metabolic Diseases

Obesity

Obesity is one of the main risk factors that constitute the Metabolic Syndrome, which 

predisposes patients to cardiovascular disease and type 2 diabetes (Lam and LeRoith, 2015). 

Unexpectedly, the gut microbiome can be an active driver of obesity, either in combination 

with the interrelated factors of diet and genetic predisposition, or by itself (Cox and Blaser, 

2013; Shapiro et al., 2017). The composition of the microbiome differs between obese and 

lean individuals in humans and in animal models: obesity is associated with a relative 

increase in Firmicutes at the expense of Bacteroidetes (Ley et al., 2005; 2006). Crucially, the 

transfer of the microbiota from obese mice to germ-free animals results in a significantly 

larger weight increase than an equivalent transfer from lean mice, clearly demonstrating that 

body weight is in part controlled by the microbiome (Turnbaugh et al., 2008; 2006). This 

observation also holds true when the microbiota from obese or lean humans is transferred to 

germ-free mice (Ridaura et al., 2013; Tremaroli et al., 2015). These findings have prompted 

proposals to develop fecal matter transplants (FMTs) as a novel therapeutic approach to treat 

obesity and other disorders associated with the metabolic syndrome (Marotz and Zarrinpar, 

2016). A technique that dates back to the 4th century CE, FMTs have most recently been 

used as experimental treatments for recurrent infection with Clostridium difficile, with 

promising results (Rao and Safdar, 2016; van Nood et al., 2013; F. Zhang et al., 2012). 

Bacterial strains transferred in FMTs have been shown to persist in the recipient colon for at 

least three months, raising the possibility of long-term health benefits (S. S. Li et al., 2016). 

Interestingly, a small study of FMTs from lean, healthy donors to obese recipients with type 

2 diabetes found no reduction in weight but a significant increase in insulin sensitivity in the 

recipient population six weeks after transplantation (Vrieze et al., 2012). Large-scale, long-

term clinical studies will be necessary to determine whether FMTs can ameliorate obesity 

and/or other disorders associated with the Metabolic Syndrome.

A comprehensive model for the influence of the microbiome on the host’s body weight has 

been developed (Sonnenburg and Bäckhed, 2016): the microbiota extracts energy from 

dietary components that are not digested by the host and converts that energy to nutrients the 

host can absorb, thereby altering the overall energy balance of the host. Bacterial species 

able to most efficiently utilize the components of a given diet gain a growth advantage and 

displace other species, explaining the rapid changes in the composition of the microbiome 

upon dietary modifications described a century ago and studied in great detail more recently 

(Cannon, 1921; Cotillard et al., 2013; David et al., 2014; Herter and Kendall, 1910; Koeth et 

al., 2013; Walker et al., 2011). An obesity-inducing, Western-style diet, which is typically 

low in fiber and high in caloric content from sucrose and unsaturated fat, thus selects for a 

less diverse microbiota that efficiently extracts energy from these nutrients (mostly members 

of the Firmicutes). Conversely, a plant-based diet promotes the enrichment of microbial 

Postler and Ghosh Page 3

Cell Metab. Author manuscript; available in PMC 2018 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



species that efficiently ferment fiber (Bacteroidetes) (De Filippo et al., 2010; Wu et al., 

2011). When a germ-free mouse receives the microbiota of an obese individual, the ability to 

effectively utilize high-caloric nutrients is transferred along with it, resulting in obesity of 

the recipient.

Consistent with this model of microbial selection based on biochemical capacity, the 

representation of biochemical pathways in the collective genome of the gut microbiome is 

remarkably similar between healthy individuals, whereas the composition of the microbiome 

on a species level varies significantly. Obese individuals share a functionally similar gut 

microbiome between them, with reduced but still considerable species diversity (Human 

Microbiome Project Consortium, 2012; Kurokawa et al., 2007; Qin et al., 2010; Turnbaugh 

et al., 2009). While studies have mapped in impressive detail the shifts in the genetic 

repertoire and the species composition of the microbiome that are associated with obesity 

and other disorders, surprisingly little is known about which species drive the functional 

changes. A recent study by Manor and Borenstein described a bioinformatic framework, 

termed FishTaco (for functional shifts’ taxonomic contributors), to integrate taxonomic and 

functional information and determine contributions of individual species to functional shifts 

within the microbiome (Manor and Borenstein, 2017). This area of research is likely to yield 

further fascinating insights in the near future and enhance our understanding of the 

microbiome significantly. Another interesting question to be explored is which endogenous 

host factors affect the composition of the microbiome, in addition to the established 

environmental factors. Host genetic variation has been shown to be associated with variation 

in the microbiome composition, but genome-wide approaches to identify individual genes 

and their role in shaping the microbiome are only beginning to emerge (Blekhman et al., 

2015; Spor et al., 2011).

In addition to changes in energy metabolism, obesity has also been linked to a deterioration 

of the intestinal mucosa and resultant chronic, systemic inflammation, analogous to type 2 

diabetes (see below) (Boutagy et al., 2016). This is consistent with the notion that the 

intestinal microbiome is an important regulator of mucosal barrier function, which will be 

discussed in further detail in subsequent sections. The gut bacterium Akkermansia 
muciniphila is an excellent example of such a regulator. Abundance of A. muciniphila is 

decreased in obese (and diabetic) mice, while reintroduction of the bacterium by oral gavage 

improves epithelial barrier function and reduces diet-induced obesity (Everard et al., 2013). 

Recently, Plovier et al. reported that much of this effect could be replicated by 

administration of a membrane protein purified from A. muciniphila, suggesting the 

appealing possibility of a novel therapeutic application (Plovier et al., 2017).

Type 2 Diabetes

In addition to obesity, the gut microbiome has also been implicated directly in the 

development of the two primary complications of Metabolic Syndrome, type 2 diabetes 

(T2D) and cardiovascular disease (Fändriks, 2016; Jonsson and Bäckhed, 2017; Khan et al., 

2014). T2D is associated with inflammation of the insulin-producing β cells of the 

pancreatic islets and the white adipose tissue itself, which results in decreased insulin 

production and increased insulin resistance, respectively (comprehensively reviewed by 
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(Donath et al., 2013)). The microbiome of patients suffering from T2D, which is also 

markedly different from healthy individuals, is believed to promote these inflammatory 

events by two distinct mechanisms (Karlsson et al., 2013; Qin et al., 2012). First, the gut 

microbiota associated with T2D produces lower levels of short-chain fatty acids (SCFAs, 

discussed in detail below), which have been shown in vitro and in vivo to support the 

integrity of the intestinal mucosa in a variety of ways (Fukuda et al., 2011; Gaudier et al., 

2004; Macia et al., 2015; Willemsen et al., 2003; Wrzosek et al., 2013). In the absence of 

adequate SCFA production, the permeability of the intestinal mucosa increases, allowing gut 

bacteria to cross and enter the bloodstream. Pathogen-associated molecular patterns 

(PAMPs) of invading bacteria, such as the cell-wall component lipopolysaccharide (LPS), 

bind to pattern recognition receptors (PRRs) expressed by immune and adipose cells and 

elicit pro-inflammatory cytokine production, resulting in a generalized state of chronic, low-

level inflammation. Second, microbiota-derived LPS has been suggested to traverse the 

mucosal barrier of the intestine on chylomicrons, lipoprotein complexes that transport long-

chain fatty acids from the gut lumen to the lymph and blood (Ghoshal et al., 2009; Khan et 

al., 2014; Sonnenburg and Bäckhed, 2016). Correspondingly, patients suffering from T2D 

have been reported to exhibit increased plasma levels of LPS (Creely et al., 2007). 

Interestingly, mice chronically exposed to low levels of LPS for four weeks gained weight 

and became insulin-resistant (Cani et al., 2007).

Atherosclerosis

The primary cause of cardiovascular disease is atherosclerosis, a process in which the 

microbiome has been implicated as well (Jonsson and Bäckhed, 2017; Sharon et al., 2014). 

Atherosclerotic plaques form as a result of excessive deposition of cholesterol, 

phospholipids and triglycerides associated with low-density lipoprotein (LDL) in the intima 

of arteries, where they are subject to oxidation and enzymatic modification (oxLDL). 

OxLDL has pro-inflammatory properties and elicits the recruitment of monocytes from the 

blood into the subendothelium, where they differentiate into macrophages and internalize 

large quantities of the lipids deposited in the intima until they eventually turn into 

dysfunctional foam cells laden with lipids. As foam cells, they secrete additional pro-

inflammatory cytokines and thus attract more monocytes to the site of the incipient plaque, 

creating a positive feedback loop. Ultimately, the foam cells perish by apoptosis or necrosis, 

leaving behind a necrotic core in the plaque. This destabilizes the entire plaque, facilitating 

rupture and subsequent formation of an embolus that may result in myocardial infarction, 

stroke or other forms of cardiovascular disease (Brophy et al., 2017; Frostegård, 2013; 

Moore et al., 2013). Therefore, atherosclerosis is at least in part a disease of chronic 

inflammation, not unlike T2D. It is hence not surprising that the same systemic, pro-

inflammatory events that promote T2D also promote atherosclerosis (see above). Beyond 

these general mechanisms, the gut microbiome affects atherogenesis more specifically 

through its degradation of phosphatidylcholine, which is abundant in eggs, cheese, seafood 

and red meat (Jonsson and Bäckhed, 2017; Sharon et al., 2014; Sonnenburg and Bäckhed, 

2016). Bacteria of the gut microbiota process dietary phosphatidylcholine to yield 

trimethylamine (TMA), which is absorbed by the host and oxidized in the liver to 

trimethylamine N-oxide (TMAO). A seminal study by Hazen and colleagues discovered that 

plasma levels of TMAO and its precursors choline and betaine predicted the risk of 
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cardiovascular disease in humans, thus identifying a novel connection between the 

microbiome and metabolic health. Consistent with this finding, supplementing food with 

choline or TMAO promoted atherosclerosis in mice. Elimination of the gut microbiota by 

treatment with antibiotics negated the choline-induced exacerbation of atherosclerosis, 

confirming the importance of the gut microbiome in this process (Z. Wang et al., 2011). 

These observations were further corroborated and extended by subsequent studies from the 

same group and others (X. S. Li et al., 2017; Mente et al., 2015; Tang et al., 2014; 2013; 

2015; Trøseid et al., 2015; Z. Wang et al., 2014). Hazen and colleagues separately 

investigated L-carnitine, an amino acid found in red meat that is also converted to TMAO 

after processing by gut bacteria. They found that L-carnitine and its metabolite γ-

butyrobetaine also promoted atherosclerosis in mice, and that elevated plasma levels of L-

carnitine were associated with increased risk of cardiovascular disease in individuals with 

elevated TMAO plasma levels (Koeth et al., 2013; 2014). To identify specific members of 

the microbiome that produce TMA, Romano et al. recently screened 79 bacterial strains 

known to inhabit the human intestine and found nine (11.4%) that were able to produce 

TMA from dietary choline, including three different Clostridium species. Interestingly, the 

same strains did not produce TMA from L-carnitine under the same experimental conditions 

(Romano et al., 2015). The importance of the gut microbiota in atherosclerosis was further 

underscored by a study demonstrating that susceptibility to atherosclerosis in a mouse model 

can be transmitted via FMTs. Induction of atherosclerotic plaques was increased when Apoe
−/− mice had received FMTs from a mouse strain that produced high levels of TMAO and 

was prone to atherosclerosis, compared to FMTs from a mouse strain that produced low 

levels of TMAO and was less susceptible to atherosclerosis (Gregory et al., 2015). The role 

of TMAO and its precursors in atherogenesis is not entirely straightforward, however. Many 

fish species contain large quantities of TMAO, yet fish-based diets have long been 

associated with reduced risk of cardiovascular disease. The cardioprotective effects of 

consuming fish are generally believed to be mediated by ω-3 fatty acids, which may 

outweigh any adverse effects of the simultaneously ingested TMAO (Maehre et al., 2015; 

Ussher et al., 2013). Dietary supplementation with L-carnitine has also been associated with 

a significant decrease in the risk of cardiovascular disease, in apparent contradiction to the 

reported association of elevated plasma L-carnitine with increased risk (DiNicolantonio et 

al., 2013; Ussher et al., 2013). More targeted, large-scale studies will be necessary to better 

understand the direct effects of dietary TMAO and L-carnitine on cardiovascular disease. 

Moreover, the molecular mechanism(s) underlying any effect of TMAO have remained 

elusive. A study by Collins et al. found that even excessive concentrations of TMAO did not 

affect uptake or efflux of cholesterol by macrophages in vitro, even though an up-regulation 

of the scavenger receptors CD36 and SR-A1 on macrophages from TMAO-fed mice had 

been described previously (Collins et al., 2016; Z. Wang et al., 2011). TMAO has been 

reported to inhibit reverse cholesterol transport, but details remain poorly understood (Koeth 

et al., 2013). Interestingly, a recent study found that TMAO induced the transcription of 

several genes encoding pro-inflammatory, atherosclerosis-promoting proteins in endothelial 

and smooth-muscle cells (but not peritoneal macrophages) through an unknown mechanism 

(Seldin et al., 2016). Beyond a direct effect on atherosclerosis, TMAO has also been 

reported to increase platelet responsiveness by enhancing intracellular Ca2+ release, thus 

increasing the likelihood of thrombotic events and thereby cardiovascular disease (W. Zhu et 
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al., 2016). The precise mechanisms by which TMAO affects atherosclerosis remain 

unresolved and their continued study promises to offer fascinating insights into the 

relationship between microbiome and cardiovascular health.

Microbiome-Associated Metabolites that Shape the Immune System

One of the most surprising findings of recent microbiome research is the observation that the 

gut microbiota does not simply evade the immune system to persist in the intestinal tract. 

Instead, a complex interplay between the local microbiome, the intestinal epithelium and 

resident immune cells has begun to emerge, in which all participants actively foster 

gastrointestinal homeostasis. In this system, bacterially derived metabolites serve as 

important signals that continuously contribute to the proper function of the epithelial barrier 

and immune cells. Our understanding of the scope of these interactions is still in its infancy: 

most of the bacterial metabolome of the intestine remains unidentified, and many known 

metabolites have yet to be functionally characterized. For instance, of the 179 metabolites 

detected in the colonic lumen of mice by a mass-spectrometric study, 48 were not present in 

the supplied food. Of those 48 metabolites, 35 had altered concentrations in the colon of 

germ-free mice compared to controls, as did 88 metabolites that were also present in the 

food (Matsumoto et al., 2012). For the vast majority of these, it is entirely unknown if or 

how such changes in concentration could affect the host’s immune system.

While the true extent of microbially derived metabolites that shape the gut-immune axis 

remains to be elucidated, a comparatively small but diverse range of such molecules has 

been identified and keenly studied over the past two decades. These can broadly be grouped 

into three categories: (i) metabolites that are produced by bacteria directly from dietary 

components; (ii) metabolites that are produced by the host and biochemically modified by 

gut bacteria; and (iii) metabolites that are synthesized de novo by gut microbes (Table 1). In 

the following sections, we discuss the most striking examples from each of these groups.

Metabolites that are produced by bacteria from dietary components

Short-chain fatty acids (SCFAs)—SCFAs are among the most-thoroughly investigated 

bacterial metabolites and comprise fatty acids with a backbone of one to six carbon atoms 

(Fig. 1). In general, SCFAs have anti-inflammatory properties in the intestinal mucosa 

(Ferreira et al., 2014). Several studies have demonstrated a protective role of SCFAs in 

mouse models of inflammatory bowel disease (IBD) (Furusawa et al., 2013; Maslowski et 

al., 2009; Smith et al., 2013). Consistent with these findings, IBD in humans is associated 

with a decrease of SCFA-producing microbial species in the gut, and dietary changes that 

promote production of SCFAs by the microbiome can ameliorate symptoms (Frank et al., 

2007; Kanauchi et al., 2002; Machiels et al., 2014; Sokol et al., 2009). Direct application of 

the SCFA butyrate by enema has also been reported to alleviate IBD (Breuer et al., 1991; 

Harig et al., 1989).

Origin and distribution of short-chain fatty acids: SCFAs are produced in the large 

intestine by bacterial fermentation of plant-derived polysaccharides, primarily cellulose, that 

cannot be digested by host enzymes. Acetate (C2), propionate (C3) and butyrate (C4) are by 

far the most abundant of the intestinal SCFAs (Cummings et al., 1987; Morrison and 
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Preston, 2016). Members of the Bacteroidetes provide most of the acetate and propionate 

whereas Firmicutes, which tend to utilize polysaccharides less efficiently, are believed to be 

the primary producers of butyrate (Flint et al., 2015; Kaoutari et al., 2013; Levy et al., 2016; 

Louis et al., 2010). While a comprehensive species inventory of SCFA producers remains 

elusive, studies investigating individual species have uncovered interesting microbial cross-

feeding dynamics (recently reviewed by (Flint et al., 2015) and (Ríos-Covián et al., 2016)). 

For instance, one of the main producers of acetate, Bacteroides thetaiotaomicron, utilizes 

polysaccharides and produces acetate, while one of the main producers of butyrate, 

Faecalibacterium prausnitzii, can utilize acetate as a substrate (Duncan et al., 2004a). An in 
vivo study by Wrzosek et al. suggested that F. prausnitzii could indeed utilize acetate 

produced by B. thetaiotaomicron under physiological conditions, as gut bicolonization of 

rats with both bacterial species resulted in increased butyrate and decreased acetate 

concentrations in the cecum, compared to animals monocolonized with B. thetaiotaomicron 
(Wrzosek et al., 2013). Similarly, lactate, which is produced by many members of the human 

gut microbiome, has been shown to serve as substrate for bacterial production of propionate 

(e.g., Coprococcus catus) and butyrate (e.g., Eubacterium hallii and Anaerostipes caccae) 

(Duncan et al., 2004b; Reichardt et al., 2014).

Available SCFAs are readily taken up by the host but reach radically different levels of 

systemic distribution. Butyrate serves as a major energy source for colonic enterocytes and 

is largely metabolized within the epithelial mucosa (Clausen and Mortensen, 1995; Donohoe 

et al., 2012). Remaining butyrate is degraded in the liver (Bloemen et al., 2009; van der Beek 

et al., 2015). Propionate and acetate travel largely intact across the epithelium to the liver, 

where a substantial portion of propionate is degraded while acetate is released into systemic 

circulation (Bloemen et al., 2009; Morrison and Preston, 2016). As a result, butyrate is 

restricted to the enteric system, while bacterially derived acetate is disseminated throughout 

the circulation. Propionate exhibits an intermediate distribution.

Molecular mechanisms of SCFA signaling: SCFAs act as both extracellular and 

intracellular signaling molecules. Outside of the cell, they function as agonists for several G-

protein-coupled receptors (GPCRs), namely the free fatty acid receptors 2 (FFAR2, also 

known as GPR43) and 3 (FFAR3 or GPR41) (Brown et al., 2003; Le Poul et al., 2003; 

Nilsson et al., 2003). Butyrate, but not acetate or propionate, can also activate the 

hydroxycarboxylic acid receptor 2 (HCAR2 or GPR109A) (Thangaraju et al., 2009b). 

FFAR2, FFAR3 and HCAR2 are expressed by a variety of cell types, including intestinal 

epithelial cells and immune cells (comprehensively reviewed by (Koh et al., 2016)). Of note, 

HCAR2 is largely absent from lymphocytes (Wise et al., 2003). A fourth SCFA-responsive 

GPCR, the olfactory receptor 51E2 (OR51E2, also known as Olfr78 in mice), is expressed 

by some cells of the intestinal epithelium but has not been connected to the immune system 

(Fleischer et al., 2015; Pluznick et al., 2013). FFAR2, FFAR3 and HCAR2 all signal through 

heterotrimeric Gi/o proteins. FFAR2 is additionally capable of utilizing Gq proteins, but 

physiological coupling of FFAR2 and Gq has only been observed in enteroendocrine L cells 

(a subset of which, interestingly, expresses OR51E2) (Brown et al., 2003; Fleischer et al., 

2015; Le Poul et al., 2003; Nilsson et al., 2003; Y. Shi et al., 2017; Tolhurst et al., 2012; 

Tunaru et al., 2003; Wise et al., 2003). SCFA stimulation of GPCRs activates the mitogen-
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activated protein kinases (MAPKs) extracellular-signal-regulated kinase (ERK) 1 and 2, and 

to a lesser extent c-Jun N-terminal kinase (JNK) and p38/MAPK (Seljeset and Siehler, 

2012). In addition to acting as ligands on the cell surface, SCFAs can enter cells via active 

transport by the sodium-coupled monocarboxylate transporter 1 (SLC5A8) (Miyauchi et al., 

2004; Thangaraju et al., 2008). Once inside the cell, butyrate broadly affects transcriptional 

regulation by directly inhibiting nuclear class I histone deacetylases (HDACs) and activating 

histone acetyltransferases (HATs) (Donohoe et al., 2012; Koh et al., 2016; Steliou et al., 

2012). Specifically, butyrate has been reported to inhibit HDAC1 and HDAC3 (Thangaraju 

et al., 2009a). Propionate is also a functional HDAC inhibitor, albeit less potently so than 

butyrate. Finally, intracellular butyrate can act as an agonist for the peroxisome proliferator-

activated receptor gamma (PPAR-γ) (Alex et al., 2013). A direct relevance of this interaction 

for the immune system has not been described yet, but exposure to bacterial strains present 

in the healthy gut microbiome has been shown to affect PPAR-γ activity (Are et al., 2008; 

Kelly et al., 2004). Given the anti-inflammatory effects described for PPAR-γ, future studies 

are likely to further explore this topic (Croasdell et al., 2015).

Effects of SCFAs on the immune system: SCFAs manifest their anti-inflammatory 

properties by influencing nearly every aspect of the intestinal immune system. In a mouse 

model of colitis, SCFAs were shown to mitigate disease severity by activating the NACHT, 

LRR and PYD domains-containing protein 3 (NLRP3) inflammasome through FFAR2 and 

HCAR2, inducing the secretion of the epithelial repair cytokine interleukin (IL-) 18 (Kalina 

et al., 2002; Macia et al., 2015; Singh et al., 2014). This is an excellent example of SCFAs 

promoting the integrity of the intestinal epithelium. Other mechanisms include increased 

production of mucin by goblet cells and modification of tight junctions, although some 

important details remain to be elucidated (Fukuda et al., 2011; Gaudier et al., 2004; 

Willemsen et al., 2003; Wrzosek et al., 2013).

Cells of the innate immune system are also broadly affected by SCFAs. FFAR2 is essential 

for neutrophil chemotaxis at the intestinal mucosa, and exposure to SCFAs reduces the 

production of pro-inflammatory cytokines from LPS-stimulated neutrophils. Consequently, 

Ffar2−/− mice are significantly more susceptible to colitis induced by dextrane sodium 

sulfate (DSS) (Le Poul et al., 2003; Maslowski et al., 2009; Sina et al., 2009; Venkatraman et 

al., 2003; Vinolo et al., 2011a; 2011b). Similarly, Chang et al. demonstrated that butyrate 

limits the secretion of pro-inflammatory cytokines from LPS-stimulated macrophages in the 

colonic lamina propria. This effect, however, is mediated by HDAC inhibition independently 

of GPCR activation. Interestingly, the inhibition seems to be restricted to so-called 

secondary response genes, which require an initial round of protein synthesis and chromatin 

remodeling prior to transcription after LPS stimulation (Chang et al., 2014; Ramirez-

Carrozzi et al., 2009). This mechanism is quite different from the previously reported 

general hyporesponsiveness of intestinal macrophages that was based on starkly reduced 

expression of several innate response receptors (Smythies et al., 2005). There are also 

conflicting reports on whether or not butyrate directly inhibits activation of the transcription 

factor NF-κB (nuclear factor kappa-light-chain enhancer of activated B cells), likely due to 

varying experimental methodologies and cell types (Chang et al., 2014; Lührs et al., 2002; 
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Segain et al., 2000). Further studies will undoubtedly clarify the physiological relevance of 

each of the observed phenomena.

Beyond intestinal macrophages, SCFAs have also been reported to be functionally important 

for microglia, a macrophage-like cell type of the central nervous system. Germ-free mice 

exhibited microglia dysfunction that could be rescued by treatment with SCFAs. Ffar2−/− 

mice had a similar defect, although no FFAR2 expression could be detected on microglia, 

leaving the connection between SCFAs and microglia unresolved (Erny et al., 2015). A 

tentative connection between expression of HCAR2 on microglia and Parkinson’s disease 

has also been proposed, inviting further investigation (Wakade et al., 2014).

Several studies have demonstrated that butyrate and propionate inhibit the maturation of 

dendritic cells (DCs), which form a central bridge between the innate and adaptive immune 

systems (Lu Liu et al., 2012; Millard et al., 2002; Singh et al., 2010; B. Wang et al., 2008). 

This appears to be primarily mediated by HDAC inhibition, as the effect is dependent on the 

SCFA transporter SLC5A8 (Singh et al., 2010). However, SCFAs have also been shown to 

affect DC maturation and function through HCAR2 and FFAR3, depending on the context 

(Singh et al., 2014; Trompette et al., 2014).

A role for SCFA in the regulation of B-cell function was reported nearly 20 years ago 

(Kudoh et al., 1998). In a recent study, Kim et al. shed further light on this observation and 

demonstrated that SCFAs support antibody responses by regulating gene expression through 

HDAC inhibition. Intriguingly, they further found that SCFAs in parallel modulate the 

energy metabolism of B cells to promote production of antibodies (M. Kim et al., 2016). 

This latter finding is of particular interest as it represents a direct link between microbial 

metabolites and cellular immunometabolism, an area of research that promises to garner 

much attention in the near future.

Perhaps the most potent anti-inflammatory property of SCFAs is their promotion of 

regulatory T cells (Tregs), which suppress the activity of effector T cells. This effect is 

mediated through several different mechanisms: acetate and propionate, but not butyrate, 

stimulate the expansion of pre-existing colonic Tregs (cTregs), whereas propionate and 

butyrate, but not acetate, increase the de novo differentiation of naive T cells into Tregs 

(Arpaia et al., 2013; Furusawa et al., 2013; Singh et al., 2014; Smith et al., 2013). Each of 

these functions operates independently, as numbers of cTregs in germ-free mice, which are 

starkly reduced in the absence of treatment, can be rescued by separate provision of acetate, 

propionate or butyrate (Arpaia et al., 2013; Smith et al., 2013). The specificity of each 

respective effect for a different subset of SCFAs reflects the underlying molecular 

mechanism. The expansion of pre-existing cTregs is mediated by activation of FFAR2, 

which is not triggered effectively by butyrate (Smith et al., 2013). Conversely, the de novo 
differentiation of cTregs relies on HDAC inhibition in both DCs and T cells, which acetate 

does not promote (Arpaia et al., 2013; Furusawa et al., 2013). Separately, butyrate has also 

been shown to enhance Treg generation by promoting an anti-inflammatory phenotype in 

macrophages and DCs through activation of HCAR2 (Singh et al., 2014). In addition to 

these mechanisms, Atarashi et al. showed that exposure of a colorectal cancer cell line to a 

mixture of SCFAs could elicit the production of transforming growth factor beta (TGF-β), 
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which promotes the differentiation of naive T cells into Tregs (Atarashi et al., 2013; Fu et 

al., 2004). If this observation reflects a physiological mechanism in intestinal epithelial cells, 

it may allow SCFAs to further increase the colonic Treg population. The regulation of T-cell 

biology may be even more complex, however, as SCFAs have also been reported to promote 

generation of both effector and regulatory T cells, depending on the immunological context 

(Park et al., 2015).

In summary, microbiome-derived SCFAs are key regulators of virtually every aspect of the 

intestinal immune system. Their functional diversity results in staggering biological 

complexity that will likely elude comprehensive characterization and distillation into a 

simplistic model for years to come, even as a steady stream of fascinating new discoveries 

continues to elucidate new mechanisms and functions. One particularly interesting facet are 

the physiologically relevant concentrations of different SCFAs. In vivo studies use widely 

varying methods of administration and concentrations of SCFAs, including oral uptake via 

enriched starch or drinking water, enema, and intraperitoneal injection. Concentrations of 

SCFAs provided with drinking water ranged from 36 mM to 300 mM in the studies cited 

above. It remains unclear which method(s) most closely resemble the physiological state, but 

there is evidence that these differences affect experimental outcomes. For instance, Smith et 
al. reported an increase in cTregs after providing butyrate at a concentration of 150 mM with 

drinking water, while Arpaia et al. detected no significant changes at a concentration of 36 

mM, likely because this lower quantity of butyrate was largely absorbed by the upper 

gastrointestinal tract before reaching the colon (Arpaia et al., 2013; Smith et al., 2013). 

Direct application of 50 mM butyrate by enema, however, did elicit an increase in cTregs, 

emphasizing the importance of administration route and SCFA concentration for in vivo 
experiments (Arpaia et al., 2013).

Indole derivatives—Beyond SCFAs, bacteria of the gut microbiome produce a plethora of 

other immunologically important metabolites from food components (Fig. 1). Dietary 

tryptophan, for instance, is processed to several different indole derivatives, which can act as 

ligands for the aryl hydrocarbon receptor (AhR) in host cells (Wikoff et al., 2009). The AhR 

is a ligand-activated transcription factor with a central role in the intestinal mucosa 

(Stockinger et al., 2014). Ahr−/− mice suffer from multiple immunological deficits, 

including reduced resistance to infection with the bacteria Listeria monocytogenes or 

Citrobacter rodentium, as well as the fungus Candida albicans; exacerbated DSS-induced 

colitis; and even altered susceptibility to experimental autoimmune encephalomyelitis (EAE) 

(Kiss et al., 2011; Lee et al., 2011; Y. Li et al., 2011; J. Qiu et al., 2012; Rothhammer et al., 

2016; L. Z. Shi et al., 2007; Veldhoen et al., 2008; Zelante et al., 2013). Protection against 

these pathologies is mediated by expression of IL-22, a cytokine that supports the integrity 

of the intestinal mucosa by inducing the secretion of antimicrobial peptides from epithelial 

cells, production of mucins and proliferation of intestinal goblet cells. Under homeostatic 

conditions, IL-22 is primarily produced by a specialized subset of intraepithelial 

lymphocytes, the type 3 innate lymphoid cells (ILC3s) (Melo-Gonzalez and Hepworth, 

2017). Nearly ten years ago, it was demonstrated that expression of IL-22 requires the AhR 

(Martin et al., 2009; Veldhoen et al., 2008). A few years later, four groups independently 

discovered that the AhR is in fact required for postnatal maintenance of IL-22-producing 
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ILC3s, as well as the formation of isolated lymphoid follicles (Kiss et al., 2011; Lee et al., 

2011; Y. Li et al., 2011; J. Qiu et al., 2012). In Ido1−/− mice, which cannot produce the 

endogenous AhR ligand L-kynurenine, bacteria that are able to metabolize dietary 

tryptophan and produce indole derivatives gain a selective advantage due to the increased 

availability of tryptophan. Indole derivatives produced by these bacteria can then 

compensate for the lack of endogenously produced AhR ligands, reflecting an interesting 

mutualistic balance between the needs of microbiome and host (Zelante et al., 2013). The 

pathophysiological relevance of microbiome-derived AhR ligands is further underscored by 

the observation that mice deficient for Card9, a gene that in humans is associated with IBD 

susceptibility, have an altered microbiota that produces lower amounts of indole derivatives, 

similar to the microbiota of IBD patients (Lamas et al., 2016).

In addition to AhR, the promiscuous nuclear receptor subfamily 1 group I member 2 

(NR1I2, also known as pregnane X receptor, PXR) has been identified as a functional 

receptor for indole-3-propionic acid (IPA), which is produced in mice monocolonized with 

Clostridium sporogenes but absent in the gut of germ-free mice (Venkatesh et al., 2014; 

Wikoff et al., 2009). Nr1i2−/− mice exhibit impaired epithelial barrier function, and 

administration of synthetic NR1I2 agonists exerts protective effects in mouse models of 

colitis (Dou et al., 2013; Garg et al., 2016; Shah et al., 2007; Terc et al., 2014; Venkatesh et 

al., 2014). Interestingly, the combined knockout of Nr1i2 and the gene encoding the LPS 

sensor toll-like receptor 4 (Tlr4) can rescue the phenotype of Nr1i2−/− mice, possibly 

because it counteracts the accelerated cell death of inflammatory monocytes observed in 

NR1I2-deficient mice (Z. Qiu et al., 2016; Venkatesh et al., 2014).

Polyamines—Arginine is another amino acid that can be processed by the gut microbiota 

to produce immunomodulatory metabolites (Fig. 1). The highly reactive polyamines 

putrescine (a diamine, N2), spermidine (N3) and spermine (N4) all are arginine derivatives 

produced and secreted by intestinal bacteria (Michael, 2016). Polyamines are present in 

every living cell and fulfill important roles in gene expression and proliferation; therefore 

their endogenous production in eukaryotic cells is strictly regulated (Miller-Fleming et al., 

2015). Oral administration of polyamines enhances the development and maintenance of the 

intestinal mucosa and resident immune cells (Buts et al., 1993; Dufour et al., 1988; Löser et 

al., 1999; Pérez-Cano et al., 2010). Conversely, blocking endogenous production of 

polyamines with a chemical inhibitor of ornithine decarboxylase negatively affects 

maintenance, repair and function of the intestinal epithelium, although it is not clear if or 

how this relates to dietary and microbially derived polyamine absorption (Chen et al., 2007; 

X. Guo et al., 2005; 2003; Lan Liu et al., 2009; Lux et al., 1980). Unexpectedly, and 

contrary to these observations, Levy et al. recently reported that exogenous polyamines can 

reduce the release of IL-18, a cytokine that promotes epithelial repair and barrier function. 

Spermine and the monoamine histamine both inhibit activation of the NLRP6 

inflammasome, a protein complex expressed by epithelial cells that regulates IL-18 

secretion. Intriguingly, taurine, another microbial metabolite that derives from host-produced 

bile acids (see below), counteracts the effects of spermine and histamine, indicating a finely 

tuned balance of opposing bacterial stimuli (Levy et al., 2015).
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In addition to epithelial cells, polyamines can also exert direct influence on innate immune 

cells. Extraneous spermine is taken up by monocytes and macrophages and selectively 

inhibits the LPS-induced expression of pro-inflammatory cytokines (M. Zhang et al., 1999; 

1997). Indeed, spermine administration exhibits protective anti-inflammatory effects in 

mouse models of both localized and systemic inflammation (Steege et al., 1999; M. Zhang et 

al., 1997; S. Zhu et al., 2009). The cellular protein alpha-2-HS-glycoprotein (AHSG, also 

known as Fetuin-A) has been reported to be a required co-factor for the anti-inflammatory 

activity of spermine, but the underlying molecular mechanism remains unclear (H. Wang et 

al., 1997).

Interestingly, the metabolism of dietary arginine by the microbiome may have effects on the 

immune system beyond the actual polyamine products. Arginine itself is an important 

modulator of the immunometabolism of macrophages and T cells and thus affects their 

effector functions (O'Neill et al., 2016). Germ-free mice retain significantly higher amounts 

of arginine in their intestines than mice colonized by gut microbes. This indicates that the 

microbiome metabolizes substantial quantities of dietary arginine and may thus regulate the 

availability of arginine to the immune system to a certain extent (Mardinoglu et al., 2015; 

Matsumoto et al., 2012). However, further studies are needed to determine whether this 

phenomenon has a measurable effect on immune function.

Even though polyamines have been known to affect the intestinal mucosa and various 

immune functions for decades, surprisingly little is understood of the extent and the 

mechanisms by which they function biologically. This is undoubtedly a result of their 

ubiquitous presence and broad functionality, which pose daunting obstacles to detailed 

investigation. However, as increasingly sophisticated techniques allow for ever finer 

dissection of metabolic pathways, further insights are likely to emerge. A particularly 

interesting question will be the extent to which dietary, microbial and host-derived 

polyamines each contribute to the holobiont’s biology.

Bile acids: metabolites produced by the host and biochemically modified by gut bacteria

The enterohepatic circulation of bile acids—Intestinal microbes not only metabolize 

dietary components but also substrates that are secreted by the host into the gastrointestinal 

lumen (Fig. 2). This includes bile acids, which are released into the duodenum from the gall 

bladder to facilitate the absorption of dietary lipids and lipophilic vitamins. Primary bile 

acids, such as cholic acid and chenodeoxycholic acid, are synthesized in the liver from 

cholesterol and conjugated to glycine or taurine prior to secretion. After passage through 

the small intestine, about 95% of bile acids are reabsorbed in the terminal ileum by active 

transport, mostly in their conjugated form, and recycled by the host. About half of the 

remaining bile acids are taken up in the colon by passive absorption, the rest is excreted with 

the feces (Martinez-Augustin and Sanchez de Medina, 2008). Primary bile acids are 

converted to secondary bile acids by the local microbiota, partly in the small intestine and 

predominantly in the colon. This involves multiple steps and typically begins with the initial 

deconjugation of glycine or taurine, followed by dehydroxylation (Ridlon et al., 2006). As 

discussed above, free taurine generated by deconjugation can enhance the activation of the 

NLRP6 inflammasome and thereby increase production of IL-18 by the intestinal 
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epithelium, which supports epithelial barrier function and maintenance (Levy et al., 2015). 

Primary bile acids are more readily absorbed in the small intestine, whereas secondary bile 

acids are more hydrophobic and can thus be taken up more efficiently in the colon 

(Martinez-Augustin and Sanchez de Medina, 2008). Consequently, the gut microbiota plays 

an important role in regulating the extent to which bile acids can be recycled by the host. 

Indeed, the composition of bile acids varies dramatically between germ-free and control 

animals in feces, liver, heart, kidney and plasma (Duboc et al., 2013; Sayin et al., 2013; 

Swann et al., 2011).

Immunomodulatory effects of bile acids and their molecular mechanisms—
Beyond their role in digestion, bile acids also function as signaling molecules for several 

tissues. This includes cells of the immune system: bile acids reduce the expression of pro-

inflammatory cytokines from monocytes, macrophages, DCs and the hepatic macrophages 

known as Kupffer cells (Brestoff and Artis, 2013; Martinot et al., 2017). These effects are 

primarily mediated by two different host receptors, the bile acid receptor (BAR; also known 

as nuclear receptor subfamily 1 group H member 4, NR1H4, or farnesoid X-activated 

receptor, FXR) and the G-protein-coupled bile acid receptor 1 (GPBAR1; also known as 

membrane-type receptor for bile acids, M-BAR, or TGR5). Both receptors can be activated 

by primary and secondary bile acids alike (Kawamata et al., 2003; Makishima et al., 1999; 

Maruyama et al., 2002; Parks et al., 1999; H. Wang et al., 1999). Bile acids have also been 

reported to function as agonists to additional receptors, but the physiological relevance of 

these pathways remains incompletely understood (Thomas et al., 2008).

BAR is a nuclear, ligand-activated transcription factor that forms heterodimers with the 

retinoic-acid receptor RXR. Activation of BAR in LPS-stimulated macrophages by synthetic 

agonists induces the transcription of BAR-dependent genes; but it also causes the 

sumoylation-dependent stabilization of the nuclear receptor corepressor (NCoR) protein on 

the promoter of NF-κB-dependent genes, thus inhibiting their transcription. This results in a 

significant decrease in the expression of pro-inflammatory cytokines (Pascual et al., 2005; 

Vavassori et al., 2009). Correspondingly, treatment with a synthetic agonist of BAR has 

protective effects in mouse models of colitis, whereas BAR-deficient (Nr1h4−/−) mice 

exhibit exacerbated pathology (Gadaleta et al., 2011; Vavassori et al., 2009). Nr1h4−/− mice 

also develop spontaneous hepatic inflammation and liver tumors (I. Kim et al., 2007; Yang et 

al., 2007). Interestingly, the inflammatory effects of BAR deficiency on the liver may not 

only be mediated by Kupffer cells, but also by hepatocytes and NKT cells (Mencarelli et 

al., 2009; Y.-D. Wang et al., 2008).

GPBAR1, as the name suggests, is a Gs-protein-coupled receptor. Binding by bile acids 

triggers an increase in intracellular cAMP levels and the activation of ERK (Kawamata et 

al., 2003; Maruyama et al., 2002). Similar to BAR, activation of GPBAR1 on macrophages 

and Kupffer cells by synthetic agonists inhibits the expression of LPS-induced pro-

inflammatory cytokines by interfering with NF-κB-dependent transcription. This has been 

linked to direct inhibition of NF-κB activation, but is also consistent with a model of 

transcriptional competition between NF-κB and the cAMP-activated transcription factor 

cAMP response element binding protein (CREB) (C. Guo et al., 2015; Kawamata et al., 

2003; Keitel et al., 2008; Pols et al., 2011; Y.-D. Wang et al., 2011; Wen et al., 2010). 
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Gpbar1−/− mice, like their Nr1h4−/− counterparts, develop more severe disease than 

wildtype controls in several animal models of inflammatory disorder, including colitis, 

hepatitis and gastritis (Cipriani et al., 2011; C. Guo et al., 2015; Y.-D. Wang et al., 2011).

Bile acids and IBD—Due to this significant role in the regulation of the immune system, 

dysregulation of bile acids as a result of alterations in the gut microbiome have been 

proposed as mediators of IBD. Indeed, changes in the composition of the bile acid pool, an 

increase in colonic expression of GPBAR1 and a decrease in ileal activity of BAR have all 

been detected in patients suffering from IBD (Cipriani et al., 2011; Duboc et al., 2013; Lenz 

et al., 1976; Nijmeijer et al., 2011; Rutgeerts et al., 1979). However, no conclusive evidence 

for a causative role of bile-acid imbalances in the pathogenesis of IBD has been uncovered 

so far. A study evaluating genetic variations in NR1H4 found no association between single-

nucleotide polymorphisms in this gene and IBD risk (Nijmeijer et al., 2011). The efficiency 

of bile-acid recycling depends on their biotransformation by the microbiome; however, the 

de novo synthesis of bile acids is subject to a strict feedback mechanism, which may limit 

the effect of increased excretion of bile acids in the absence of a fully functional microbiota 

(Martinot et al., 2017). Furthermore, while secondary bile acids are exclusively produced by 

gut bacteria, both primary and secondary bile acids are able to activate BAR and GPBAR1, 

and it is not clear what functional effects a shift in the balance of primary and secondary bile 

acids might have. Studies investigating the role of bile acids in the regulation of the immune 

response typically utilize synthetic bile-acid receptor agonists, which do not allow for a 

distinction between the effect of primary and secondary bile acids. What, if any, 

physiological consequences to the microbial processing of bile acids may have in the context 

of chronic inflammatory disorders therefore remains an open question.

Metabolites that are synthesized de novo by gut microbes

ATP—Gut microbes do not only modify dietary components and host metabolites, they also 

secrete signaling molecules after de novo synthesis (Fig. 3). For instance some, but not all, 

intestinal bacteria actively secrete ATP, and germ-free mice have lower ATP concentrations 

in their gut than controls (Atarashi et al., 2008; Hironaka et al., 2013; Iwase et al., 2010).

Effects of ATP on the immune system: Unlike the other microbiota-derived compounds 

discussed so far, extracellular ATP primarily exhibits pro-inflammatory properties. Within 

the host, ATP is released passively from necrotic cells and actively from stressed or 

stimulated cells, e.g. during an inflammatory response. As such, it serves as an endogenous 

danger-associated molecular pattern (DAMP) that can drive chemotaxis of and cytokine 

release by immune cells (interestingly, low concentrations of ATP tend to have the opposite 

effect) (Faas et al., 2017). Germ-free mice show a severe reduction of TH17 lymphocytes in 

the lamina propria of the colonic epithelium, which can be rescued by the direct 

administration of ATP. Specifically, ATP elicits the production of cytokines that favor TH17 

differentiation by CD70high CD11clow antigen-presenting cells (APCs) in the lamina 

propria (Atarashi et al., 2008). Analogously, mice deficient for the epithelial ATP-degrading 

enzyme ectonucleoside triphosphate diphosphohydrolase 7 (ENTPD7) exhibit higher levels 

of luminal ATP and an increase in TH17 cells in the lamina propria of the small-intestinal 

epithelium (Kusu et al., 2013). It remains unclear which bacterial species constitute the main 
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producers of microbially derived ATP under physiological conditions. Interestingly, 

segmented filamentous bacteria (SFB), which have been shown to induce TH17 cells in the 

lamina propria of the murine small intestine, do not produce high levels of ATP (Ivanov et 

al., 2009). Instead, presentation of SFB-derived antigens by intestinal APCs was shown to be 

sufficient for TH17 cell development (Goto et al., 2014; Panea et al., 2015). The capability of 

other TH17-inducing gut bacteria to produce ATP has not been determined yet, but a 

common property appears to be their ability to adhere to the intestinal epithelium (Atarashi 

et al., 2015; Tan et al., 2016). Further studies will be needed to elucidate whether 

microbially derived ATP and epithelial-adhesive bacterial strains are functionally 

overlapping, additive, synergistic or redundant.

Molecular functions of extracellular ATP: On a biochemical level, extracellular ATP is 

the sole agonist for receptors of the P2X family, which are ligand-activated ion channels 

expressed by a variety of tissues including innate and adaptive immune cells (Faas et al., 

2017). The P2X purinoceptor 7 isoform (P2X7) appears to have a particularly important role 

in the ATP-mediated induction of inflammation. Binding of ATP to P2X7 results in the 

influx of Na+ and Ca2+ ions with simultaneous K+ efflux. Importantly, this has been shown 

to elicit activation of the NLRP3 inflammasome in LPS-stimulated macrophages, which 

causes secretion of IL-18 (but also of the pro-inflammatory cytokine IL-1β) and may thus 

promote maintenance and function of the epithelial barrier (Mariathasan et al., 2006; 

Sutterwala et al., 2014; 2006; Yaron et al., 2015). Long-term activation of P2X7, however, 

results in formation of a large membrane pore and cell death (Nuttle and Dubyak, 1994; 

Smart et al., 2003). Specifically in the gut mucosa, P2X7 has been shown to be an important 

regulator of IgA secretion into the intestinal lumen. T follicular helper (Tfh) cells in the 

Peyer’s patches foster the development of B cells that produce immunoglobulins with 

specificity for intestinal bacteria, which can be secreted across the epithelium as IgA. Mice 

deficient for P2X7 (P2rx7−/−) have elevated Tfh cell numbers in the intestinal mucosa, 

presumably because they are resistant to ATP-induced cell death. This results in an increase 

in high-affinity IgA specific for intestinal bacteria secreted into the intestinal lumen and 

thereby a depletion of the gut microbiota. The subsequent reduction in B1-cell stimulation is 

believed to cause increased susceptibility of P2rx7−/− mice to polymicrobial sepsis (Proietti 

et al., 2014). Importantly, Perruzza et al. recently demonstrated that microbially derived ATP 

can in fact modulate the host immune response through this pathway. Monocolonization 

with a Shigella flexneri mutant unable to secrete ATP was associated with a significant 

increase in Tfh and germinal-center B cells, as well as elevated levels of bacteria-specific 

IgA in the intestine, compared to colonization with the ATP-secreting wild-type S. flexneri 
(Perruzza et al., 2017). Thus, microbially derived ATP appears to protect the intestinal 

microbiota from excessive antibody production under physiological conditions, which 

allows for mutually beneficial colonization of the host.

ATP and intestinal inflammation: These protective effects notwithstanding, intestinal ATP 

has also been implicated in the development of IBD, likely due to the generally pro-

inflammatory properties of ATP. For instance, intraperitoneal injection of ATP exacerbated 

experimental colitis in mice (Atarashi et al., 2008). Another study investigated the role of 

ENTPD1 (also known as CD39), a membrane-bound extracellular hydrolase expressed on 
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the surface of immune and endothelial cells. ENTPD1 converts ATP to AMP, which is then 

quickly metabolized to the anti-inflammatory adenosine by 5’-nucleotidase (also known as 

CD73) (Allard et al., 2017). Entpd1−/− mice, which cannot remove extracellular ATP 

through this mechanism, where highly susceptible to experimental colitis (Friedman et al., 

2009). Conversely, P2rx7−/− mice were protected against experimental induction of colitis, 

as were rats treated prophylactically with a chemical P2X7 antagonist (Marques et al., 2014; 

Neves et al., 2014). In humans, polymorphisms of ENTPD1 were shown to be associated 

with IBD, and expression of P2X7 was increased in the intestinal epithelium and lamina 

propria of IBD patients (Friedman et al., 2009; Neves et al., 2014). If a direct link between 

microbially derived ATP and IBD is established by further studies, this may in fact open the 

possibility of novel therapeutic avenues.

Polysaccharide A (PSA)—Another important microbial immune modulator is the 

zwitterionic PSA, produced by the common gut bacterium Bacteroides fragilis (Pantosti et 

al., 1991; Sharma et al., 2017) (Fig. 3). PSA induces secretion of the potent anti-

inflammatory cytokine IL-10 by CD4+ T cells and promotes the differentiation of naive 

CD4+ T cells into TH1 cells over TH2 cells. The production of IL-10 is primarily mediated 

by DCs, which internalize PSA and present fragments to CD4+ T cells in conjunction with 

the major histocompatibility complex class II (MHC-II), thus stimulating activation and 

clonal expansion of T cells. Importantly, PSA also activates toll-like receptor (TLR) 2 

expressed on the surface of DCs, which triggers the release of cytokines that promote IL-10 

production by T cells (Cobb et al., 2004; Dasgupta et al., 2014; Johnson et al., 2015; 

Mazmanian et al., 2005; 2008; Telesford et al., 2015; Q. Wang et al., 2006). This process is 

supplemented by direct binding of PSA to TLR2 expressed on FoxP3+ Tregs, further 

enhancing IL-10 production (Round et al., 2011). The PSA-induced production of IL-10 

inhibits the activity of mucosal effector T cells, in particular of TH17 cells, and thereby 

protects mice in experimental models of colitis (Dasgupta et al., 2014; Mazmanian et al., 

2008). The presence of PSA is a prerequisite for effective colonization of the colonic 

mucosa by its producer B. fragilis, which further underscores the mutualistic nature of the 

interactions between PSA and the immune system (Round et al., 2011).

Interestingly, PSA exposure increases expression of ENTPD1 on FoxP3+ Tregs, thus 

suggesting a potential intersection between PSA and (microbially derived) extracellular ATP 

in the regulation of the immune system (Telesford et al., 2015). This observation is 

particularly intriguing as an increase in ENTPD1 expression on peripheral-blood Tregs has 

been associated with remission of IBD (Gibson et al., 2015). Furthermore, the up-regulation 

of ENTPD1 has been implicated in the protective effect of PSA in experimental autoimmune 

encephalomyelitis (EAE), a mouse model of multiple sclerosis (Ochoa-Reparaz et al., 2010; 

Y. Wang et al., 2014). This confirms that the immunomodulatory effects of PSA are not 

restricted to the intestinal compartment but have systemic consequences.

Beyond cells of the immune system, Jiang et al. recently reported that fetal enterocytes 

exposed to PSA produce lower levels of the IL-1β-induced, pro-inflammatory cytokine IL-8, 

which may play a role in the development of necrotizing enterocolitis in prematurely born 

infants (Jiang et al., 2017).
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Concluding remarks

More than a century of scientific research has revealed the staggering complexity and 

breadth of the interactions between microbiome and host. Indeed, the gut microbiota appears 

to influence nearly every aspect of host physiology, including energy balance, cardiovascular 

health, chronic inflammation, development of adaptive immune cells and many more 

systems that fall outside of the scope of this review (Rooks and Garrett, 2016; Sharon et al., 

2014). A comprehensive model for the inner workings of the holobiont, however, remains 

elusive. To build such a model, three avenues of research will have to be explored in concert:

i. What are the molecular underpinnings of the established observations? 
Even within the confines of known host-microbiome interactions, many details 

remain poorly understood, as discussed for several examples above. A 

particularly interesting question is bioavailability. When, where and how do 

microbially derived metabolites cross the epithelial barrier? How tightly is this 

process regulated (Sharon et al., 2014)?

ii. What else is out there? Until recently, the extensive diversity of the gut 

microbiome and its myriad biochemical processes have defied comprehensive 

analysis. Novel high-throughput techniques are beginning to unravel the 

complexities of the intestinal compartment – and are illuminating how many 

unknown variables are left to investigate. For instance, most of the known 

bacterially derived metabolites in the intestinal tract remain functionally 

uncharacterized, and it is unclear how many other, hitherto unidentified 

metabolites are yet to be discovered. The situation is similar with regard to 

bacterial species. In a recent study, Geva-Zatorsky et al. monocolonized germ-

free mice separately with 53 different bacterial species resident in the human 

intestine (less than five percent of the estimated total!) and found that each one of 

them had some sort of immunomodulatory effect on the host (Geva-Zatorsky et 

al., 2017).

iii. How does it all fit together? Virtually all functional studies of the microbiome 

have been limited to single bacterial species or metabolites. This, of course, 

simply reflects current technical limitations, as the gut is not an easily accessible 

organ system. However, the effect of individual bacterial species or metabolites 

is merely the first layer of complexity in host-microbiome interactions. 

Microbially derived metabolites signal not only to the host but also to other gut 

bacteria, and multiple interacting communities may influence the host in an 

additive, synergistic, redundant or even subtractive fashion (Adair and Douglas, 

2016). Considering that up to 1,150 different bacterial species are believed to 

reside in the human intestinal tract, and at least 160 of them are present in any 

given individual, the possible variations of this communication network appear 

astronomical. Another dimension is added by the gut virome, which is currently 

emerging as an exciting new chapter of microbiome research (Pfeiffer and 

Virgin, 2016). Computational analysis of high-throughput data sets is one 

approach to address this complexity, but another is to make the gut itself, or 

something reasonably similar, more accessible to experimental manipulation. 
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Yissachar et al. recently reported the development of a highly functional, 

microfluidics-based intestinal organ culture system. They found that previous 

observations made in vivo could be robustly reproduced, while being able to 

extract compelling new insights due to the tightly controlled nature of their 

system (Yissachar et al., 2017). Novel systems like this will undoubtedly be 

crucial in the elucidation of more complex connections between host and 

microbiome, and ultimately allow the development of new therapeutic 

approaches to treat ailments ranging from IBD to depression.
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Fig. 1. Intestinal bacteria convert dietary nutrients to immunomodulatory metabolites
Polysaccharides that cannot be digested by host enzymes, such as cellulose, are metabolized 

by the intestinal microbiota to short-chain fatty acids (SCFAs, green). These exert a 

plethora of anti-inflammatory effects, such as inducing the expansion and de novo 
differentiation of regulatory T cells; enhancing the barrier function of the intestinal mucosa 

through epithelial cells and goblet cells; facilitating production of antibodies by B cells; 

inhibiting the maturation of dendritic cells and promoting an anti-inflammatory phenotype; 

and reducing production of pro-inflammatory cytokines by innate immune cells. Dietary 
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tryptophan is degraded to indole derivatives (blue). Indoles promote epithelial barrier 

function, e.g. by supporting the maintenance of type 3 innate lymphoid cells, which are the 

primary producers of IL-22. Dietary arginine is metabolized to polyamines (red), which 

promote the integrity of the intestinal epithelium and reduce the production of pro-

inflammatory cytokines by macrophages. See text for details. DC, dendritic cell; EC, 

epithelial cell; GC, goblet cell; ILC3, type 3 innate lymphoid cell; MΦ, macrophage; NΦ, 

neutrophil; Treg, regulatory T cell.
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Fig. 2. Immunomodulatory function of primary and secondary bile acids
Primary bile acids (green), such as cholic acid and chenodeoxycholic acid, are synthesized 

by the host in the liver and conjugated to glycine or taurine before secretion into the 

duodenum. In the intestinal tract, primary bile acids are converted by the microbiota to 

secondary bile acids (blue), such as deoxycholic acid and lithocholic acid, through a multi-

step process that involves deconjugation and dehydroxylation. Primary and secondary bile 

acids can inhibit the secretion of pro-inflammatory cytokines by macrophages, dendritic 

cells and hepatocytes, as well as the production of osteopontin by NKT cells. During the 
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deconjugation process, free taurine (red) is released into the intestinal lumen, where it can 

promote the integrity of the mucosal epithelium by increasing autocrine production of IL-18. 

See text for details. DC, dendritic cell; EC, epithelial cell; MΦ, macrophage.
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Fig. 3. The effects of ATP and Polysaccharide A on the immune system
Extracellular ATP (green) secreted by bacteria of the intestinal tract has pro- and anti-

inflammatory effects. While it promotes secretion of pro-inflammatory cytokines, 

chemotaxis and differentiation of naive T cells into TH17 cells, ATP also inhibits release of 

IgA into the intestinal lumen by reducing the number of B-cell-activating T follicular helper 

cells. Polysaccharide A (PSA, blue) is produced by the intestinal bacterium Bacteroides 
fragilis. It promotes production of the anti-inflammatory cytokine IL-10 by T cells directly 

and indirectly through dendritic cells. See text for details. DC, dendritic cell; MΦ, 

macrophage; NΦ, neutrophil; Tfh, T follicular helper cell; Treg, regulatory T cell. Chemical 

structure of PSA subunit based on (Mazmanian and Kasper, 2006). [r]n indicates where PSA 

subunit repeats branch off.
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Table 1

Immunomodulatory metabolites that are produced by intestinal bacteria.

Metabolite Molecular Mechanism(s) of 
Action

Origin Effects on Immune 
System

Key References

Metabolites that are produced by bacteria from dietary 
components

Short-chain fatty acids 
(primarily acetate, 
propionate, butyrate)

• Extracellular: 
activation of 
FFAR2 (GPR43), 
FFAR3 (GPR41), 
HCAR2 
(GPR109A, 
butyrate only).

• Intracellular: 
inhibition of histone 
deacetylases and 
activation of histone 
acetyl transferases 
(butyrate and 
propionate only).

• Can also activate 
extracellular 
OR51E2 and 
intracellular PPAR-
γ (butyrate only), 
but no relevance for 
immune system 
demonstrated yet.

Fermentation of 
polysaccharides by 
colonic 
microbiota. 
Bacteroidetes: 
acetate and 
propionate. 
Firmicutes: 
butyrate.

Generally anti-
inflammatory, protect 
against colitis. Promote 
integrity and function 
of the intestinal 
epithelium. Inhibit 
production of pro-
inflammatory cytokines 
by innate immune cells. 
Promote function of 
microglia. Inhibit 
maturation of dendritic 
cells. Promote antibody 
production by B cells. 
Promote de novo 
differentiation and 
expansion of Tregs.

(Arpaia et al., 2013; 
Brown et al., 2003; 
Chang et al., 2014; 
Donohoe et al., 2012; 
Kalina et al., 2002; M. 
Kim et al., 2016; Le 
Poul et al., 2003; Macia 
et al., 2015; Maslowski 
et al., 2009; Millard et 
al., 2002; Nilsson et al., 
2003; Singh et al., 2010; 
Smith et al., 2013; 
Thangaraju et al., 
2009b; 2009a)

Indole derivatives Activation of AhR and NR1I2. Derived from 
dietary tryptophan 
by different 
intestinal bacteria.

AhR activation 
promotes maintenance 
of ILC3 cells, which 
strengthen integrity of 
intestinal mucosa by 
secreting IL-22. NR1I2 
activation also 
enhances epithelial 
barrier function.

(Kiss et al., 2011; Lee et 
al., 2011; Y. Li et al., 
2011; J. Qiu et al., 2012; 
Venkatesh et al., 2014; 
Zelante et al., 2013)

Polyamines (primarily 
putrescine, spermidine, 
spermine)

Unclear. Inhibit expression of pro-
inflammatory cytokines in 
conjunction with AHSG. Also 
inhibit activation of NLRP6 
inflammasome.

Derived from 
arginine by host 
and bacteria.

Enhance development 
and maintenance of 
intestinal mucosa and 
resident immune cells. 
Inhibit expression of 
pro-inflammatory 
cytokines by LPS-
stimulated monocytes 
and macrophages.

(Dufour et al., 1988; 
Levy et al., 2015; Pérez-
Cano et al., 2010; H. 
Wang et al., 1997; M. 
Zhang et al., 1999)

Metabolites that are produced by the host and biochemically modified by gut bacteria

Secondary bile acids • Extracellular: 
activation of 
GPBAR1.

• Intracellular: 
activation of BAR.

Derived from host-
produced primary 
bile acids by 
intestinal 
microbiota.

Inhibit NF-κB-
dependent transcription 
of pro-inflammatory 
genes in monocytes, 
macrophages, dendritic 
cells. Inhibit 
production of pro-
inflammatory cytokine 
osteopontin by NKT 
cells.

(Cipriani et al., 2011; C. 
Guo et al., 2015; 
Kawamata et al., 2003; 
Mencarelli et al., 2009; 
Sayin et al., 2013; 
Vavassori et al., 2009; 
Y.-D. Wang et al., 2011)

Taurine Enhancement of NLRP6 
inflammasome activation.

Derived from host-
produced primary 
bile salts by 
intestinal 
microbiota.

Enhances epithelial 
barrier function and 
maintenance by 
promoting epithelial 
production of IL-18.

(Levy et al., 2015)

Metabolites that are synthesized de novo by gut microbes
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Metabolite Molecular Mechanism(s) of 
Action

Origin Effects on Immune 
System

Key References

ATP Activation of P2X and P2Y 
receptors.

Actively secreted 
by subset of 
intestinal bacteria.

Limits numbers of Tfh 
cells in Peyer's patches, 
thus reducing secretion 
of bacteria-specific IgA 
by B cells across 
intestinal epithelium. 
Promotes 
differentiation of TH17 
cells in intestinal 
mucosa. May promote 
epithelial barrier 
function by activating 
NLRP3 inflammasome 
and subsequent IL-18 
secretion by 
macrophages.

(Atarashi et al., 2008; 
Kusu et al., 2013; 
Mariathasan et al., 2006; 
Nuttle and Dubyak, 
1994; Perruzza et al., 
2017; Sutterwala et al., 
2006)

Polysaccharide A (PSA) Activation of TLR2 on DCs and 
Tregs. Presentation of PSA 
fragments with MHC-II to CD4+ 

T cells.

Bacteroides 
fragilis (required 
for colonization).

Potent anti-
inflammatory effects: 
induces secretion of 
IL-10 from CD4+ T 
cells, directly and 
indirectly. Skews 
TH1:TH2 ratio towards 
TH1 cells.

(Cobb et al., 2004; 
Dasgupta et al., 2014; 
Johnson et al., 2015; 
Mazmanian et al., 2008; 
Round et al., 2011)
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