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Abstract

The mammalian intestine is colonized by trillions of microorganisms that have co-evolved with

the host in a symbiotic relationship. Although the influence of the gut microbiota on intestinal
physiology and immunity is well known, mounting evidence suggests a key role for intestinal
symbionts in controlling immune cell responses and development outside the gut. Although

the underlying mechanisms by which the gut symbionts influence systemic immune responses
remain poorly understood, there is evidence for both direct and indirect effects. In addition, the gut
microbiota can contribute to immune responses associated with diseases outside the intestine.
Understanding the complex interactions between the gut microbiota and the host is thus of
fundamental importance to understand both immunity and human health.
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Introduction

Mammals are inhabited by a diverse community of symbionts
composed of trillions of microorganisms that include viruses,
bacteria, fungi and protozoa, known collectively as the micro-
biota. Microbes colonize mammalian hosts immediately after
birth, resulting in a lifelong symbiotic relationship. Although
these microorganisms are present at multiple sites including
the skin, lung and gastrointestinal tract, the overwhelming
majority of symbiotic bacteria reside in the distal intestine (1,
2). In healthy adults, the gut microbiota comprises four major
phyla, namely Firmicutes, Bacteroidetes, Actinobacteria and
Proteobacteria (3). The bacterial species belonging to these
phyla vary along the intestinal tract, likely reflecting distinct
microenvironments and nutrient availability in different parts
of the intestine that favor the growth of particular bacterial
taxa (3, 4). There is also significant heterogeneity in the com-
position of the microbiota among healthy individuals within
and between populations in different geographical locations,
which may contribute to the large variation in immune re-
sponses in healthy and diseased individuals (5, 6).
Animportantrole for the gut microbiota in regulating host
physiology and disease was postulated over one hundred
years ago by the Russian zoologist Elie Metchnikoff (7).
We know now that microbes that inhabit the gastrointes-
tinal tract have a profound influence on host physiology
including digestion and absorption of food, biosynthesis
of micronutrients and protection against pathogen col-
onization (2, 8). In addition, symbionts can act locally
to shape the composition and function of immune cells

in intestinal tissues (1, 9). Mounting evidence indicates
that intestinal bacteria can also act remotely to influ-
ence host immune responses important for host defense
and disease pathogenesis. In this review, we discuss
the direct and indirect mechanisms by which intestinal
symbionts regulate immunity and immune-associated
diseases at sites distal from the intestine, in particular,
the liver, the lungs and the brain.

Gut microbiota-driven mechanisms in systemic
immunity

The role of the gut microbiota in the development of both the
intestinal and systemic immune system was first revealed in
studies with germ-free animals that showed several immuno-
logical abnormalities not only in the intestinal mucosa, but
also in lymphoid structures at systemic sites (10, 11). Germ-
free mice also have defects in immunoglobulin production,
expression of anti-microbial molecules, T-cell trafficking and
pathogen clearance after systemic infection (12-15). Although
the exact mechanism by which the gut microbiota contributes
to immune responses at distant sites remains poorly under-
stood, studies to date suggest, first, a direct mechanism
via translocation of gut microbes, their components and/or
their metabolites into the circulation and, second, an indirect
mechanism in which stimulation of epithelial, stromal or im-
mune cells within the gut results in downstream responses
that are relayed systemically.
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Direct microbial mechanisms

Translocation of bacteria and their components

Despite residing within the intestinal lumen, gut symbionts
and their components can translocate across the epithelium
to regulate immune responses beyond the intestine (Fig. 1).
In the colon, the thick mucus barrier consists of two clearly
distinct layers which restrict the access of potentially harmful
microorganisms to the mucosal surface (16, 17). The small
intestine, however, lacks a well-demarcated mucus layer (18),
which may explain the detection of small-intestinal microbes,
such as Enterobacteriaceae and Lactobacillaceae members,
in systemic tissues under homeostatic conditions, in both hu-
mans and animals (19, 20). The structurally conserved com-
ponents of these microbes, referred as microbe-associated
molecular patterns (MAMPs), such as lipopolysaccharide
(LPS) and peptidoglycan (PGN), can also translocate across
the intestinal barrier and stimulate pattern recognition re-
ceptors (PRRs), including Toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain-like receptors
(NLRs), to influence hematopoiesis and immune responses
at distant tissues (21) (Fig. 2).

The bone marrow provides the primary niche that sup-
ports the function of hematopoietic stem and progenitor
cells (HSPCs) as well as immune cells that mobilize and
expand in response to infection (22, 23). Treatment of mice
with broad-spectrum antibiotics led to partial depletion of
the HSPC pool (24). Moreover, germ-free mice had dimin-
ished HSPC subsets in the bone marrow compared with spe-
cific pathogen-free (SPF) animals (25). HSPCs in germ-free
mice can be restored by the systemic administration of y-d-
glutamyl-meso-diaminopimelic acid (IE-DAP), the bacterial
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dipeptide that stimulated nucleotide-binding oligomeriza-
tion domain-containing protein 1 (NOD1) and induced bone
marrow stromal cells to secrete HSPC cell-supporting cyto-
kines (Fig. 2) (25). In addition, myeloid cell development in
the bone marrow is compromised in germ-free mice resulting
in reduced numbers of monocytes, macrophages and neu-
trophils in the spleen and liver (26). Colonization of germ-free
mice with the microbiota of SPF mice or oral feeding with
MAMPs, but not short-chain fatty acids (SCFAs), can restore
normal myelopoiesis (26).

In addition to the regulation of bone marrow myelopoiesis,
systemic TLR ligands regulate monocyte egress from the
bone marrow by inducing stroma expression of monocyte
chemotactic protein-1 (MCP-1) (27). Furthermore, the gut
microbiota sustains a population of splenic macrophages
derived from myeloid progenitors of the embryonic yolk sac
(26, 28). Circulating microbial components originating from
the gut microbiota promote steady state granulopoiesis in
the bone marrow through TLR signaling (Fig. 2) (29, 30).
Likewise, neonatal colonization by maternal microbiota is re-
quired for normal frequencies of peripheral neutrophils and
granulocyte/macrophage-restricted progenitors in the bone
marrow (31). This regulation of neutrophil homeostasis by the
microbiota in neonates was mediated through LPS-induced
IL-17 production by intestinal group 3 innate lymphoid cells
(ILC83s), which, in turn, enhanced levels of granulocyte
colony-stimulating factor (G-CSF) for granulopoiesis (31).
Consistent with these observations, LPS and CpG engage-
ment with TLR4 and TLR9, respectively, efficiently induced
the expression of IL-23 and IL-1f by intestinal C-X-C
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Fig. 1. Potential direct microbial mechanisms in systemic immunity. The gut microbiota can contribute to immune responses at distant sites
through direct mechanisms such as the translocation of gut microbes and/or their components or their metabolites to the blood circulation
and systemic organs. BM, bone marrow; DP, double positive; M®, macrophage; ROS, reactive oxygen species; VEGF-B, vascular endothelial

growth factor B.
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Fig. 2. The gut microbiota regulates hematopoiesis and immunity. The microbiota controls bone marrow (BM) hematopoiesis through several

processes. FIt3L, FMS-like tyrosine kinase 3 ligand; SCF, stem cell factor; THPO, thrombopoietin.

chemokine receptor 1 (CX,CR1)* mononuclear phagocytes
required for ILC3 activity (32).

In addition, NOD1 stimulation by gut microbiota-derived
PGN that entered the circulation enhanced the bacteria killing
capacity of bone marrow-derived neutrophils to control sepsis
from pneumococcal infection (33). The gut microbiota can
also sustain a distinct subset of aged neutrophils character-
ized by enhanced pro-inflammatory activity (34). Neutrophil
aging is, in part, driven by MAMPs and TLR-MyD88 (mye-
loid differentiation primary response 88) signaling pathways
(Fig. 2). Depleting the microbiota reduced the frequency of
circulating aged neutrophils and prevented inflammation-
driven tissue damage during sickle cell disease and septic
shock (34). Collectively, these data demonstrate that the
complexity of an intact gut microbiota and innate sensing of
systemic microbial signals are critical for neutrophil mainten-
ance and function.

After translocation from the gut, bacterial symbionts and
MAMPs can gain access to the liver through the portal vein
(Fig. 1). Live, metabolically active bacteria can be detected
in the peripheral tissues of healthy individuals, including mes-
enteric lymph nodes (MLNs), lung, ovary and breast (19, 35—
37). Because MLNs and the liver act as a firewall to prevent
systemic spread of a small subset of circulating microbes at
the steady state (38, 39), the presence of live and metabolic-
ally active organisms in peripheral organs may be secondary
to a disruption of the intestinal barrier. However, further work
is required to address this issue.

Translocation of bacterial symbionts and their compo-
nents, such as LPS, is enhanced in patients with chronic liver

disorders, such as cirrhosis, alcoholic liver disease (ALD)
and non-alcoholic fatty liver disease (NAFLD), that are as-
sociated with increased intestinal permeability (40, 41). LPS
can be detected in the blood of both animals and patients
with liver disease (42, 43). Furthermore, Tir47- mice were pro-
tected from liver inflammation and hepatic lipid accumulation
in a nutritional model of non-alcoholic steatohepatitis (NASH)
(44, 45).

In the liver, MAMPs, such as LPS, appear to increase hep-
atic inflammation and disease progression via TLR stimula-
tion in Kupffer cells (46-48) (Fig. 1). Stimulation of Kupffer
cells via TLR4/TLR9 signaling can result in up-regulation of
hepatic tumor necrosis factor a (TNFa) expression, which,
in turn, promotes NASH progression in mice (49). Likewise,
translocation of gut bacteria or MAMPs because of intes-
tinal barrier disruption induced by chronic alcohol intake or
other stimuli such as dietary factors has been linked to pro-
gression, in humans and in animals, of ALD and NAFLD, re-
spectively (50, 51). Although the mechanism remains poorly
understood, endotoxemia and subsequent TLR4-dependent
Kupffer cell activation as well as activation of the NLRP3
inflammasome have been suggested to contribute to hepatic
inflammation, steatosis and fibrosis (47, 52-54).

The link between the gut microbiota and liver disease, how-
ever, remains poorly understood. Bacterial symbionts appear
to promote intestinal barrier dysfunction because treatment
with antibiotics reduces intestinal permeability and subse-
quent liver damage, which was associated with enhanced
expression of tight-junction proteins and attenuated hepatic
stellate cell activation (55). Although this evidence suggests
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that impaired barrier function directly contributes to disease
progression, liver injury can also lead to the loss of intes-
tinal barrier integrity, even though the mechanism is not fully
understood (56). Thus, further studies are needed to clarify
the association between intestinal permeability and liver
inflammation.

Microbial metabolites

Microbial metabolites generated in the gut can enter the cir-
culation and affect host immune responses at distant sites
(Fig. 1). Intestinal microbes produce a wide range of metab-
olites that can be broadly divided into three main groups:
(i) metabolites produced by microbial fermentation/degrad-
ation of dietary components, (ii) host-derived metabolites that
undergo microbial modification and (iii) de novo biosynthesis
of microbial metabolites (57).

SCFAs, produced by microbial fermentation of plant-
derived dietary polysaccharides, provide an energy source
for intestinal epithelial cells, but also have immunomodulatory
properties (9). The bulk of SCFAs produced in the gut are
derived from anaerobic bacteria, such as members of
Bacteroidaceae, Ruminococcaceae and Lachnospiraceae
families (58). The most abundant gut SCFAs—propionate,
butyrate and acetate—signal through multiple G protein-
coupled receptors (GPCRs), including GPR43, GPR41 and
GPR109A, that are expressed by both immune cells and
epithelial cells (9). Whereas GPR43 recognizes all three
SCFAs, GPR41 is activated by propionate and butyrate, and
GPR109A only recognizes butyrate (59, 60). Both mucosal
and peripheral inflammatory responses were dysregulated in
germ-free and Gpr437 mice, suggesting that stimulation of
GPR43 by SCFAs exerts crucial immunomodulatory proper-
ties under homeostatic conditions (61).

In animal studies, SCFAs regulate the expansion and sup-
pressive function of colonic regulatory T (T, ) cells via GPR43
(62). These SCFA-mediated immune regulatory properties of
Treg cells also extend to the central nervous system (CNS)
(Fig. 1) (63). SCFAs can regulate mucosal immune responses
at different barrier sites, including the intestine and the lungs,
through stimulation of other GPCRs such as GPR109A and
GPR41 (60, 64). SCFAs can also influence immune responses
by inhibiting histone-deacetylases (HDACs) (65). In animal
models and human cells in vitro, SCFA-mediated inhibition
of HDACs can promote an anti-inflammatory phenotype in a
variety of immune cells located in peripheral tissues (64-69).
A role for SCFAs in promoting intestinal homeostasis through
the regulation of the colonic FOXP3* T __ cells is well estab-
lished (62, 70-73), but SCFA-driven inhibition of HDACs also
enhances the number and function of T _ cells in the lungs
(74).

SCFAs can also influence B-cell responses in the intestine,
MLNs and spleen (75). Although the mechanism by which
SCFAs regulate B cells remains poorly understood, SCFAs
can enhance B-cell metabolism, at least in part through the
regulation of 5 AMP-activated protein kinase (AMPK) and
mammalian target of rapamycin (MTOR) (75).

Another important class of microbial metabolites derived
from the metabolism of dietary substances are aryl hydro-
carbon receptor (AHR)-activating tryptophan metabolites

(Fig. 1). AHR is a ligand-inducible transcription factor that
is expressed by several cell types, including immune cells
and epithelial cells (76). AHR activation regulates postnatal
development of intestinal lymphoid follicles and expansion
of IL-22-producing retinoic acid receptor-related orphan
receptor-yt (RORyt)* ILC3s (77). Although IL-22 acts primarily
in the intestine by promoting gut homeostasis and conferring
resistance against enteric pathogens (77), IL-22 can also
exert systemic effects in mice. For example, IL-22 can induce
hepatocytes to produce anti-microbial molecules that protect
against systemic bacterial infections (78). Thus, microbiota-
derived tryptophan metabolites are crucial for the mainten-
ance of the intestinal barrier and protection against mucosal
and systemic infections.

Trimethylamine (TMA) is another diet-derived microbial
metabolite. The gut microbiota metabolizes the dietary lipid,
phosphatidylcholine, to TMA which is further metabolized by
liver enzymes to generate trimethylamine N-oxide (TMAQO)
(Fig. 1) (79). This pathway is particularly relevant for the de-
velopment of atherosclerosis, as diet supplementation with
choline or TMAO promotes the formation of foamy macro-
phages and atherosclerotic plaques in atherosclerosis-prone
Apoe™ mice (80). These observations have significant clin-
ical implications as administration of a small-molecule in-
hibitor of microbiota-derived TMA attenuated the formation of
atherosclerosis in Apoe’- mice (81).

Microbes can also modify host-derived metabolites that
can influence systemic immune responses. For example,
primary bile acids (BAs) are synthesized in the liver from
cholesterol and further modified via conjugation to glycine
or taurine (82). In response to food ingestion, conjugated
primary BAs are released into the small intestine where they
can undergo deconjugation by bile salt hydrolase (BSH)-
expressing bacteria that include members of the genera
Lactobacillus, Bifidobacterium, Clostridium and Bacteroides
(83). The majority of BAs are absorbed in the ileum and trans-
ported into the liver via the enterohepatic circulation, whereas
deconjugated BAs, which are not absorbed, reach the distal
intestine where they undergo several modifications including
7a. and/or B-dehydroxylation by a limited subset of bacterial
species to generate secondary BAs (83, 84).

Although a main function of BAs is to promote the emulsi-
fication and absorption of dietary lipids (82), BAs can also
regulate metabolic and immune responses in the intestine and
at distant organs by stimulation of several host nuclear and
GPCRs including farnesoid x receptor (FXR) and the Takeda
G protein-coupled receptor 5 (TGR5) (Fig. 1) (85). FXR is ex-
pressed mostly in intestinal epithelial cells and hepatocytes
and activated predominantly by primary BAs (86-88). In
contrast, TGR5 is expressed by a variety of cells, including
macrophages and Kupffer cells, and activated primarily by
secondary BAs (89-92). Signaling via FXR and TGR5 can af-
fect both immune processes and metabolic pathways through
stimulation of epithelial cells, macrophages and Kupffer
cells in animal models of liver disease and insulin resistance
(93-98). Given the role of BAs in the regulation of metabolic
and immune responses, microbiota-dependent BA signaling
pathways represent a relevant area for improving health.
However, the beneficial effects of targeting TGR5 and FXR



activation require further investigation including large-scale
human studies.

Microbes can also synthesize metabolites, such as ribo-
flavin, a B group vitamin that is an essential component of
cellular metabolism (Fig. 1) (99). The invariant T-cell antigen
receptor of mucosal-associated invariant T (MAIT) cells
recognizes microbial vitamin B2 metabolites such as the
riboflavin precursor 5-A-RU bound to the antigen-presenting
molecule MHC class | (MHCI)-related protein 1 (MR1) (100).
Early in life, gut bacteria-derived riboflavin metabolites cross
the mucosal barrier to reach the thymus where they stimu-
late thymocytes to drive the development of MAIT cells (101,
102). MAIT cells are innate-like lymphocytes highly enriched
in the human and mouse skin where they respond rapidly to
pathogens (101). Colonization of germ-free mice with spe-
cific intestinal bacterial species such as Proteus mirabilis and
Klebsiella oxytoca that express genes that encode riboflavin-
synthesizing enzymes can restore MAIT cell numbers in the
skin (101). Although MAIT cells are involved in pathogen
clearance, the contribution of microbiota-derived riboflavin
metabolites in host defense responses remains to be clarified.

Indirect microbial mechanisms

The gut microbiota can act on intestinal cells, which, in turn,
relay the microbial signals distally to affect peripheral organs
via at least three mechanisms: (i) the gut microbiota can regu-
late the production of epithelial cell-derived, macrophage-
derived or dendritic cell (DC)-derived factors that promote
T-cell activation and polarization; (ii) intestinal microbes can
regulate immune cell trafficking from the gut to distant tissues
and (iii) enteric symbionts can promote antibody production
systemically by modulating B-cell responses in lymphoid
intestinal tissue.

T-cell polarization

The best-characterized example of how gut symbionts can
act on intestinal epithelial cells and antigen-presenting cells
(APCs) to regulate T-cell activation and polarization is pro-
vided by segmented filamentous bacterium (SFB) (103, 104).
Under homeostatic conditions, the intimate adhesion of SFB
to the epithelia of the terminal ileum induces the production
of molecules, such as serum amyloid A proteins (SAAs), and
transfer of microbial proteins via endocytosis to adjacent in-
testinal epithelial cells (IECs), which primes local DCs and
macrophages to promote T helper 17 (T,17) cell differenti-
ation (105-109). Following SFB colonization, most T 17 cells
in the lamina propria express T-cell antigen receptors specific
for SFB antigens, which is mediated via MHCII-dependent
presentation of SFB antigens through CD11c* DCs.

Although microbiota-dependent T,,17 cells act primarily in
the gut, SFB-mediated induction of T 17 cells appears to pro-
tect the host against pulmonary infections (103, 110, 111).
For example, mice harboring SFB* complex microbiota are
resistant to Staphylococcus aureus pneumonia compared
with SFB- animals, which correlated with the presence of
T,17-associated cytokines in the bronchoalveolar lavage
fluid (110). Similarly, colonization with SFB led to the accumu-
lation of T, 17 cells in the lungs during fungal infections (111).
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Although these findings implicate SFB in the susceptibility
of C57BL/6 mice to lung infection, comparing mice from dif-
ferent vendors that may harbor some genetic variability repre-
sents a confounding factor in the interpretation of the results.
Moreover, although it remains unclear whether gut-derived
T,,17 cells mediate the protection against bacterial and fungal
lung infections in these models, intestinal C-C chemokine re-
ceptor 6 (CCR6)* T,,17 cells arising from SFB stimulation can
be recruited to the lungs through robust local production of
C-C chemokine ligand 20 (CCL20, which binds CCR6), where
they promote lung pathology in an autoimmune arthritis model
(112). Taken together, these findings suggest that the function
of T17 cells outside of the intestine is context-dependent and
varies greatly according to their environment.

Select members of the gut microbiota play a critical role
in the development of extrathymic FOXP3* T (pT,) cells
as their T-cell antigen receptors recognize intestinal bac-
terial antigens including those expressed by Clostridium,
Parabacteroides and Helicobacter species unlike Treg cells
found in other tissues (113-115). In addition, colonization of
Clostridium species in the intestinal mucus layer increased
epithelial secretion of transforming growth factor p (TGFp)
and indolemine 2,3-dioxygenase (IDO), which promoted pTreg
cell accumulation and restricted systemic IgE responses
(72, 116). Furthermore, selective ablation of pTrSg cells fol-
lowing deletion of the intronic Foxp3 enhancer conserved
non-coding sequence 1 (CNS1) led to spontaneous type 2
immune-associated pathologies in the intestinal tract and the
lungs (117). Although thymic T,eg cells are sufficient for the
control of systemic autoimmunity, peripherally educated Treg
cells have some non-redundant immunosuppressive func-
tions in mucosal barriers (117, 118).

FOXP3+ T, cells are also maintained by retinoic acid (RA)
synthesized by intestinal APCs through aldehyde dehydro-
genase (ALDH) activity (119). Interestingly, perturbations of
the vagal sensory afferents lead to reduced T_ cell num-
bers in the gut coinciding with attenuated ALDH expression
by APCs (120). APCs can respond directly to neurotrans-
mitters through muscarinic acetylcholine receptor engage-
ment which promotes ALDH expression (120). The neural
arc regulating colonic Treg cells begins in the liver where the
hepatic vagal sensory afferents relay signals from the gut en-
vironment to the brainstem through the left nodose ganglion,
and finally to the vagal efferents and enteric neurons that en-
hance APC ALDH activity (120). Importantly, the liver-brain—
gut reflex arc that maintains intestinal Treg cells appears to
involve microbial signals as susceptibility to colitis in hepatic-
vagotomized mice is unaltered in antibiotic-treated mice and
MyD88-deficient mice (120).

Immune cell trafficking

The gut microbiota can also affect systemic immune re-
sponses by regulating immune cell trafficking (Fig. 3). For
example, a subset of inflammatory IL-25-induced or helminth-
induced inflammatory ILC2s originating from the intestine can
migrate to the lungs via sphingosine 1-phosphate-mediated
chemotaxis (121). Inter-organ migration of ILC2s appears to
be microbiota-dependent; during antibiotic treatment, the
majority of lung ILC2s are maintained locally by self-renewal
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in response to Nippostrongylus brasiliens infection (122,
123). In the lung, ILC2s can contribute to anti-helminth de-
fense and tissue repair (121).

Moreover, in a model of autoimmune arthritis, coloniza-
tion of germ-free mice with T, 17-inducing SFB resulted in
trafficking of activated T, 17 cells from the gut to the spleen,
where they stimulate germinal center (GC) formation and pro-
duction of auto-antibodies (124). However, the underlying
mechanism by which a population of gut-imprinted T ,17 cells
is retained in the spleen and whether this occurs in conven-
tionally housed animals remain unclear. SFB can also exacer-
bate systemic arthritis, in mice, by driving the differentiation
and egress of Peyer’s patch T follicular helper (T,,,) cells into
systemic sites where they can elicit auto-antibody responses
(125). In contrast to these observations, SFB-elicited homeo-
static T,17 cells, unlike those induced by the gut pathogen
Citrobacter rodentium, remained in a non-pathogenic state
and did not participate in inflammatory responses (126).

Thus, the role of SFB in the induction of pathogenic T, 17
cells and systemic immune responses remains controver-
sial and not completely understood. SFB can also promote
Peyer’s patch T, cell differentiation by limiting the access
of IL-2 to CD4* T cells and enhancing the expression of
B-cell ymphoma 6 (Bcl-6), a T, cell master regulator, in DCs
(125). In these studies, SFB induced the presence of Peyer’s
patch-derived T, cells in systemic lymphoid tissues (125),
suggesting that Peyer’s patch T_, cells can relay microbial
signals distally to regulate systemic immune responses.

Regulation of B-cell responses

The gut microbiota also regulates B-lineage maturation as
germ-free mice display impaired lymphoid structures and re-
duced serum immunoglobulin concentrations (Fig. 3) (12).

Intestinal symbionts stimulate intestinal epithelial cells and
lamina propria DCs to secrete factors, such as TNFa, inducible
nitric oxide synthase (iNOS), B-cell activating factor (BAFF)
and a proliferation-inducing ligand (APRIL), that promote the
induction of immunoglobulin A (IgA)* B cells and plasma cell
differentiation (127-130). Although the bulk of polymeric IgA is
produced in gut-associated lymphoid tissue and transcytosed
into the intestinal lumen, IgA* cells instructed by gut-derived
antigens have been detected at distal sites (131). In particular,
several members of the Proteobacteria phylum can promote
T-cell-dependent systemic IgA responses and induce IgA-
secreting plasma cells in the bone marrow, which can confer
protection against bacterial sepsis (131).

By modulating B-lineage maturation, the gut micro-
biota can also regulate microbe-reactive immunoglobulin
repertoire  diversification. Recombinase-activating gene
(RAG)-expressing early B cells undergoing active V(D)J re-
combination can be tracked in the intestinal lamina propria
during weaning, which coincided with the marked expansion
of the gut microbial community (132). Colonization of germ-
free animals with conventional microbiota during weaning
resulted in enrichment of pro-B cells in the intestinal lamina
propria and bone marrow (132). Notably, B-cell immuno-
globulin diversification was elevated selectively in the gut
lamina propria of conventionalized germ-free mice, but not
at systemic sites, highlighting a critical period in which the
gut microbiota shapes the local pre-immune B-cell repertoire
(132). In addition, early-life exposure to symbionts also pro-
motes the IgG repertoire diversity required for optimal sys-
temic bacterial resistance (133). Thus, gut symbionts may
benefit systemic host immunity by diversifying pre-immune
B-cell repertoires with antibacterial reactivity.

Intestinal symbionts can elicit IgG antibodies that can
be detected in the circulation. Whereas broadly reactive



T-cell-independent commensal-specific IgG2b and IgG3 are
generated following engagement of B cells via TLR signaling
in mice (134), T, cell-dependent IgG1 predominantly tar-
gets invasive mucus-dwelling bacteria (135). Induction of IgG
against symbiotic bacteria is often triggered by members of
the Enterobacteriaceae family that translocate to MLNs and
spleen, under homeostatic conditions (20). These systemic
IgG responses can be elicited against a highly conserved
component of the outer membrane expressed by Gram-
negative bacteria such as murein lipoprotein, which protects
mice from pathogenic bacteremia (20). However, it remains
unclear how symbiotic bacteria breach the epithelial bar-
rier to induce protective IgG responses under homeostatic
conditions.

Other effects on liver immunity

The liver is under constant exposure to gut microbial compo-
nents and metabolites that traffic in the enterohepatic circu-
latory system (136). The liver contains immune cells, such as
Kupffer cells, specializing in the detection and elimination of
blood-borne bacteria and serves as a firewall to limit the sys-
temic spread of intestinal symbionts (39, 136). Animal studies
showed that gut microbial products, such as LPS, can gain
access through the portal vein to the liver where they regulate
the accumulation of Kupffer cells by promoting the expression
of adhesion molecules in the sinusoidal endothelium (137). In
addition, the bactericidal activity of murine Kupffer cells is
regulated by the gut microbiota through commensal-derived
D-lactate that reaches the liver via the portal vein (138).
Colonization with D-lactate-producing symbionts or admin-
istration of purified D-lactate to germ-free mice can restore
Kupffer cell-mediated pathogen clearance, thus preventing
systemic bacteremia (138).

The gut microbiota also contributes to the regulation of in-
variant NKT (iNKT) cells, a population of ILCs that continu-
ously patrol the sinusoids of the liver. iINKT cells recognize
glycosphingolipid antigens, present in bacterial cell walls,
which are presented by the MHCI-like molecule CD1d. In
the absence of the intestinal microbiota, murine hepatic iINKT
cells exhibit an immature phenotype and impaired activation,
which is restored by colonization with bacteria expressing
iNKT cell antigens (139).

In response to bacteria that have entered the portal cir-
culation, Kupffer cells induce C-X-C chemokine receptor 3
(CXCR3)-dependent clustering of iINKT cells, and present
antigens via CD1d, leading to iNKT cell activation and
limiting bacterial systemic dissemination (140). The hepatic
iNKT cell pool can be positively or negatively regulated by
gut symbionts depending on the genetic background of the
animals (141). However, the mechanism underlying these
strain-dependent and microbiota-dependent differences in
the regulation of hepatic INKT cell numbers remains largely
unknown. In contrast to mice, iINKT cells are found in small
numbers in the healthy human liver (142), suggesting that
these cells may be more important in animals than in humans.

The liver also contains a population of innate-like IL-17A-
producing 6 T (ydT-17) cells, which are involved in pathogen
clearance through the recruitment and activation of neu-
trophils. The presentation of gut microbiota-derived lipid
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antigens via hepatocyte expression of CD1d is required
for ydT-17 cell homeostasis in the liver (143). The role of
gut symbionts is further supported by the observation that
germ-free mice or antibiotic-treated animals show reduced
numbers of hepatic ydT-17 cells, and recolonization with a
complex microbiota restored this cell population (143).

Although microbiota-elicited ydT-17 and iNKT cells pro-
mote protection against blood-borne infections, their aber-
rant activity can also fuel liver pathology. For instance, the
microbiota can accelerate metabolic liver disease, such as
NAFLD and NASH, via an increase in hepatic ydT-17 or iNKT
cells in mice (143, 144). Several studies have reported ab-
errant changes in the composition of the gut microbiota in
patients with ALD and NAFLD, the most common chronic liver
disorders in Western countries (145, 146). However, the role
of gut dysbiosis in ALD and NAFLD remains unclear because
results are discordant and contradictory.

Other effects on lung immunity

Gut-lung cross-talk can be mediated directly and indirectly
by intestinal symbionts (Figs 1 and 2). These effects can
occur early in that maternal consumption of a high-fiber diet
or SCFA supplementation during pregnancy can alter gene
regulation in the fetal lung leading to enhanced immunosup-
pressive activity of T_ cells and protection against allergic
asthma later in life (74). In addition, expansion of the gut
microbiota during weaning is associated with a vigorous im-
mune response that can limit susceptibility to allergic lung
inflammation (147). Resistance to ‘pathological imprinting’
of the immune system in early life requires the induction of
RORyt* Treg cells by SCFAs and RA derived from the gut
microbiota that is established during weaning (147).

In the absence of an intact intestinal microbiota or following
antibiotic-mediated alterations in the microbiota during early
life, mice are highly susceptible to type 2 immune pathologies
characterized by increased eosinophil and CD4+ T2 cell in-
filtration in the lungs and elevated IgE concentrations in the
serum (148, 149). Increased systemic SCFAs can promote
the generation of bone marrow DC precursors that subse-
quently traffic to the lungs and display enhanced phagocytic
activity, but an attenuated capacity to induce allergic inflam-
mation (64). The protective effects of propionate are mediated
by GPR41, but not its related receptor GPR43 (64). However,
Gpr43'-mice exhibit more severe lung inflammation compared
with wild-type littermates in an acute allergic airway inflamma-
tion model (61). The reason for these seemingly contradictory
results is unclear, but one possibility is that these two SCFA re-
ceptors are expressed on distinct cell subsets, and thus, may
differentially affect lung immune responses.

Antibiotic-induced intestinal dysbiosis can further pro-
mote allergic airway inflammation by shifting macrophage
polarization in the lung toward the alternatively activated
M2 phenotype (150). Moreover, the recognition of microbial
sphingolipids early in life can further reduce susceptibility to
type 2 immune diseases by suppressing C—X-C chemokine
ligand 16 (CXCL16)-dependent accumulation of iNKT cells
in the lung (141). However, these studies using antibiotic-
treated mice did not rule out a role for the lung microbiota in
the regulation of immune responses in the lung.
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There is also evidence for a role of the gut microbiota in the
regulation of protective immunity against lung infections. An
intact gut microbiota is required for optimal anti-influenza CD4+
T, cell and CD8* cytotoxic lymphocyte response in the lungs
(151). Priming cells to express pro-IL-1f and pro-IL-18 by
gut-derived bacterial components is a critical prerequisite for
inflammasome-dependent cytokine release that promotes the
migration of pulmonary DCs to the draining lymph nodes for
T-cell activation (151). Commensal bacterial signals also con-
tribute to anti-viral immunity in the lung by enhancing macro-
phage responsiveness to type | and type Il interferons and by
augmenting their capacity to restrict viral replication (152).

A high-fiber diet and SCFAs can further enhance the sur-
vival of influenza-infected animals by altering bone marrow
hematopoiesis to promote the generation of Ly6C- monocytes
with an attenuated capacity to secrete CXCL1 in the airways
thus limiting neutrophil accumulation in the lungs (153).
Meanwhile, SCFAs can boost anti-viral CD8* T-cell effector re-
sponses by altering their metabolic responses (153). Notably,
the metabolite desaminotyrosine (DAT), derived from the
degradation of plant flavonoids by Clostridium orbiscindens,
rescues mice from influenza-induced lethality due to anti-
biotic depletion of the microbiota (154). DAT can mediate
host protection by augmenting type | interferon signaling and
enhancing phagocytic activity in the lungs (154).

Although these studies utilize antibiotic manipulation of
conventional microbiota or gnotobiotic animals to examine
the effects of intestinal microbes on lung immunity, the use
of feral or pet-store mice raised without barrier housing has
provided a new strategy to examine the physiological impact
of a ‘dirty’ gut microbiota (155). Free-living mice exhibit dra-
matic alterations in myeloid and lymphoid subsets, including
a striking increase in differentiated effector memory CD8* T
cells in multiple tissue types including the lungs (155). Wild
mouse microbiome-reconstituted (WildR) mice are more re-
sistant to influenza infection, exhibiting reduced viral titers
and attenuated immune-mediated lung pathology compared
with conventional mice (156). The reported improvement in
WildR mouse fithess was attributed to the abrogation of an
excessive immune response during early stages of viral infec-
tion (156). However, the WildR symbionts or their respective
products that confer protection from lung pathology and a
survival advantage remain unclear.

Other effects on CNS immunity

Although the CNS has traditionally been considered an
‘immune-privileged organ’, there is bidirectional cross-talk
between the gastrointestinal tract and the CNS system, re-
ferred to as the ‘microbiota—gut-brain axis’ (157, 158). The
gut microbiome may impact brain health in numerous ways:
(i) microbial components and metabolites can stimulate the
CNS innate immune system; (ii) gut microbes can produce
hormones and neurotransmitters that are transported in the
blood to the brain; and (iii) circulating immune cells activated
by the gut microbiota have the potential to traffic to the CNS,
where they can produce cytokines and other inflammatory
mediators (158).

CNS-resident cells are divided into two main groups: neur-
onal cells, and non-neuronal glial cells, a heterogeneous

group of cells which is further classified into macroglia and
microglial cells (157). Although virtually all CNS cell types can
be influenced by microbial signals, we will only discuss here
the role of the gut microbiota in the maturation and function
of microglial cells and astrocytes, two major cell populations
involved in brain immunity.

Microglial cells, the CNS-resident macrophages, originate
from extra-embryonic erythromyeloid progenitors of the
yolk sac (157). In contrast to other yolk sac-derived tissue
macrophages that can continuously be replaced by bone
marrow-derived short-lived macrophages, microglial cells are
long-lived and self-renew postnatally throughout the whole
life (157).

Under steady state conditions, the microbiota plays a cen-
tral role in the development and maturation of the microglia
(159, 160). In the absence of a complex microbiota, ani-
mals exhibit defects in microglial maturation, differentiation
and function (159, 160). These defects can be explained
by an arrest in their developmental maturation (159, 160).
Similar to germ-free mice, antibiotic-treated SPF mice as
well as mice colonized with a small number of symbionts,
such as Bacteroides distasonis, Lactobacillus salivarius and
Clostridium cluster XIV, exhibit microglial morphological ab-
normalities (159).

These findings suggest that signals derived from a
complex microbiota are required for the homeostasis of
microglia under steady state conditions. In addition, micro-
glia in germ-free mice display limited responses towards viral
and bacterial challenges, suggesting that gut microbiota can
prime the brain to rapidly mount immune responses against
infection. While multiple TLRs are not required for microglial
maintenance under homeostatic conditions, administration
of microbial SCFAs restored impaired microglial maturation
and function in germ-free mice (159). However, the SCFA(s)
that drive microglial maturation and function as well as the
signaling pathway(s) involved remain unclear.

Besides SCFAs, microbiota-derived tryptophan ligands can
also influence microglial activation and brain inflammation via
AHR signaling (Fig. 1) (161). Microbial metabolites of trypto-
phan can also activate AHR signaling in astrocytes, the most
abundant CNS glial cell type, which, in turn, led to suppres-
sion of brain inflammation in mice (162). Mechanistically, AHR
signaling in astrocytes regulates transcriptional programs that
controlled the recruitment of LYBC1" inflammatory monocytes
to the CNS and activation of microglia and monocytes (162).

Intestinal bacteria can also contribute to brain auto-
immunity and inflammation in the experimental autoimmune
encephalomyelitis (EAE) animal model of multiple sclerosis
(MS) (163), a chronic degenerative disease caused by per-
ipheral immune cell infiltration of the CNS and subsequent
T-cell-dependent demyelination (164). Germ-free mice are
protected from the onset of EAE because of a reduced
capacity of DCs to induce both pathogenic T, 1 and T,17
cell responses as well as decreased autoreactive B-cell
responses (165, 166). Recolonization of germ-free mice
with the conventional microbiota or SFB induced EAE in a
T,,17-dependent manner (165, 166). The use of germ-free
mice, however, is a confounding factor in the interpretation
of the results. Indeed, in mice harboring a diverse micro-
biota, that contains or lacks SFB, no differences in EAE



susceptibility were observed despite the presence of in-
testinal T,17 cells (126). Recolonization of germ-free mice
with two small-intestine-derived microbes, Allobaculum
Stercoricanis and Lactobacillus reuteri, which express
peptides mimicking the myelin oligodendrocyte glycopro-
tein (MOG), enhances the responses of autoreactive MOG-
specific T,17 cells and exacerbate EAE symptoms (167).
However, further work is required to determine whether
MOG-reactive T cells migrate from the small intestine to the
CNS to exacerbate EAE.

Gut bacteria-induced T 17 cells have also been linked to
the pathogenesis of neurodevelopmental disorders, such as
autism spectrum disorder (ASD) (168, 169). Administration
of polyinosinic-polycytidylic acid (poly I:C) to pregnant dams
to mimic viral infection led to the development of ASD-like
abnormalities in the offspring that are dependent on the pres-
ence of T 17-inducing intestinal bacteria in the mother (169).

In a model of amyotrophic lateral sclerosis (ALS), a
neurodegenerative syndrome characterized by progressive
loss of motor neurons in the brain and spinal cord leading to
rapid paralysis, the presence of immunostimulatory microbes,
such as Helicobacter species, was associated with inflam-
mation and autoimmunity in mice deficient in the C9orf72
gene, the most common genetic variant of ALS (170, 171).
Furthermore, microbial signals can regulate both microglial
activation and the infiltration of myeloid cells in the CNS of
C9orf72-deficient mice (171). In contrast, CNS disease was
exacerbated in antibiotic-treated and germ-free ALS-prone
Sod1 transgenic mice related to the reduced production of
the microbial metabolite nicotinamide (172). Future studies
are required to further elucidate the relative contribution of in-
dividual bacterial species to CNS disease and the relevance
of these observations in humans.

Concluding remarks

It is becoming increasingly clear that symbionts that inhabit
the gastrointestinal tract have a profound influence on im-
mune cell responses in peripheral tissues beyond the in-
testine. How gut symbionts influence immune responses at
distant sites remains partially understood, but there is evi-
dence for both direct and indirect mechanisms. Expanding
our understanding of the immunomodulatory capacity of in-
dividual bacterial species or minimal consortia will be funda-
mental to the rational design of microbiota-targeted therapies
to prevent or treat systemic inflammatory disease and infec-
tion. The immunological impact of a particular microbe is dic-
tated by its behavior in the context of a complex microbiota in
addition to host genetics and disease state. Nonetheless, the
precise therapeutic manipulation of the microbiota will need
to account for the high inter-individual variability in the com-
position of the gut microbiota.

As microbial metabolites such as SCFAs or BAs have po-
tent immune regulatory effects, interventions involving sys-
temic supplementation of microbial metabolites or inhibition
of their signaling pathways may be a more feasible alternative
to stably altering microbiota composition or activity. Further
understanding of the mechanisms by which microbial metab-
olites act to regulate host immunity will be critical for effective
therapeutic intervention.
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Lastly, as dietary regimens play an important role in shaping
the composition and functionality of the intestinal symbiotic
community, nutritional interventions provide an additional
and accessible avenue for modulating host health outcomes.
Although substantial challenges remain, strategies targeting
the gut microbiota and their metabolites may hold tremendous
promise for the treatment of systemic inflammatory disease.
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