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immune responses.9 Finally, transfer of naive CD41 lymphocytes
from healthy mice into mice that lack T and B lymphocytes can
induce colitis,10,11 and the degree of susceptibility to colitis in
these mice is associated with differences in the composition of
their gut microbiota.12

In human subjects several observations support a role for the
microbiome in patients with IBD. For example, disease activity is
most evident in areas where bacterial populations are highest
(the colon) and where there is relative stasis of fecal material
(the terminal ileum and rectum). Furthermore, fecal diversion has
been an effective strategy in the management of Crohn disease
(CD), with remission occurring in the excluded segment of the
bowel.13-15 After diversion, restoration of continuity and thus re-
exposure to the fecal stream is associated with postoperative
recurrence of CD.16 Also, antibiotic therapy has proved useful
in the treatment of certain phenotypes of IBD, such as ciproflox-
acin and metronidazole use in patients with perianal CD and pou-
chitis,17,18 and metronidazole for the prevention of postoperative
recurrence in patients with CD.19,20 In addition, many of the
genetic markers associated with IBD are related to engagement
between the immune system and microbiota.21-24 To further sup-
port the effect of the microbiome in patients with IBD, recent
studies have demonstrated a role for specific microbes in driving
or suppressing inflammation, predicting response to therapy, and
determining the risk for disease recurrence after surgery.25-27

Genetic mutations, the microbiome, and IBD
Many of the genetic mutations associated with IBD are related

to immune function and, specifically, interactions between the
immune system and the microbiome. These genes include
nucleotide oligomerization domain 2 (NOD2), autophagy-
related 16-like 1 (ATG16L1), caspase recruitment domain–
containing protein 9 (CARD9), and C-type lectin domain family
7 member A (CLEC7A).21-24 NOD2 encodes an intracellular
pattern recognition receptor that interacts with the peptidoglycan
found in both gram-positive and gram-negative bacteria. NOD2 is
expressed in intestinal epithelial cells, functions as a defensive
factor against intracellular bacteria, and contributes to the im-
mune response to commensal microbes (Fig 2).28-30 In murine
models of colitis, NOD2-deficient mice have an altered micro-
biome with increased susceptibility to colitis compared with
wild-type (WT) mice.31,32 In addition, bacteria that are typically
commensal, such as Bacteroides vulgatus, have been associated

with alterations in mucosal barrier function and expression of
inflammatory genes in NOD2 mice, with resolution of mucosal
barrier function and a decrease in inflammatory cytokines with
elimination of this bacterium.33 In human subjects mutations in
NOD2 are associated with a decrease in levels of IL-10, an
anti-inflammatory cytokine, and increased numbers of
mucosa-associated bacteria.34 Patients with NOD2 mutations
have microbiota that are characterized by decreased abundance
of Faecalibacterium species and increased abundance of
Escherichia species.35-38 In patients with CD,NOD2 is associated
with ileal disease, an increased risk of postoperative recurrence
after ileocecal resection, and a more aggressive fistulizing and
fibrostenotic disease phenotype.39-41

ATG16L1 contributes to regulation of the autophagy pathway,
which involves breakdown of lysosomes and clearance of
intracellular bacteria.42,43 NOD2 interacts with ATG16L1 by
recruiting ATG16L1 to the plasma membrane at the entry site
of invasive bacteria.44 Gene mutations in either NOD2 or
ATG16L1 in patients with CD impair the interaction between
the 2, which interferes with both bacterial clearance and antigen
presentation.21 A variant of ATG16L1, T300A, has been shown
in a recent study by Lavoie et al23 to contribute to increases in
Bacteroides species and enhanced TH1 and TH17 immune re-
sponses in the gut lamina propria of mice. T300A and WT mice
were orally inoculated with human stool from patients with
IBD; T300A mice that received stool from patients with active
CD had an increase in Bacteroides species compared with WT
mice. The T300A mice that received stool from patients with
active CD had increased numbers of TH1 and TH17 T cells in
the lamina propria of the colon and ileum. However, these
changes may occur before disease onset because histology of
the colon and small intestine was normal in the T300A mice
that received stool from patients with active CD. This study
also found that in the setting of IBD with the T300A genotype,
a trend toward an increase in Bacteroides species was seen
compared with levels seen in the setting of IBD without the
T300A genotype. Furthermore, human immune cells that express
the T300A variant of ATG16L1 do not induce regulatory
T-lymphocyte development when exposed to Bacteroides
fragilis.43 Normally, B fragilis is a commensal bacterium that
prevents colitis in mice by interacting with CD4 Foxp3 regulatory
T cells to produce IL-10.
CARD9 is a protein located within an adaptor protein caspase

recruitment domain involved with Dectin-1 (CLEC7A)
signaling.21 Dectin-1 is a pattern recognition receptor that recog-
nizes the components of the fungal cell wall.45 CARD9 signaling
occurs in response to the recognition of fungal ligands by
Dectin-1. Alterations in Dectin-1 have been associated with
medically refractory ulcerative colitis (UC).46 CARD9 is also
required for inflammatory cytokine production in response to
specific bacterial stimuli and viral infection.45 IL-6, TNF-a,
and IL-1b are cytokines that are dependent on CARD9 function
and are protective against fungal infection.45 CARD9 knockout
mice are susceptible to Candida albicans, Aspergillus
fumigatus, and Cryptococcus neoformans among other
fungi.47-49 In human subjects inherited CARD9 deficiency has
been linked to the development of invasive Candida species
infections of the central nervous system and digestive tract in
otherwise healthy subjects.50 Loss of CARD9 is associated
with a loss of TH17 cells, which are involved with mucosal bar-
rier integrity and contribute to pathogen clearance at mucosal
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FIG 1. Risk factors for the development of IBD. IBD is thought to develop as
a result of complex interactions between the immune system, microbiome,
and environment in genetically susceptible hosts.

J ALLERGY CLIN IMMUNOL

VOLUME 145, NUMBER 1

GLASSNER, ABRAHAM, AND QUIGLEY 17

Glassner et al, JACI 2020



Microbiota drives 
immune education

Wopereis et al, Pediatr Allergy Immunol  2014

and their ability to calibrate the threshold of activation of cells
and tissues promote responses to infection, vaccines, and tumor
immunotherapy.

Control of Epithelial Cells by the Microbiota
A central strategy utilized by the host to maintain its homeostatic
relationship with the microbiota is to minimize contact between
microorganismsand theepithelial cell surface, thereby limiting tis-
sue inflammation and microbial translocation. In the gastrointes-
tinal tract, home to the largest density of commensals, this segre-
gation is accomplished by the combined action of epithelial cells,
mucus, immunoglobulin A (IgA), antimicrobial peptides, and
immune cells. Intestinal mucus production provides a primary
shield, by limiting contact between themicrobiota and host tissue
and preventing microbial translocation (McGuckin et al., 2011). In
addition to the production of mucus by goblet cells, all intestinal
epithelial cell lineages can produce antimicrobial peptides that
playasignificant role in limitingexposure to thecommensalmicro-
biota (Hooper and Macpherson, 2010). These proteins can exert
antimicrobial functions including enzymatic attack of the bacterial
cellwall ordisruptionof thebacterial innermembrane (Hooperand
Macpherson, 2010). Some of these molecules, such as a-defen-
sins, are constitutively expressed by epithelial cells, while in other
cases engagement of pattern-recognition receptors (PRRs) by
commensal-derived products is required for their production
(Hooper and Macpherson, 2010). One of the best-characterized
mucosal antimicrobial peptides is RegIIIg, which is expressed
soon after birth or following colonization of germ-free mice
(Cash et al., 2006). Production of this lectin is tightly controlled
by theflora inaMyD88-dependentmannerandhasadirectmicro-
bicidal effect on gram-positive bacteria (Brandl et al., 2007; Cash
et al., 2006; Ismail et al., 2011;Mukherjee et al., 2009). Accumula-
tion of antimicrobial peptides in the mucus contributes to the
maintenance of the segregation between the microbiota and the
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Figure 1. The Microbiota Plays a
Fundamental Role in the Induction,
Education and Function of the Mammalian
Immune System
Evolution of the mammalian immune system has
coincided with the acquisition of a complex
microbiota, demonstrating a symbiotic relation-
ship between the host immune system and its
commensal microbiota. A self-reinforcing, dy-
namic dialogue ensures that commensal coloni-
zation occurs as a state of mutualism, the break-
down of which can result in chronic inflammatory
disorders, including autoimmunity, allergies, and
metabolic syndromes. Conversely, selective
modulation of the microbiota presents immense
therapeutic potential for bolstering tumor immu-
notherapy, vaccination, and resistance to anti-
biotic-resistant microbes.

host, a separation referred to as the
‘‘demilitarized zone’’ (Vaishnava et al.,
2011). In part, these responses are
controlled by direct sensing of microbes
or microbe-derived products by epithelial
cells that integrate multiple signals in
order to ensure barrier integrity and tissue
homeostasis, including those from Toll-

like receptors (Rakoff-Nahoum et al., 2004), Nod-like receptors
(Elinav et al., 2011) and short-chain fatty-acid receptors (Macia
et al., 2015). Additionally, intestinal epithelial cells are also influ-
enced indirectly by the microbiota via cytokine production by
innate and adaptive immune cells induced by microbial coloniza-
tion (reviewed in Thaiss et al., 2016).

Tonic Control of Hematopoiesis and Innate Immunity by
the Microbiota
Despite the anatomical separation of the microbiota and host im-
mune system that limits systemic dispersion of commensal mi-
crobes, bacterial metabolites are detectable in peripheral tissues,
following commensal colonization (Balmer et al., 2014a; Clarke
et al., 2010). Whether active transport mechanisms or passive
diffusion underlie the systemic penetrance of microbial metabo-
lites remains unclear. However, commensal metabolites and
products reaching circulation impact development and as further
discussed, the functional tuning of the host immune system.
Indeed, experimental evidence suggests that the tonic sensing
of commensal products or metabolites present in the blood
stream can contribute to steady-state hematopoiesis (Maslowski
et al., 2009; Shi et al., 2011). Over 30 years ago, antibiotic treat-
ment was shown to reduce the frequency of granulocyte-macro-
phage colony formation and germ-free animals display a global
defect in innate immune cells (Goris et al., 1985; Tada et al.,
1996). The microbiota can impact both yolk sac- and stem-cell-
derived myeloid cell development (Balmer et al., 2014a; Khosravi
et al., 2014) and the size of the bone marrow myeloid cell pool
correlateswith the complexity of the intestinalmicrobiota (Balmer
et al., 2014b). Tonic sensing of minute concentrations of LPS, a
setting that can reflect microbiota fluctuation, drives CCR2-
dependent emigration of monocytes from the bone marrow (Shi
and Pamer, 2011). Bone marrow mesenchymal stem cells
(MSCs) and their progeny can rapidly express MCP1 in response
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smoke had ileitis. Although little studied, there is evidence that
the gut microbiota of current and former smokers differs from
that of nonsmokers, with a relative increase in the numbers of
Bacteroidetes and decrease in Firmicutes and Proteobacteria
in one of these studies.81,82 In a study evaluating the microbiota

of cigarette smokers before and after smoking cessation,
cigarette smokers had a lower abundance of Bifidobacterium
species compared with nonsmoking control subjects, and
increases in Bifidobacterium species were seen after smoking
cessation.83 There was also a decrease in Bacteroides species

FIG 3. Genetic, environmental, and immune-mediated microbiome interactions in the pathogenesis of IBD.
Genetic mutations and environmental factors act as inciting triggers and lead to an impaired immune
response to gut microbiota, resulting in a proinflammatory state. Toll-like receptors (TLR) and NOD-like
receptors (NLRs) on dendritic cells, macrophages, and epithelial cells interact with the microbiota and
lead to differentiation of TH17 cells, type 3 innate lymphoid cells (ILC3s), and TH1 cells, which secrete
proinflammatory cytokines. This in turn causes inflammation, epithelial barrier dysfunction, and bacterial
translocation. Microbiota changes, including decreased diversity and increased instability of the gut
microbiota composition over time, decreases in Firmicutes species, and increases in Proteobacteria species,
are seen in association with IBD. In healthy subjects bacteria sensed by TLRs and NLRs lead to production of
IgA-secreting B cells and differentiation of regulatory T (Treg) cells under the influence of TGF-b and AhR
signaling. IgA produced from B cells neutralizes pathogenic bacteria, and IL-10, an anti-inflammatory
cytokine produced by regulatory T cells, acts to maintain gut homeostasis.
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Microbiome – Immune Communication

The identification of specific microbiota-derived metab-
olites and their effect on the immune system have
provided mechanistic insight into colonization mecha-
nisms and immune cell-microbiota co-regulation
(Table 1).

The interaction between the host’s innate immune sys-
tem and the microbiome through metabolites spans mul-
tiple cell types. Although not considered a classical
immune cell, epithelial cells of the intestine are an
integral part of the mucosal immune system as they are
equipped with innate PRRs and contribute to intestinal
homeostasis through bacterial recognition [10]. As part of
the mucosal immune system, epithelial cells provide an
innate mechanism through which the host develops and
maintains a stable healthy microbiota composition, while
preventing pathogen entry. To this end, epithelial cells
are equipped with a large anti-microbial arsenal of effec-
tor mechanisms and undergo intense communication
with the myeloid and lymphoid cells in the local envi-
ronment [11]. Interestingly, the influence of the micro-
biota on intestinal epithelial cells strongly couples
immunological and metabolic functions, as evidenced
in particular by the role of a common bacterial metabolite,
short-chain fatty acids (SCFAs).

SCFAs are the result of non-digestible carbohydrates
fermentation by anaerobic commensal bacteria. The host
recognizes SCFAs, namely acetate, propionate and buty-
rate, through the G-coupled-receptors GPR41, GPR43

and GPR109a [4,12]. SCFAs have been found to function
as energetic substrates for epithelial cells. Butyrate has
been reported to regulate energy metabolism in intestinal
epithelial cells [13], as colonocytes can utilize bacterially
produced butyrate as a primary energy source. Conse-
quently, colonocytes of germ-free mice display an energy-
deprived state and enhanced autophagy that can be
rescued by butyrate supplementation [13]. Recently,
butyrate was identified as an inhibitor of intestinal stem
cells [14]. Butyrate suppresses proliferation by acting as a
histone deacetylase (HDAC) inhibitor therefore allowing
for increased promoter activity of the negative cell-cycle
regulator Foxo3 during injury. Butyrate utilization by
enterocytes limits the access of butyrate to the intestinal
crypts, thereby protecting stem cells from the anti-prolif-
erative effect during homeostasis [14]. This study sug-
gests that SCFAs contribute to the maintenance of the
epithelial barrier. Epithelial cells integrity is further
achieved through the SCFA acetate, which was shown
to enhance the protection against infections [15]. Other
studies showed that supplementation with SCFAs con-
tributes to the preservation of mucosal immunity through
goblet cells as these cells up-regulate the expression of
MUC genes in response to butyrate [16].

An integral part of innate immunity is the immune
sensing complex called inflammasome [17]. A recent
study suggests that high-fiber diet, which activates
GPR43 on intestinal epithelial cells, results in activation
of the NLRP3 inflammasome leading to its assembly and
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Akkermansia muciniphila, 
Bacteroides spp., 
Bifidobacterium spp., 
Prevotella spp., 
Ruminococcus spp

Blautia hydrogenotropphica, 
Clostridium spp., 
Streptococcus spp. 
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Coprococcus comes
Coprococcus eutactus
Anaerostipes spp.
C. catus, 
E. hallii
Eubacterium rectale
Faecalibacteerium prausnitzii
Roseburia spp



Microbial 
Fermentation: 
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Coprococcus catus
Eubacterium hallii
Megasphaera elsdenii
Veillonella spp
Bacteroides spp. 
Dialister spp. 
Phascolarctobacterium
succinatutens, 
Veillonella spp
Roseburia inulinivorans
Ruminococcus obeum
Salmonella enterica2 



In addition to regulating their own synthesis, bile 
acids also exert many metabolic and immune effects, 
through binding to receptors including FXR, the trans-
membrane G protein- coupled receptor 5 (TGR5), 
the!pregnane X receptor, the vitamin D receptor and!the 
constitutive androstane receptor94. TGR5 improves insu-
lin sensitivity (by means of GLP1), energy expenditure 
in muscle and brown adipose tissue (through type 2 
iodothyronine deiodinase activation) and gallbladder 
relaxation94. TGR5 also reduces Kupffer cell (the liver- 
resident macrophage) response to lipopolysaccharide by 
nuclear factor- "B inhibition and release of IL-1, IL-6 and 
TNF from peripheral blood monocytes in humans95–97. 
Activation of FXR has diverse effects on host metab-
olism, such as reducing lipogenesis, reducing hepatic 
gluconeogenesis94,98, promoting liver regeneration99 and 
producing antimicrobial peptides (discussed later).

Bile acids and the microbiota exert bidirectional 
effects on each other. Deconjugation of the amino acid 
residues from primary bile acids with bile salt hydro-
lases100 is common to many archaeal and bacterial 
divisions. Mice monocolonized with bile salt hydrolase- 
expressing Escherichia coli demonstrated effects on 
metabolism, circadian rhythm and epithelial integrity 
(notably, increased expression of the antibacterial pep-
tide RegIII#)101. Also, analysis of metagenomic samples 
from MetaHit and the Human Microbiome Project has 
identified reductions in the abundance of a cluster of  
bsh genes in IBD that are associated with selected mem-
bers of Firmicutes102. Bile acids can also be converted from 
primary to secondary bile acids in the colon, a function 
that is restricted to a much narrower range of clostridial  
species and mediated by 7$/%- dehydroxylation enzymes. 

This process results in the transformation of CA to 
deoxycholic acid (DCA) and CDCA to lithocholic acid 
(LCA), as well as other derivatives103.

Conversely, bile acids have a strong influence on gut 
microbiota composition and density. Small intestinal 
FXR activation inhibits bacterial overgrowth and trans-
location104,105. Bile acids can have direct antimicrobial 
effects, as in the case of CA and DCA on Bifidobacterium 
breve and Lactobacillus salivarius106, as well as indirect  
effects, including stimulating host production of anti-
microbial peptides, such as cathelicidin107,108, angiogenin I105  
and inducible nitric oxide synthase109. CA also alters  
gut microbiome composition in rats, increasing members 
of Clostridia and of the subclass Erysipelotrichi, with a 
corresponding loss of members of the phyla Bacteroidetes 
and Actinobacteria110. Secondary bile acids also promote  
colonization resistance to Clostridioides difficile (for-
merly known as Clostridium difficile) infection (CDI),  
as demonstrated by the inhibitory effect of C. sporogenes 
on C. difficile, with DCA acting as the key mediator2.

Microbially transformed bile acids in IBD
Unpicking the effects of dysbiosis on bile acid dysme-
tabolism is complicated in IBD by bile acid malab-
sorption111–113 and the inherently bidirectional nature 
of such interactions. In their ground- breaking study, 
Devkota et!al.61 found that a diet high in milk- derived 
fat compared with a low- fat diet in mice increased the 
proportion of taurine- conjugated bile acids, resulting in 
a bloom of B. wadsworthia, a sulfite- reducing bacterium 
that thrives on the sulfur contained in taurine, produc-
ing hydrogen sulfide, a potentially toxic metabolite. 
These changes were associated with the development of 
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Microbiome and Tryptophan Metabolism

Lavelle & Sokol, Nature Reviews Gastroenterology & Hepatology 2020

precursor for the synthesis of several important bioactive 
molecules, such as serotonin, melatonin, nicotinamide 
and vitamin B3, in addition to many other physiologi-
cally significant intermediates. The gastrointestinal tract 
is a central location of tryptophan metabolism.

Dietary tryptophan can follow one of three main 
routes, two of which are predominantly host path-
ways (the kynurenine and serotonin pathways) and 

one of which is microbial (the indole pathways) (FIG.!4). 
The!majority of dietary tryptophan is metabolized in!the 
kynurenine pathway, and its rate- limiting enzymes 
include indoleamine 2,3-dioxygenase 1 in mucosal 
and immune cells and tryptophan 2,3-dioxygenase in 
the liver123. The second major host route is the sero-
tonin pathway, which is controlled by the rate- limiting 
enzyme tryptophan hydroxylase 1 in enterochromaffin 
cells, where most of the body’s serotonin production 
occurs124. Finally, tryptophan can be metabolized by 
the gut microbiota into a range of indole metabolites 
(which is our focus here), some of which can act as aryl 
hydrocarbon receptor (AhR) ligands, a receptor that 
has been implicated in IBD pathogenesis (as discussed 
later). Importantly, in addition to direct metabolism of 
tryptophan, the microbiota and microbial metabolites 
also exert important regulatory influences on both host 
tryptophan pathways125–127.

In terms of metabolites produced by the gut micro-
biome, indole stimulates GLP1 release128, while indole 
derivatives (including indoleacetic acid, indole-3- 
acetaldehyde, indole-3-aldehyde, indoleacrylic acid (IA) 
and IPA) can act as agonists for AhR, an important tran-
scription factor responsible for numerous developmental 
and tissue- dependent influences on T!cell immunity and 
exerting mainly protective and anti- inflammatory effects 
in the gut through IL-22 (REF.129) and innate lymphoid 
cells130. In the proximal small intestine, maintenance 
of microbial load, composition and immune tolerance 
through intraepithelial lymphocytes is dependent on 
diet- derived AhR agonists131. By contrast, microbiota- 
derived AhR agonists act predominantly in the distal 
small intestine and colon. A limited number of bacte-
ria, including Peptostreptococcus russellii and members 
of Lactobacillus, are known to produce AhR agonists, 
while IPA production has been best characterized in 
C.!sporogenes16. IPA, the production of which is depend-
ent on the fldAIBC phenyllactate gene cluster, helps to 
maintain barrier function and inhibits mucosal TNF  
production through binding to the pregnane X receptor132.

Tryptophan metabolism
Increased tryptophan metabolism, and inverse corre-
lations between disease activity (both clinical and bio-
chemical) and tryptophan levels, has been identified in 
a cohort of 535 patients with IBD133. Analysis suggests 
an increase in metabolism via the kynurenine pathway, 
findings that are consistent with previous results134. 
Reduced expression of AhR in inflamed mucosal sam-
ples from patients with Crohn’s disease has also been 
described135, and dietary tryptophan deficiency is 
associated with worsening colitis in mouse models136.

Using a caspase recruitment domain- containing 
protein 9 (Card9) knockout mouse model with DSS- 
induced colitis, Lamas et!al.134 demonstrated reduced 
levels of the indole derivative indoleacetic acid, as 
well as a reduction in the capacity of the microbiota 
of Card9–/– mice to activate AhR. Interestingly, IL-22 
seems to be a key mediator in this process, as micro-
biota from Il22–/– mice were also unable to activate AhR, 
and the susceptibility of Card9–/– mice to colitis was  
rescued on administration of IL-22 (REF.134). Furthermore,  
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precursor for the synthesis of several important bioactive 
molecules, such as serotonin, melatonin, nicotinamide 
and vitamin B3, in addition to many other physiologi-
cally significant intermediates. The gastrointestinal tract 
is a central location of tryptophan metabolism.

Dietary tryptophan can follow one of three main 
routes, two of which are predominantly host path-
ways (the kynurenine and serotonin pathways) and 

one of which is microbial (the indole pathways) (FIG.!4). 
The!majority of dietary tryptophan is metabolized in!the 
kynurenine pathway, and its rate- limiting enzymes 
include indoleamine 2,3-dioxygenase 1 in mucosal 
and immune cells and tryptophan 2,3-dioxygenase in 
the liver123. The second major host route is the sero-
tonin pathway, which is controlled by the rate- limiting 
enzyme tryptophan hydroxylase 1 in enterochromaffin 
cells, where most of the body’s serotonin production 
occurs124. Finally, tryptophan can be metabolized by 
the gut microbiota into a range of indole metabolites 
(which is our focus here), some of which can act as aryl 
hydrocarbon receptor (AhR) ligands, a receptor that 
has been implicated in IBD pathogenesis (as discussed 
later). Importantly, in addition to direct metabolism of 
tryptophan, the microbiota and microbial metabolites 
also exert important regulatory influences on both host 
tryptophan pathways125–127.

In terms of metabolites produced by the gut micro-
biome, indole stimulates GLP1 release128, while indole 
derivatives (including indoleacetic acid, indole-3- 
acetaldehyde, indole-3-aldehyde, indoleacrylic acid (IA) 
and IPA) can act as agonists for AhR, an important tran-
scription factor responsible for numerous developmental 
and tissue- dependent influences on T!cell immunity and 
exerting mainly protective and anti- inflammatory effects 
in the gut through IL-22 (REF.129) and innate lymphoid 
cells130. In the proximal small intestine, maintenance 
of microbial load, composition and immune tolerance 
through intraepithelial lymphocytes is dependent on 
diet- derived AhR agonists131. By contrast, microbiota- 
derived AhR agonists act predominantly in the distal 
small intestine and colon. A limited number of bacte-
ria, including Peptostreptococcus russellii and members 
of Lactobacillus, are known to produce AhR agonists, 
while IPA production has been best characterized in 
C.!sporogenes16. IPA, the production of which is depend-
ent on the fldAIBC phenyllactate gene cluster, helps to 
maintain barrier function and inhibits mucosal TNF  
production through binding to the pregnane X receptor132.

Tryptophan metabolism
Increased tryptophan metabolism, and inverse corre-
lations between disease activity (both clinical and bio-
chemical) and tryptophan levels, has been identified in 
a cohort of 535 patients with IBD133. Analysis suggests 
an increase in metabolism via the kynurenine pathway, 
findings that are consistent with previous results134. 
Reduced expression of AhR in inflamed mucosal sam-
ples from patients with Crohn’s disease has also been 
described135, and dietary tryptophan deficiency is 
associated with worsening colitis in mouse models136.

Using a caspase recruitment domain- containing 
protein 9 (Card9) knockout mouse model with DSS- 
induced colitis, Lamas et!al.134 demonstrated reduced 
levels of the indole derivative indoleacetic acid, as 
well as a reduction in the capacity of the microbiota 
of Card9–/– mice to activate AhR. Interestingly, IL-22 
seems to be a key mediator in this process, as micro-
biota from Il22–/– mice were also unable to activate AhR, 
and the susceptibility of Card9–/– mice to colitis was  
rescued on administration of IL-22 (REF.134). Furthermore,  
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precursor for the synthesis of several important bioactive 
molecules, such as serotonin, melatonin, nicotinamide 
and vitamin B3, in addition to many other physiologi-
cally significant intermediates. The gastrointestinal tract 
is a central location of tryptophan metabolism.

Dietary tryptophan can follow one of three main 
routes, two of which are predominantly host path-
ways (the kynurenine and serotonin pathways) and 

one of which is microbial (the indole pathways) (FIG.!4). 
The!majority of dietary tryptophan is metabolized in!the 
kynurenine pathway, and its rate- limiting enzymes 
include indoleamine 2,3-dioxygenase 1 in mucosal 
and immune cells and tryptophan 2,3-dioxygenase in 
the liver123. The second major host route is the sero-
tonin pathway, which is controlled by the rate- limiting 
enzyme tryptophan hydroxylase 1 in enterochromaffin 
cells, where most of the body’s serotonin production 
occurs124. Finally, tryptophan can be metabolized by 
the gut microbiota into a range of indole metabolites 
(which is our focus here), some of which can act as aryl 
hydrocarbon receptor (AhR) ligands, a receptor that 
has been implicated in IBD pathogenesis (as discussed 
later). Importantly, in addition to direct metabolism of 
tryptophan, the microbiota and microbial metabolites 
also exert important regulatory influences on both host 
tryptophan pathways125–127.

In terms of metabolites produced by the gut micro-
biome, indole stimulates GLP1 release128, while indole 
derivatives (including indoleacetic acid, indole-3- 
acetaldehyde, indole-3-aldehyde, indoleacrylic acid (IA) 
and IPA) can act as agonists for AhR, an important tran-
scription factor responsible for numerous developmental 
and tissue- dependent influences on T!cell immunity and 
exerting mainly protective and anti- inflammatory effects 
in the gut through IL-22 (REF.129) and innate lymphoid 
cells130. In the proximal small intestine, maintenance 
of microbial load, composition and immune tolerance 
through intraepithelial lymphocytes is dependent on 
diet- derived AhR agonists131. By contrast, microbiota- 
derived AhR agonists act predominantly in the distal 
small intestine and colon. A limited number of bacte-
ria, including Peptostreptococcus russellii and members 
of Lactobacillus, are known to produce AhR agonists, 
while IPA production has been best characterized in 
C.!sporogenes16. IPA, the production of which is depend-
ent on the fldAIBC phenyllactate gene cluster, helps to 
maintain barrier function and inhibits mucosal TNF  
production through binding to the pregnane X receptor132.

Tryptophan metabolism
Increased tryptophan metabolism, and inverse corre-
lations between disease activity (both clinical and bio-
chemical) and tryptophan levels, has been identified in 
a cohort of 535 patients with IBD133. Analysis suggests 
an increase in metabolism via the kynurenine pathway, 
findings that are consistent with previous results134. 
Reduced expression of AhR in inflamed mucosal sam-
ples from patients with Crohn’s disease has also been 
described135, and dietary tryptophan deficiency is 
associated with worsening colitis in mouse models136.

Using a caspase recruitment domain- containing 
protein 9 (Card9) knockout mouse model with DSS- 
induced colitis, Lamas et!al.134 demonstrated reduced 
levels of the indole derivative indoleacetic acid, as 
well as a reduction in the capacity of the microbiota 
of Card9–/– mice to activate AhR. Interestingly, IL-22 
seems to be a key mediator in this process, as micro-
biota from Il22–/– mice were also unable to activate AhR, 
and the susceptibility of Card9–/– mice to colitis was  
rescued on administration of IL-22 (REF.134). Furthermore,  
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Maternal microbiome drives early postnatal innate 
immune development
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Microbiome and immune education



Microbiome – Immune Communication

The identification of specific microbiota-derived metab-
olites and their effect on the immune system have
provided mechanistic insight into colonization mecha-
nisms and immune cell-microbiota co-regulation
(Table 1).

The interaction between the host’s innate immune sys-
tem and the microbiome through metabolites spans mul-
tiple cell types. Although not considered a classical
immune cell, epithelial cells of the intestine are an
integral part of the mucosal immune system as they are
equipped with innate PRRs and contribute to intestinal
homeostasis through bacterial recognition [10]. As part of
the mucosal immune system, epithelial cells provide an
innate mechanism through which the host develops and
maintains a stable healthy microbiota composition, while
preventing pathogen entry. To this end, epithelial cells
are equipped with a large anti-microbial arsenal of effec-
tor mechanisms and undergo intense communication
with the myeloid and lymphoid cells in the local envi-
ronment [11]. Interestingly, the influence of the micro-
biota on intestinal epithelial cells strongly couples
immunological and metabolic functions, as evidenced
in particular by the role of a common bacterial metabolite,
short-chain fatty acids (SCFAs).

SCFAs are the result of non-digestible carbohydrates
fermentation by anaerobic commensal bacteria. The host
recognizes SCFAs, namely acetate, propionate and buty-
rate, through the G-coupled-receptors GPR41, GPR43

and GPR109a [4,12]. SCFAs have been found to function
as energetic substrates for epithelial cells. Butyrate has
been reported to regulate energy metabolism in intestinal
epithelial cells [13], as colonocytes can utilize bacterially
produced butyrate as a primary energy source. Conse-
quently, colonocytes of germ-free mice display an energy-
deprived state and enhanced autophagy that can be
rescued by butyrate supplementation [13]. Recently,
butyrate was identified as an inhibitor of intestinal stem
cells [14]. Butyrate suppresses proliferation by acting as a
histone deacetylase (HDAC) inhibitor therefore allowing
for increased promoter activity of the negative cell-cycle
regulator Foxo3 during injury. Butyrate utilization by
enterocytes limits the access of butyrate to the intestinal
crypts, thereby protecting stem cells from the anti-prolif-
erative effect during homeostasis [14]. This study sug-
gests that SCFAs contribute to the maintenance of the
epithelial barrier. Epithelial cells integrity is further
achieved through the SCFA acetate, which was shown
to enhance the protection against infections [15]. Other
studies showed that supplementation with SCFAs con-
tributes to the preservation of mucosal immunity through
goblet cells as these cells up-regulate the expression of
MUC genes in response to butyrate [16].

An integral part of innate immunity is the immune
sensing complex called inflammasome [17]. A recent
study suggests that high-fiber diet, which activates
GPR43 on intestinal epithelial cells, results in activation
of the NLRP3 inflammasome leading to its assembly and
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Specific bacteria can boost ICB efficacy

ICB therapy efficacy in tumor-bearing SPF
mice (fig. S2, H to J).
To evaluate whether the isolated bacteria

that were enriched in the tumors of ICB-
treated mice (Fig. 1G) were able to boost the

efficacy of ICB therapy, GF mice were mono-
colonized with five different isolated bacte-
rial species. MC38 tumor cells were injected
heterotopically into monocolonized or GF mice
and, upon palpable tumor development, all

mice were treated with anti-CTLA-4, after which
tumor growth and antitumor immunity were
assessed (Fig. 1H). Of the five bacterial species
tested, monocolonization with B. pseudolongum,
Lactobacillus johnsonii, and Olsenella species

Mager et al., Science 369, 1481–1489 (2020) 18 September 2020 2 of 9

Fig. 1. Identification of bacteria
that promote response to ICB
therapy. (A) Schematic of the
experimental setup. Animals were
treated with either anti-CTLA-4,
anti-PD-L1, or isotype control
antibody. i.p., intraperitoneally;
p.o., orally. (B) Number of tumors,
(C) tumor weight, (D) EpCAM+LGR5+

cancer stem cells, and (E) tumor-
infiltrating leukocytes (TILs)
of AOM/DSS intestinal tumors
in SPF mice after treatment
with isotype, anti-PD-L1, or anti-
CTLA-4 antibodies. (F) 16S rRNA
gene V4 region amplicon
sequencing to identify bacteria in
tumor tissue. Bacteria enriched
or reduced in tumors of anti-PD-L1
or anti-CTLA-4 (ICB) compared
with isotype-treated animals are
shown in green and red, respectively.
f, family; g, genus; o, order.
(G) Bacteria cultured from
homogenized tumors under
anaerobic conditions from anti-PD-L1
or anti-CTLA-4 (ICB groups) or
isotype (Iso group) treated animals.
Bacteria isolated only from ICB-
treated tumors shown in green,
bacteria isolated only from isotype-
treated tumors shown in orange,
and bacteria isolated from both
ICB- and isotype-treated tumors
shown in yellow. (H) Schematic of
the experimental setup. s.c.,
subcutaneously. (I) Tumor
growth, (J) tumor weight, and
(K) quantification of intratumoral
IFN-g+CD8+ and IFN-g+CD4+

T cells are shown in GF or mono-
colonized (B. pseudolongum,
Colidextribacter species, L. johnsonii,
Olsenella species, or Prevotella
species) MC38 tumor–bearing mice.
Data indicate mean ± SEM [(B) to
(E), and (I) to (K)] or mean ± log
fold change standard error (F) and
are pooled from three individual
experiments. [(A) to (E)] n = 16 to
20 mice per group. [(H) to (K)]
>n = 8 to 15 mice per group.
*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.
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Identification of a bacterial-derived metabolite
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Fig. S21. Mechanism of bacteria induced ICB efficacy enhancement. ICB-promoting bacteria 

increase inosine levels systemically, which is linked to an ICB-dependent reduction in gut barrier 

integrity. Inosine-mediated A2A receptor engagement leads to increased intracellular cAMP, 

protein kinase A activation and finally phosphorylation of the transcription factor CREB. Together 

with TCR stimulation, which is further enabled through anti-CTLA-4 treatment, this leads to 

increased expression of IL12 receptor on T cells. Conventional dendritic cells (cDC) sample 

antigens and are the major cellular source of IL-12. IL-12 produced by cDCs induces Th1 

differentiation, through induction of T-bet (Tbx21) expression and activation of T cells. cDCs are 

required for microbe-anti-CTLA-4 induced IFN-γ (Ifng) production by Th1 T cells, which are 

protective in cancer. 
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significantly enhanced the efficacy of anti-
CTLA-4 treatment compared with GF mice or
mice monocolonized with Colidextribacter spe-
cies or Prevotella species (Fig. 1, I and J, and
fig. S3, A and B). In addition, CD4+ and CD8+

T cell activation was substantially increased (Fig.
1K), whereas proliferation of intratumoral CD8+

T cells (fig. S3, C and D) was modestly increased
in the tumors of B. pseudolongum, L. johnsonii,
and Olsenella species–monocolonized animals.

The isolated ICB-promoting B. pseudolongum
strain also improved the efficacy of anti-PD-L1
treatment in the MC38 heterotopic tumor mod-
el compared with the Colidextribacter species
control bacteria (fig. S4), albeit to a lesser

Mager et al., Science 369, 1481–1489 (2020) 18 September 2020 3 of 9

Fig. 2. Effect of
B. pseudolongum and
ICB on TH1 T cell
phenotype and
identification of
the immunotherapy-
promoting metabolite
inosine. (A, D, and
F) Schematic of the
experimental setups. i.v.,
intravenously. (B) Rep-
resentative plots and
quantification of T-bet+

and T-bet+IFN-g+ events
of CD3e+CD4+ cells in
the small intestine
(SI) in the presence of
indicated bacteria at
day 28. (C) Same as (B),
but in the spleen.
(E) Representative plots
and quantification of
T-bet+IFN-g+ events of
CD3e+CD4+ T cells in the
spleen in the presence
of indicated bacteria and
anti-CTLA-4 treatment
at day 32. (G) Tumor
growth and (H) tumor
weight are shown
32 days after MC38
tumor challenge and
subsequent serum
transfer and anti-CTLA-4
treatment. (I) Quantifica-
tion of intratumoral IFN-
g+CD8+ and IFN-g+CD4+

T cells. (J) Scatter
plot of untargeted
metabolomics data in the
serum of anti-CTLA-4–
treated tumor-bearing
B. pseudolongum–

monocolonized mice
compared with
Colidextribacter species–
monocolonized and
GF mice. Red circles
or dotted red circles
depict inosine or
inosine fragments and
adducts, respectively.
Inset shows an
extracted ion
chromatogram of inosine. m/z, mass to charge ratio; au, arbitrary units. (K) Intensity of inosine (AUC, area under the curve) in sera shown in (J). Data indicate
mean ± SEM and are pooled from two individual experiments. [(A) to (E)] n = 10 or 11 mice per group. [(F) to (K)] n = 5 to 8 mice per group. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Discovery of microbiome-metabolome in IBD

Lavelle & Sokol, Nature Reviews Gastroenterology & Hepatology 2020

phenylbenzodioxanes, indoles, tetrapyrroles and long- 
chain fatty acids, were described. Many metabolites were 
putatively associated with a microbial origin, but these 
were not annotated.

The authors hypothesized that variation in the 
metabolome associated with inflammation might par-
ticularly account for changes observed in the metab-
olome of patients with ulcerative colitis, of which 
approximately half of the patients’ metabolomes were 
similar to non- IBD controls and the other half to 
patients with Crohn’s disease. They confirmed this 
hypothesis by correlating metabolome variation with 
faecal calprotectin, a marker of gut inflammation. The 
authors were also able to identify potentially causal or 
mechanistic relationships between bacteria and metab-
olites that were both differentially abundant in IBD, 

first by removing the variation associated purely with 
disease states and then by correlating residual variation 
of these bacteria and metabolites, identifying interesting 
associations, such as that specific omega-3 fatty acids 
positively correlated with IBD- associated species and 
negatively correlated!with!control species28. Most of the 
associations in this study were confirmed in the vali-
dation cohort, with high replication in directionality 
(if!not necessarily statistical significance) as well as high  
classification accuracy.

Untargeted metabolomics studies have also been per-
formed on other human biological samples, including 
urine45–49, serum and/or plasma47,49–52 and intestinal biopsy  
samples50,53. Reductions in the levels of the urinary mam-
malian–microbial co- metabolite54 hippurate45,46 (due to 
a decrease in gut microbial metabolism), alterations in 
tricarboxylic acid cycle intermediates48,50 and amino 
acid metabolism48,50,51 have been described in patients 
with IBD compared with non- IBD controls. In general, 
it has been possible to stratify patients with IBD from 
healthy individuals as controls47,49,51, although differ-
ences between the metabolomes of patients with Crohn’s 
disease and those with ulcerative colitis are less clear. 
Increased catabolism of fatty acids, changes (mostly 
reductions) in amino acid metabolites, notably sero-
tonergic and indole derivatives of tryptophan, as well  
as reductions in levels of phenylalanine and the histi-
dine metabolite ergothioneine and some alterations  
in xenobiotic metabolism were observed using liquid 
chromatography–mass spectrometry on serum samples 
in patients with Crohn’s disease compared with controls55.

In May 2019, the results of the IBD arm of the inte-
grative Human Microbiome Project (iHMP) were pub-
lished that reinforced many of the findings described 
above44. These findings include loss of secondary bile 
acids, vitamins B3 and B5 and SCFAs, and expansion of 
acylcarnitines and polyunsaturated fatty acids. However, 
these findings were predominantly associated with a 
dysbiotic subset of samples. This dysbiotic subset was 
defined as being outside the ninetieth percentile of the 
healthy cohort, and ‘excursions’ into this state were 
weakly correlated with inflammatory activity. The results 
highlight the importance of multimodal functional 
assessment applied in a longitudinal manner in convey-
ing a much deeper understanding than that available 
from taxonomic classification alone. These and future 
efforts in a similar vein provide mechanisms by which 
questions of clinical relevance can be answered, such as 
the determination of biomarkers of treatment response 
and disease course.

Targeted metabolomics in IBD
SCFAs
SCFAs are cardinal examples of beneficial metabolites 
(FIG.!2) and are derived from microbiota- accessible  
carbohydrates56. Acetate, propionate and butyrate are 
SCFAs that are products of microbial fermentation; others  
include the gases methane and hydrogen sulfide and 
other intermediate or less abundant molecules. Their 
proportions vary with diet57,58: acetate (which is produced 
by multiple bacterial groups) accounts for ~50–70%59,60,  
propionate (which is produced by species of the phylum 

Computational
approaches

Clinical data
� Disease flares
� Diet
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� Anthropometrics

Patients and
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Time

Time
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Fig. 1 | Schematic workflow for microbiome–metabolomics discovery projects. 
Recruitment of IBD cohorts for longitudinal sampling with matched controls22,23. 
Metabolomics can be generated from host samples (serum and urine) and from faecal 
samples. Parallel microbiome sequencing is applied to faecal samples. Clinical data 
including flares, diet, activity and anthropometrics are also collected. Computational 
approaches determine metabolites and microorganisms associated with disease. 
5RGEKHKE�OGVCDQNKVGU�CPF�OKETQQTICPKUOU�CTG�VGUVGF�KP|XKVTQ�CPF�KP|XKXQ��KPEQTRQTCVKPI�
germ- free and other approaches.
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