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The mammalian gastrointestinal tract and associated
mucosal immune system harbor a large repertoire of
metabolites of prokaryotic and eukaryotic origin that
play important roles in eukaryotic development and
physiology. These often bioactive small molecules orig-
inate from nutrition- and environmental-related sour-
ces, or are endogenously produced and modulated by
the host and its microbiota. A complex network of in-
teractions exists between the intestinal mucosal immune
system and the microbiota. This intimate cross-talk may
be driven by metabolite secretion and signaling, and fea-
tures profound influences on host immunity and phys-
iology, including the endocrine, metabolic, and nervous
system function in health and disease. Alterations in
microbiome-associated metabolite levels and activity
are implicated in the pathogenesis of a growing number
of illnesses. In this review we discuss the origin and
influence of microbiome-modulated metabolites, with
an emphasis on immune cell development and func-
tion. We further highlight the emerging data potentially
implicating metabolite misbalance with host-microbiome—
associated disease.  The Journal of Immunology, 2017,
198: 572-580.

he gut microbiome is a microbial ecosystem that has

diverse effects on physiological host functions, par-

ticularly immune development and activity. The
molecular basis of host-microbiome interactions is only just
beginning to be unraveled, and is mediated by both cell to cell
interactions and the production, modification, and sensing of
a large variety of bioactive small molecules, termed metabo-
lites. Many gastrointestinal metabolites originate from dietary
or environmental sources. They encounter the gut micro-
biome as part of the digestion and intestinal transit process,
and link host nutrition with physiology, including immune

development and function. Conversely, nutritional compo-
sition tremendously impacts the gut microbial composition
and function (1). Other metabolites are endogenously pro-
duced or modified through diverse metabolic processes, by
the host or its microbiota (2). Collectively, it is estimated
that more than 50% of fecal and urinary metabolites are
derived from or modified by the gut microbiome (3).

Some microbiome-associated metabolites are bioactive and
affect the host cellular processes including differentiation,
migration, proliferation, and apoptosis, thereby featuring
pleotropic physiological or pathophysiological effects on the
eukaryotic host. A number of metabolites impact mucosal and
systemic immune maturation and function, in steady state and
during disease (4-8). The host has evolved multiple metab-
olite sensing platforms, and downstream immune signaling
pathways that confer reactivity to microbiome-modulated
metabolites (9, 10). These sensing platforms are expressed
in different combinations in mucosal cellular subsets, such as
intestinal epithelial cells, macrophages, dendritic cells (DCs),
T cells, and innate lymphoid cells (ILCs), where they play
critical roles in host-microbiome mutualistic cross-talk. In
addition to local metabolite effects on gastrointestinal mucosal
immune function, many systemically absorbed metabolites may
reach remote organs and modulate the immune responses in
sterile host regions such as the CNS (11, 12). As such, metab-
olites may provide a missing link between the gut microbiome
compositional and functional configuration to its remote effects
on host physiology and disease risk in seemingly unrelated sterile
organs. The type, composition, and concentration of metabolites
coupled with the host sensor molecules repertoire orchestrate the
net physiological response at a given physiological context.

In this review we provide an overview of gut microbiome-
modulated metabolites, their physiological effects on major
immune functions, and recent observations possibly linking
metabolite misbalances with risk of immune-mediated and
immune-associated disease.
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Microbiome modulation of the gastrointestinal metabolite
configuration

One of the essential functions provided by the gut microbiota
includes the modulation of gastrointestinal metabolites, in-
cluding their synthesis, digestion, fermentation, and secondary
metabolism. Numerous studies have investigated the forces
that drive the development of the adult microbial population
in the intestine from birth (13, 14), yet the dynamics of the
microbiome impact on the host metabolome remain largely
unknown. The centrality of microbial activity in shaping the
gut metabolome is demonstrated by profound metabolite
alterations found in germ-free as compared with gnotobiotic
and colonized animals, including differences in diverse me-
tabolite biochemical groups noted in feces, urine, and the
systemic circulation (15-18). Multiple commensal microbial
taxonomies, including Enterobacteriaceae, Enterococus spp.,
and Lactobacillus spp., have been shown to influence gastro-
intestinal metabolite concentrations (17), by processes span-
ning from udilization of amino acids as a nitrogen source, to
byproduct generation of secondary metabolites such as short
chain fatty acids (SCFAs). In the following section we will
highlight key examples of these microbiome effects on dietary
and endogenously generated gut metabolites, and how these
microbiome effects contribute to the downstream effector
functions of these metabolites on host immunity (Figs. 1, 2).
De novo microbiome production of metabolites. The gut microbiota
produces a number of metabolites, some of which feature distinct
bioactive functions on the eukaryotic host. A prime example of
such de-novo synthesized metabolites include SCFAs, which are
the products of microbial fermentation of nondigestible nutritional
fibers, and include acetate (C2), propionate (C3), and butyrate
(C4). Gut commensal bacteria, such as those belonging to
the genera Buzyrivibrio, Clostridium, and Eubacterium, can
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produce SCFAs that locally reach a millimolar concentration (19).
Additional fermentaton byproducts like succinate and lactate are
also generated during SCFAs production, and are used by the
microbiota for maintenance and survival (20). SCFAs, in turn,
mediate a number of important functions for the eukaryotic
host, including usage as an energy source by intestinal epithelial
cells, and a variety of anti-inflammatory properties in T cells,
regulatory T cells (Tregs), neutrophils, and macrophages, where
they affect migration, cytolytic activity, cytokine production,
and epigenetic regulation of gene expression (discussed below).

Another example of bioactive de novo microbial-synthesized
metabolites are vitamins, small bioactive nutrients that are
extracted from the diet and may be modulated by the
microbiome or de novo produced by intestinal commensals.
One such important example involves vitamin K, a central
cofactor regulating the mammalian coagulation cascade (21)
and immunity (22). The vitamin K group consists of vitamin
K1 (phylloquinone), derived from food, and vitamin K2
(menaquinone), which can be also produced from vitamin K1
by most of the gut microbiota species, including Enterobacter
sp., Eubacterium lentum, Veillonella sp. and Bacteroides sp (23).
Members of the vitamin K group are absorbed in the small
intestine in a process requiring bile salts (24). The importance
of microbial production of vitamin K to its overall intestinal
pool is supported by the fact that broad-spectrum antibiotic
treatment induces significantly reduced vitamin K levels (25).
Furthermore, a primary vitamin K deficiency animal model
was not successfully generated using a vitamin K—deficient
diet alone, unless germ-free mice were employed in the process,
further supporting the important role of the gut microbiome in
its processing (26). However, the transformation of vitamin K1
to vitamin K2 may not be solely dependent on the microbiota,
as it occurs in gnotobiotic rats (27).
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Other vitamins, such as vitamin B1 (thiamine) (28) and folic
acid (vitamin B9) (29), may also be synthesized by some
members of the microbiome, thereby contributing to the
overall vitamin pull. Vitamin B12 can be produced by bac-
teria, e.g., Propionibacterium freudenreichii, Salmonella enter-
ica, Listeria innocua, and Lactobacillus reuteri, and may also be
degraded by multiple members of the microbiome (30). Its
binding to the eukaryotic intrinsic factor as part of the di-
gestion process is believed to protect it from microbial deg-
radation in the distal small intestine (30).

Microbiome modulation of nutritionally derived metabolites. Mul-
tiple bioactive gastrointestinal small molecules originate from
dietary sources, undergo microbial modifications and have
recently been shown to feature important immune functions.
One example is the immunomodulatory amino acid trypto-
phan (Trp), abundantly found in foods such as milk, eggs, red
meat, and vegetables (e.g., broccoli). Trp is known to undergo
metabolism by Lactobacilli, giving rise to indole-3-aldehyde,
which can bind to the aryl hydrocarbon receptor (AHR),
followed by its transport through the epithelial cell layer by
a transporter containing angiotensin I converting enzyme 2
(9, 31). Deficiency in murine angjotensin I converting enzyme
2, which controls the levels of neutral amino acids in the intestine,
including Trp, results in higher susceptibility for intestinal
inflammation and an altered gut microbial composition
(32). Inflammation in this context is transmissible through
transfer of the microbiota to germ-free mice, whereas dietary
Trp replenishment rescues microbial dysbiosis (32).
Microbiome modulation of host-derived metabolites. The micro-
biome may also modulate metabolites that are produced by the
eukaryotic host. An important example of such endogenously
generated gastrointestinal metabolites are bile acids, which are
produced from cholesterol by the liver, further conjugated to
glycine (in humans) or taurine (in mice) and transported to the
gallbladder, common bile duct, and the proximal small in-
testine (33, 34). They are considered essential for solubilizing
dietary fat and cholesterol, thereby accelerating digestion and
absorption.

Secondary microbial-mediated metabolism of primary to
secondary bile acids increases their diversity (35), as exem-
plified by germ-free mice having lower levels and reduced
diversity of secondary bile acids as compared with colonized
mice (36). In the intestinal epithelium, many different bile
acids, including microbiome-modulated deoxycholic acid and
lithocholic acid (37), can bind the G-protein coupled receptor
TGRS as well as the nuclear receptor farnesoid X receptor
(FXR). FXR was suggested to regulate epithelial cell integrity
and bacterial composition because in the absence of FXR,
mice present a disrupted epithelial barrier function and dys-
biosis (38). In addition, secondary bile acid signaling may
impact the host immune response by modulating proin-
flammatory genes through NF-kB signaling (39, 40). As such,
the addition of an FXR ligand to LPS-treated macrophages
downregulated the NF-kB—controlled genes IL-1(3, TNF-a,
COX-1, COX-2, and iNOS. Moreover, Fxr '~ mice pre-
sented a significant exacerbation of colitis symptoms, which
could be mitigated by treating wild-type (WT) mice with an
FXR analog (40). Furthermore, bile acid signaling was re-
cently suggested to contribute to the effects of the microbiota
on the metabolic syndrome, which may partially stem from its
immune modulatory effects (41, 42).

One recently discovered role of microbiome-modulated
metabolites on the intestinal immune response involves sig-
naling through the N/rp6 inflammasome. The bile acid related
metabolite taurine was suggested to shape the host-microbiota
interface through activation of N/rp6 inflammasome signal-
ing, resulting in intestinal epithelial cell IL-18 secretion and
downstream modulation of anti-microbial peptide transcrip-
tion (43), thereby impacting the microbiome composition
and risk of auto-inflammation. The microbiome-modulated
metabolites histamine and spermine, in turn, inhibit the
NLRP6 inflammasome signaling, suggesting a mechanism by
which the combination of bioactive metabolites at given
contexts drive the host-microbiome interface thorough regu-
lation of immune sensing and downstream immune modu-
lation. Collectively, postbiotic metabolite intervention may
target a variety of host-related pathways, including those ex-
emplified above, representing a promising potential new ther-
apeutic modality of microbiome-related metabolic and
inflammatory disorders.

Mechanisms of microbiota-modulated metabolite immune regulation

Microbiome-modulated metabolites may impact the host
immune response through several mechanisms that are only
just beginning to be unraveled. In addition to metabolite-
induced signaling in immune cell subsets that may trigger a
cascade of inflammatory changes, recent studies have identified
direct metabolite-mediated effects on immune cell meta-
bolism, often resulting in substantial, previously unappreci-
ated, functional outcomes.

Immune cell metabolic reprogramming. One of the recently
characterized roles of commensal microbiota is to provide
energy to intestinal epithelial cells (IECs), through fermen-
tation of dietary fibers by degradation of undigested complex
carbohydrates into SCFAs. In the absence of the microbiota
and associated SCFAs, germ-free mice feature an altered energy
metabolism characterized by preferential fermentation of
glucose into lactate (44), thereby leading to enhanced IEC
autophagy as a consequence of nutrient starvation (45, 46).
Monoinoculation of germ-free mice with the butyrate-producing
Butyrivibrio fibrisolvens rescued IECs from autophagy and
mitochondrial respiration insufficiency (45). Similar to epithe-
lial cells, energy metabolism in leukocytes is affected by microbiota-
regulated metabolites. T cell responses are dependent on
nutrient catabolism, whereas intestinal T cells in germ-free mice
present an immature phenotype characterized by impaired
cytolytic activity (47, 48).

The molecular mechanisms by which SCFAs, such as buty-
rate, serve as energy sources and consequent functional mod-
ulators of intestinal epithelial cells and immune cells are
beginning to be unraveled (45). Butyrate acts as a local substrate
for the production of energy through the tricarboxylic acid
cycle, ATP generation, and (-oxidation as well as through the
suppression of autophagy in intestinal epithelial cells (45).

Transcriptional and epigenetic modulation of immune-related genes

Another key mechanism by which gut microbiome-modulated
metabolites influence the immune response involves regula-
tion of immune cell transcriptional programming through
impacting their epigenetic landscape. One such example re-
lates to the transcription of mucin-related genes by butyrate,
thereby contributing to goblet cell differentiation and mucus
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FIGURE 2. Bile acid effects on the host-microbiota
interface and immune functions. Bile acids are produced
by the liver, secreted into the proximal small intestine, and

modulated by the microbiome, thereby impacting multiple

immune processes. Bile acids bind FXR on intestinal COXI

epithelial cells, through which they regulate barrier integrity
and bacterial community structure. In macrophages, bile acid
signaling downregulates NF-kB—controlled proinflammatory
responses. The bile acid metabolite taurine shapes the
host-microbiota interface through activation of Nirp6
inflammasome signaling, resulting in intestinal epithelial
cell IL-18 secretion and downstream modulation of anti-
microbial peptide transcription. Histamine and spermine
negatively modulate the Nlrp6 inflammasome.

production (49-51), which are essential in host innate im-
mune defense against invading pathogens. Furthermore, his-
tone deacetylase (HDAC) inhibitory activity of butyrate
induces gene expression changes in DCs including the sup-
pression of IL-12, IL-6, and Relb, which contributes to Treg
differentiation (52). Butyrate also plays a role in modulating
the immune response in macrophages, by inhibiting tran-
scription of proinflammatory mediators in colon lamina propria
macrophages such as 7/6, Nos2, and /12 (53), a mechanism
contributing to the maintenance of tolerance toward com-
mensal bacteria.

In addition to its possible effects on cell metabolism, bu-
tyrate was shown to influence peripheral Tregs through in-
creased histone H3 acetylation of the Foxp3 promoter region
and at the intragenic enhancer elements conserved noncoding
DNA sequence 1, associated with gene expression (54, 55). As
such, butyrate was demonstrated to indirectly suppress co-
lonic inflammation through GPR109A receptor-mediated
regulation of Treg differentiation (56).

The epigenetic suppressive activity of SCFAs may be
vertically transferrable to offspring, as high-fiber feeding of
pregnant female mice suppressed the expression of genes
related to airway response in the fetal lung (57). Similarly,
SCFAs were also suggested to influence leukocyte function
and neutrophil chemotaxis (58), through inhibition of HDAC
activity leading to NF-kB inactivation and suppression of
proinflammatory cytokines and nitric-oxide (58, 59). A sim-
ilar suppression of HDAC:s resulting in an anti-inflammatory
phenotype was observed in DCs and intestinal macrophages
(53, 60, 61).

In addition to being the receptor for butyrate, GPR109A is
also the receptor for microbial-derived nicotinic acid (NA,
or niacin). The microbial-derived butyrate and NA engage
GPRI109A on epithelial cells, macrophages, and DCs and
trigger the secretion of IL-18 from epithelial cells, and IL-10
from DCs and macrophages, which further leads to sup-
pression of inflammation as IL-10 favors the development of
Tregs from naive CD4" cells (56). The SCFA acetate can also
bind GPR43 on IECs, which leads to NLRP3 inflammasome
assembly and the downstream production of IL-18 (62). As
such, acetate was shown to promote epithelial cell integrity,
which contributes to protection against infection (63).
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Some microbiome-mediated transcriptional and epigenetic
modifications of the host may involve metabolite signaling, yet
such metabolites and their putative roles in these modifications
have not been identified to date. A notable example of genome-
wide epigenetic effects mediated by the gut microbiome and
impacting the mucosal immune response involves ILCs (64).
The transcriptional landscape of ILC subsets has been re-
cently shown to involve a complex and subset-specific epigenetic
modification program. Importantly, microbiota depletion by
broad-spectrum antibiotic treatment or in germ-free mice results
in massive restructuring of the global epigenetic landscape of
small intestinal ILCs, involving several thousand histone modi-
fications at enhancer and promoter sites. Also, the impact of the
intestinal microbiota on altered gene expression in ILCs is dif-
ferent between distinct, newly recognized, transcriptional subsets.
This suggests that within the small intestinal ILC population,
different clusters of cells feature distinct microbiota responsive-
ness patterns, possibly through defined sets of epigenetic modi-
fications (64). Whether some of these microbiome-mediated
epigenetic alterations in ILCs are a result of metabolite functions
merit future studies. Another notable transcriptional outcome of
microbiome colonization that may involve a yet unidentified
metabolite signaling is the microbiome-mediated modulation of
the T17 immune response. Following colonization with seg-
mented filamentous bacteria (SFB), which are known to adhere
to intestinal mucosa in a host-species manner, Ty17 levels of
germ-free mice are restored (65), leading to induction of tran-
scription of Tyy17 associated genes including //174, 1121, Ccr6,
and Nos2, as well as serum amyloid A and antd-microbial pep-
tides (65). SFB-induced Tyl7 cells were shown to recognize
SEB Ags, through yet unrecognized mechanisms, whereas DC
expression of MHCII is necessary for Tg;17 cell induction (66).

Metabolite immune modulation through yet unknown mechanisms.
As metabolite-mediated functions on the host are only just
beginning to be discovered, some effects are not yet fully
defined mechanistically. For example, some mechanisms of
SCFAs modulatory effects on host immune functions have
been deciphered, and are described above, but others remain
cryptic and can be driven by intracellular metabolic pathways,
epigenetic modification, transcription regulation, or by other
yet undefined mechanism(s). Different SCFAs can be differ-
entially sensed through the receptors GPR41, GPR43, and

LT0T ‘01 Arenuer uo jsens £q /310 jounurwil mmm//:d)y woiy papeofumo


http://www.jimmunol.org/

576 BRIEF REVIEWS: METABOLITES, MICROBIOME, AND IMMUNITY

GPR109A (10). Butyrate is the ligand for GPR109A, expressed
by IECs and T cells, where its signaling induces substantial effects
on Treg abundance and activity, yet the mechanism of this effect
is still not completely understood (56). Likewise, colonic mac-
rophages and DCs from mice deficient in GPR109A are
defective in their ability to induce differentiation of naive
T cells into IL-10—expressing Tregs, resulting in a general re-
duction in colonic Tregs and increased severity of dextrane
sodium sulfate—induced colitis, through mechanisms that
are still elusive (56). Germ-free and colonized mice treated
with SCFAs such as acetate feature reduced inflammation in a
dextrane sodium sulfate-induced colitis model as well as in a
T cell transfer colitis model in a GPR43-dependent manner.
Mechanistically, SCFA administration increases the numbers
of Treg cells in germ-free mice as well as the secretion of its
key suppressive effector cytokine IL-10, possibly through
effects on immune cell metabolism (54, 67). Furthermore, a
lack of GPR43 expression in Gpr43~ '~ mice severely alters
SCFA-mediated expansion of colonic Tregs (54). Thus, SCFAs
and their GPRs represent one pathway through which the
commensal microbiota regulates the inflammatory response,
yet the intracellular and immune-mediated mechanisms of these
metabolite effects merit further studies. Similar to their local
effect in the intestine, circulating SCFAs dampen the severity of
allergic airway inflammatdon with reduced levels of IL-4, IL-5,
IL-13, and IL-17a in the lung, possibly through increased bone
marrow generation of macrophages and DCs; this and other
potential mechanisms merit further exploration (60).

Microbiome-modulated metabolites and the risk of disease

Defined compositional and functional microbiome alterations
have been associated with the pathogenesis of common
multifactorial diseases. These diseases include, among others,
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pathologies primarily affecting the digestive system [such as
inflammatory bowel diseases (IBD) and colorectal cancer],
metabolic diseases (diabetes mellitus and nonalcoholic fatty
liver disease), and even cardiovascular and neurologic disorders
(68-73). As such, it is reasonable to assume that at least some
of the effects of the microbiome may be mediated by altered
metabolite profiles associated with these microbial disease
signatures. Such altered metabolite levels and combina-
tions may affect immune function and metabolism as well as
multiple other seemingly unrelated physiological functions.
Although the complex network of interactions between the
microbiome, its associated metabolite profile and the im-
mune system in the context of disease is just beginning to be
unraveled, several studies, exemplified below, have identified
some of the pathways underlying these interactions (Fig. 3).
Inflammatory bowel disease. The incidence of IBDs, a group of
auto-inflammatory diseases involving different regions of the
gastrointestinal tract, has been steadily increasing globally (70).
One of the characteristic associated hallmarks of IBD is intestinal
dysbiosis — a deviation from the healthy composition and
function of the microbiome. Dysbiosis may contribute to the
impaired cross-talk between immune cells and the microbiome
in IBD, and may involve aberrant signaling by different immu-
nomodulatory metabolites. For example, in an animal model
of ulcerative colitis, an interplay between the commensal
microbiota and AHR-expressing group 3 ILCs is mediated
by microbiota-produced metabolites (31, 74). The absence
of AHR or its ligands induces changes in microbial com-
position, leading to exacerbated colitis development in mice
(75). A subset of commensal bacteria utilizes Trp as an energy
source and produces the metabolite indole-3-aldeyde, which
further activates AHR in ILCs, leading to secretion of 1L-22
impacting both mucosal healing and the anti-microbial

Tryptophan
metabolites IL-10
IL-23
T cell
Dendritic GPR43

§%§;W

©r-

GPR109A 0
00! er
SCFAs 9
Vitamin A O GPR43
Dendritic Cells @
—4{{ ™ @ @
= ClgA [Eaee=] ] i

Plasma Cells

FIGURE 3. Microbiome-modulated metabolites and disease. Altered levels of microbiome-modulated metabolites have been associated with immune-mediated

and immune-associated disease risk. Metabolite-mediated effects on disease processes may be localized to the gastrointestinal tract, such as in IBD or food allergy, or

systemically influence remote tissues like the brain, heart and the liver.
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peptides repertoire including lipocalin-2, S100A8, and S100A9
in mice (31, 74). Another possible metabolite-mediated mechanism
of auto-inflammation involves SCFA-mediated inhibition of
HDAG:, independently of their receptors GPR41 and GPR43,
leading to T cell activation of the mTOR-S6K pathway (76).
Acetate supplementation in drinking water was able to mitigate
anti-CD3-induced colitis severity in the ileum of WT but not
of /10”"~ mice, indicating that this protective effect requires
IL-10 (76). Conversely, oral butyrate treatment enhanced
IL-23 levels in DCs and exacerbated colitis symptoms in an IBD
animal model (77). As the effects of SCFAs are complex and
sometimes diverse, indirect, and combinatorial, future studies
will have to delineate their human relevance and therapeutic
potential in different combinations and clinical contexts.

Another example of the role of the microbiome-immune-
metabolite axis in driving intestinal auto-inflammation is pro-
vided by the NLRP6 inflammasome model in mice. As described
above, a properly functional NLRP6 inflammasome signaling,
orchestrated by the microbiome-modulated metabolites taurine,
histamine, and spermine (43) in mouse IEC, contributes to a
healthy microbiome population. Conversely, NLRP6-deficient
mice feature dysbiosis and associated intestinal auto-inflammation,
which is transmittable via fecal transplantation into normal
WT mice, thereby inducing exacerbated colitis symptoms, which
are ameliorated by restoration of normal microbiota (43). Mul-
tiple other unknown metabolites in mice and in human IBD
patients may impact immune activation and function, thereby
affecting the pathogenesis of different IBD subsets, and merit
further studies.

Nonalcoholic fatty liver disease. Nonalcoholic fatty liver disease
(NAFLD) is the most common hepatic disease in the developed
world, and is tightly associated with other features of metabolic
syndrome including obesity, hyperlipidemia, and adult-onset
diabetes mellitus. Whereas most affected individuals remain
asymptomatic, a significant minority of NAFLD cases develop
a progressive inflammatory liver disease termed nonalcoholic
steatohepatitis (NASH), ultimately leading to liver dysfunction,
cirrhosis, and life-risking complications (78). The microbiome
was suggested in both mouse models and humans to regulate
some manifestations of NAFLD and NASH via its systemic
effects on the immune system (79, 80). In one such animal
model, inflammasome-deficient mice feature dysbiosis me-
diated by an altered metabolite profile (81). When induced
with NAFLD, these mice developed a context-specific
form of dysbiosis characterized by a massive expansion of
Porphyromonadaceae accompanied with enhanced TLR4 and
TLR9Y ligands influxing into the portal circulation and leading
to massive TNF-a secretion, hepatic inflammation, and the
progression to NASH (82). Interestingly, this microbiome-
mediated transition into NASH was abolished by wide-spectrum
antibiotic treatment and transferrable by cohabitation of
inflammasome-deficient mice with WT mice. As dysbiosis
in this model has been recently linked to microbiome-
modulated metabolite misbalance, it hints toward the pos-
sibility of an indirect link existing between gastrointestinal
metabolite alterations, dysbiosis, and influx of microbial
products into the liver leading to inflammatory conseq-
uences (43). Likewise, in NAFLD human patients, dysbiosis
was observed with an expansion of Streptococcus, Anaerobacter,
Lactobacillus and  Escherichia genera as compared with healthy
subjects, accompanied by reduction of Afistipes and Prevotella.
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Similar to the above animal model, NAFLD patients were
found to have higher levels of TNF-a, IFN-y, and IL-6 and
disrupted microvilli morphology associated with increased gut
permeability (83). These results suggest that dysbiosis may not
only affect the local intestinal inflammatory response, but may
also systemically influence sterile tissues through metabolites
driving pathological conditions, inflammatory and metabolic
alike. Other manifestations of the metabolic syndrome, such
as obesity and glucose intolerance, were recently suggested to
involve an altered inflammatory response in tissues such as
adipose tissue, the pancreas, and the liver (84). An intriguing,
yet unexplored possibility is that some of these inflammatory
changes may be mediated by dysbiosis and its associated altered
metabolite configuration. Exploring metabolite roles in these
contexts may enable to identify new therapeutic and diagnostic
modalities to these common idiopathic multifactorial disorders.
Cardiovascular disease. The catastrophic consequences of ath-
erosclerosis, myocardial infarction, and cerebrovascular ac-
cident still account for the majority of deaths worldwide (85).
Atherosclerotic plaques in arterial walls are caused by an imbal-
anced lipid homeostasis leading to accumulation of cholesterol—
containing low-density lipoprotein particles, accompanied by
chronic inflammation (86). In the past decade changes in
microbiome composition and function have been associated
with cardiovascular disease pathogenesis. One notable example
of such an association involves trimethylamine-N-oxide (TMAQO)
metabolism. TMAO is a metabolite that in humans is generated
by microbial metabolism of dietary phosphatidylcholine or
L-carnitine, which are abundant in meat and high-fat diets.
Mice fed L-carnitine featured increased levels of TMAO
leading to enhanced atherosclerosis. Germ-free mice or
antibiotic-treated mice were protected from the disease, thereby
linking the gut microbiota, nutrition, and risk for cardio-
vascular disease (87). Similar findings were observed in hu-
mans, in which a time-dependent increase in plasma TMAO
(and other phosphatidylcholine metabolites) was documented
following ingestion of isotopic-labeled food. These increased
metabolite levels were inhibited by antibiotic treatment, and
reappeared after antibiotic withdrawal (88). Increased fasting
TMAO plasma levels were significantly associated with major
adverse cardiovascular events such as overall mortality, myo-
cardial infarction or stroke. These results demonstrate the
potential central role of this microbiome-derived metabolite
in the risk factor for cardiovascular disease (88, 89).

Food allergy. Allergies to nutritional components constitute a
common immune-mediated condition affecting the pediatric and
adult population alike. Mucosal DCs contribute to allergy to food
Ags by regulation of Treg differentdation. A high-fiber diet together
with vitamin A was recently shown to drive the microbiota toward
a configuration that is supportive for tolerogenic CD103* DCs,
which provides tolerance toward food Ags in a mouse model,
thereby protecting from food allergy. This protective effect
depends on epithelial GPR43 and immune GPR109A, because
the protective effect was not observed in Gpr43™"~ or in
Gpr]09¢f/7 mice. In this model, changes in the microbiota
following a high-fiber diet were also associated with enhanced
IgA production and T follicular helper response (90), further
implicating the microbiome in this food allergy protective effect.
Neurodegenerative disease. Although neurological disorders are
increasingly suggested to feature important immune components,
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research on neurological immune modulation remains in its
infancy. Some of the observed immunomodulatory effects on the
CNS are mediated by resident immune cell subsets in the CNS,
which impact disease progression, and particularly the microglia,
the resident myeloid cells of the CNS. Interestingly, microglia
were recently suggested to be affected by metabolites such as
SCFAs in a mouse model. SCFAs secreted by the gut microbiota
modulated microglial activation and maturation gene-expression
profile in the mouse steady state (91). The NA receptor
GPR109A was recently found to be expressed by microglia
(92) and feature increased expression colocalizing with microglial
markers in the substantia nigra of Parkinson’s disease patients,
possibly participating in disease modulation (92). Likewise,
B-hydroxybutyrate treatment given to a Parkinson’s disease
rat model improved motor skills and protected nigro-striatal
neurons by reducing neuroinflammation (92). Addition of
B-hydroxybutyrate to mesencephalic neuron-glia cultures
reduced the harmful effects of LPS-induced microglial
activation through GPR109A inhibition of NF-kB pathway,
resulting in a reduction of proinflammatory enzymes (COX-2,
iNOS) and cytokines (IL-6, TNF-a, IL-1B) (93). Butyrate and
other SCFAs influx from the gastrointestinal tract through the
portal circulation or are absorbed directly into the systemic
circulation through the distal colonic blood supply, and may
access the CNS through the blood-brain barrier (BBB). Mice
fed a fermented-fiber diet presented with a reduced endotoxin-
related sickness behavior (94), and interestingly featured
increased CNS IL-4 mRNA levels probably mediated by
enhancement of histone acetylation increasing IL-1RA levels,
which inhibits the production of IL-1B proinflammatory
cytokine (94). Furthermore, the tight-junction forming proteins
occludin and claudin-5 were reduced in the brains of germ-
free mice, leading to an increased permeability of their
BBB (95). Treatment with butyrate-producing Clostridium
tyrobutyricum bacteria was able to elevate occludin and
claudin-5 levels in germ-free mice brains and to restore
their BBB permeability to the level of specific pathogen-free
mice (95).

Interestingly, other neuropsychiatric disorders such as au-
tistic spectrum disorder (ASD) were also suggested to involve
modulation by microbiota-dependent metabolites (72). ASD-
prone mice feature dysbiosis, increased gut permeability, and
altered serum metabolites (96). Treatment with Bacteroides
fragilis restored gut permeability pathology and ASD neurologic
symptoms, probably by regulation of 4-ethylphenylsulfate, a
metabolite contributing to some ASD-like symptoms. These
results suggest that the gut microbiome may influence some
CNS neurological functions, including neuro-inflammation,
via systemic metabolite regulation (96). Whether some of
these effects may involve altered activation of the CNS im-
mune response, and whether similar effects may be observed
in humans remains elusive.

Conclusions

In this review we highlight some examples by which dietary, host
derived— and microbiota-modulated metabolites may affect
numerous aspects of the host immune response. In many of
these observations, the mechanisms through which commensal
bacteria regulate host immunity remain unclear and merit
future investigation. Likewise, further investigation is required
to determine the repertoire, bio-geographical distribution, and

bioactivity of metabolites in the gastrointestinal tract and how
it may impact local and systemic inflammatory processes. In-
tegration of the accumulating knowledge on microbial com-
munity structure in different disease scenarios with the
corresponding changes in the metabolome and its bioactivity
may enable addressing fundamental questions regarding the
molecular mechanisms by which the microbiome impacts
physiology, pathophysiology and even its own community
function (97). Such studies will likely involve an integration of
advanced next-generation sequencing related genomics, high-
throughput metabolomics, and gnotobiotic experimentation
that is critical in demonstrating causality and differentiating
between primary driver microbial impact on disease patho-
genesis, and secondary passenger microbial changes. Such in-
tegrative studies may potentially yield novel microbiota-based
diagnostics and therapies of common disease. As such, colo-
nization of germ-free animals with microbiota from humans
(notwithstanding its inherent technical limitations) has recently
emerged as a promising way to simplify studying these complex
disorders (98). Humanized germ-free animals may allow better
long-term elucidation of the roles of specific human-resident
bacterial species and their associated metabolites in contribut-
ing to disease development and progression.

Furthermore, a detailed and comprehensive microbiome
characterization using a combination of 16S rDNA analysis,
shotgun metagenomic sequencing of the microbiome meta-
genome, and metatranscriptome, coupled with metabolomics
and characterization of the host transcriptome, may be inte-
grated into predictive computational modeling that may fa-
cilitate early diagnosis, patient stratification, and personalized
treatment approaches (99). Last, heightened understanding of
the effects of various metabolites on homeostasis and disease
may pave the way for their future application as a means of
postbiotic intervention that may allow the administration of
metabolite combinations as a preventive or therapeutic mea-
sure in microbiome-associated disease, thereby avoiding the
need for dealing with the significant variability in individual
human microbiome configurations.
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