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Themicrobiota plays a fundamental role in the induction, education, and function of the host immune system.
In return, the host immune system has evolvedmultiple means bywhich tomaintain its symbiotic relationship
with the microbiota. The maintenance of this dialogue allows the induction of protective responses to path-
ogens and the utilization of regulatory pathways involved in the sustained tolerance to innocuous antigens.
The ability of microbes to set the immunological tone of tissues, both locally and systemically, requires tonic
sensing of microbes and complex feedback loops between innate and adaptive components of the immune
system. Here we review the dominant cellular mediators of these interactions and discuss emerging themes
associated with our current understanding of the homeostatic immunological dialogue between the host and
its microbiota.
Multicellular organisms exist as meta-organisms comprising

both the macroscopic host and its symbiotic commensal micro-

biota. With an estimated composition of 100 trillion cells, mi-

crobes colonizing humans outnumber host cells and express

more unique genes than their host’s genome (Ley et al., 2006).

These complex communities of microbes that include bacteria,

fungi, protozoa, and viruses play a fundamental role in control-

ling host physiology at large. Of late, the field of immunology

has been transformed by the growing understanding of the

fundamental role of the microbiota in the induction, education

and function of the mammalian immune system.

The development of defined arms of the immune system and

more particularly those associated with adaptive immunity has

coincided with the acquisition of a complex microbiota, sup-

porting the idea that a large fraction of this complex system

evolved in order to maintain a symbiotic relationship with the mi-

crobiota. As such, the immune systemplays a fundamental role in

shaping andpreserving the ecology of themicrobiota. In turn, and

as discussed in this review, the microbiota promotes and cali-

brates all aspects of the immune system. Indeed, commensals

play a fundamental role in both the training of the immune system

and its functional tuning, thereby acting as adjuvants to the im-

mune system as a whole (Figure 1). Such dialogue can be re-

vealed in patients with primary immuno-deficiencies that not

only display increased ecological permissiveness but also often

suffer from infectionscausedbynormal constituentsof themicro-

biota (Puel et al., 2010; Smeekens et al., 2014). Indeed, although

members of the microbiota are often referred to as commensals,

the symbiosis (persistent interaction) between themicrobiota and

its mammalian host encompasses various forms of relationships,

andhowmembersof themicrobiota interactwith their host canbe

highly contextual with the samemicrobe developing asmutualist,

commensal, or parasite according to the genetic landscape,

nutritional status, or co-infection of its host.

Microbial surveys unveiled the remarkable partitioning of com-

mensals within the human body with each tissue and microenvi-

ronment hosting unique microbial communities (Belkaid and

Naik, 2013). Although it is now clear that gut resident commen-
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sals can control both the local milieu and the systemic threshold

of activation of cells and tissues, microbes residing in the lung,

skin or other barrier sites also contribute to the local regulation

of tissues. Acquisition of a complex immune system and its reli-

ance on the microbiota also came at a price. Pathologies that

increasingly affect humans such as allergies and autoimmune

and inflammatory disorders all arise from a failure to control mis-

directed immune responses against self, environmental anti-

gens, and/or the microbiota. Alteration of the composition and

function of the microbiota as a result of antibiotic usage,

diet alteration, and recent elimination of constitutive partners

such as helminthic worms, is believed to have transformed our

microbial allies into potential liabilities (Figure 1). The basal tun-

ing of the immune system associated with constant sensing of

microbes implies that subtle changes in this conditioning might

have long-term consequences on the capacity of the host to

mount systemic immune responses and develop inflammatory

diseases. Furthermore, growing evidence supports a key role

for early encounters between microbes and the neonate in

setting the stage for the immune system in the long term. Altered

early dialogue between the host immune system and the micro-

biota have been recently shown to have profound and long-term

implications for the development of inflammatory diseases (re-

viewed in Arrieta et al., 2014).

While the vast majority of host/microbe encounters are those

resulting from the symbiotic relationship with the microbiota,

most of what we understand today about the function of the im-

mune system came from the exploration of inflammatory set-

tings and responses to pathogenic microbes. The characteris-

tics of this class of immunity to commensals has only recently

begun to be explored and a remarkable property of the various

modules of innate and effector cells engaged in this homeostatic

dialogue is their ability to reinforce each other’s function.

Because the impact of the microbiota in the etiology of

diseases has been recently reviewed, in this review we will

focus our discussion on the exploration of the homeostatic

relationship between the host immune system and the micro-

biota and discuss how the adjuvant effect of these microbes
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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.
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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
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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Figure 2. Microbiota Controls
Hematopoiesis and Systemic
Hematopoietic Cell Education
(A) Microbiota-derived TLR and NOD ligands
and metabolites (SCFA and AhR ligands) can
act directly on local intestinal tissue cells,
but also penetrate beyond the mucosa, into cir-
culation to tune immune cells in peripheral
tissues.
(B) SCFA promote DC precursor activation and
release into bloodstream. Microbiota-derived
NOD1 ligands activate mesenchymal stem cells
(MSC) to produce hematopoietic growth factors
(IL-7, SCF, THPO, Flt3L, IL-6), and commensal-
derived TLR ligands trigger MCP1 production by
MSC and their progeny, thereby promoting
monocyte exit into the bloodstream.
(C) Diet-derived AhR-ligands promote continued
tissue residency of dendritic epidermal T cells
(DETCs) within the skin epidermis. Local skin
commensals engage local immune responses.
Lipoteichoic acid (LTA) derived from S. aureus
limits T cell activation by TLR2/6-dependent
generation of myeloid-derived suppressor
cells (MDSCs). Conversely, colonization with
S. epidermidis promotes cognate CD8+ T cell

seeding of the epidermis, licensing of cytokine production by myeloid-derived IL-1, and engagement of antimicrobial pathways by keratinocytes.
(D) SCFA-elicited DC precursors traffic to the lung and limit Th2 cell reactivation to dampen experimental asthma. Antibiotic-dependent dysbiosis elicits PGE2

production, which promotes M2 polarization of alveolar macrophages.
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to circulating TLR ligands thereby promoting monocyte traf-

ficking into the bloodstream (Shi andPamer, 2011). In vivo admin-

istration of NOD1 ligands to germ-free mice can also restore the

numbers of hematopoietic stem cells and precursors to the levels

displayed by specific pathogen-free animals.Mesenchymal stem

cells can also sense NOD1 ligands, thereby expressing factors

with known effects on hematopoiesis such as interleukin-7,

Flt3L, stem cell factor, ThPO, and IL-6 (Iwamura et al., 2017).

Such control might also occur in early life as antibiotic treatment

of murine dams reduces their levels of IL-17 and G-CSF, events

proposed to account for the reduced numbers of neutrophils and

granulocyte/macrophage-restricted progenitor cells observed in

neonates (Deshmukh et al., 2014).

Products of bacterial metabolism can also influence hemato-

poiesis and hematopoietic cell education (Figure 2). Mammals

rely on bacteria to break down indigestible dietary components

such as fiber, and one prominent class of metabolites resulting

from this process is short-chain fatty acids (SCFA), ubiquitous

bacterial fermentation products (Cummings et al., 1987). In addi-

tion to providing an energy source for enterocytes, SCFA acti-

vate G protein-coupled receptors expressed by epithelial and

hematopoietic cells and can inhibit histone deacetylase (HDACs)

(Macia et al., 2015; Maslowski et al., 2009). As such, SCFA are

commensal-derived products that can act directly on diverse im-

mune cells and tune their function (Rooks and Garrett, 2016).

Elevation of circulating SCFA following increase in dietary fiber,

or direct treatment with propionate, led to alterations in hemato-

poiesis characterized by enhanced generation of macrophage

and dendritic cell (DC) precursors and subsequent seeding of

the lungs by DCs with high phagocytic capacity (Trompette

et al., 2014). In addition to a role for the microbiota in controlling

the output and, potentially, the function of cells leaving the bone

marrow, the microbiota continues to influence hematopoietic

cells within tissues. For instance, in the gut, SCFA can alter the

gene-expression profile of local macrophages via HDAC inhibi-
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tion (Chang et al., 2014; Singh et al., 2014). Antibiotic treatment

of mice can influence alveolar macrophage polarization via

outgrowth of a commensal fungal species and elevated circu-

lating levels of prostaglandin E2 (Kim et al., 2014). Themicrobiota

also control the homeostatic replenishment ofmonocyte-derived

macrophages in the intestinal mucosa (Bain et al., 2014). The

level of circulating innate cells, such as basophils, is also influ-

enced by the microbiota, and tonic sensing of TLR ligands can

promote neutrophil ‘‘ageing’’ (Hill et al., 2012; Zhang et al., 2015).

The aryl hydrocarbon receptor (AhR) is a ligand-dependent

transcription factor that senses both xenobiotic and endogenous

ligands, including microbiota-derived factors. Catabolism of

tryptophan-containing dietary components to indole derivatives

by commensal bacteria plays a key role in bolstering AhR-medi-

ated homeostasis at barrier surfaces (Stockinger et al., 2014).

Within the gastrointestinal tract, AhR-activation promotes IL-22

production by group 3 innate lymphoid cells (ILC) and T helper

17 (Th17) cells (Kiss et al., 2011; Qiu et al., 2012; Veldhoen

et al., 2008; Zelante et al., 2013), and the maintenance of intra-

epithelial lymphocytes (Li et al., 2011). Commensal-catabolized

indole derivatives from gestationally-colonized mothers pro-

mote increased ILC3 and mononuclear phagocyte frequencies

in their offspring (Gomez de Ag€uero et al., 2016). Maternal anti-

bodies mediate some of these effects, potentially by retention

of AhR-ligands to promote transmission during pregnancy.

Dietary-derived AhR-ligands promote maintenance of intra-

epithelial lymphocytes within the gut, but also within the skin

epidermis, demonstrating a vast systemic reach of these micro-

biota-conditioned metabolites (Li et al., 2011).

Non-classical Lymphocytes Interact with theMicrobiota
Innate lymphocytes, including ILC, gdT cells, MAITs, NKT, or NK

cells often reside in peripheral tissues, and as such, are well

positioned to coordinate the interaction of the host with its mi-

crobiota (Figure 3). In further support of a role for these cells in
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Figure 3. Commensal Colonization
Differentially Regulates Innate and Innate-
like Lymphoid Cells
(A) Microbe-derived riboflavin metabolites pro-
mote development of mucosal-associated in-
variant T (MAIT) cells.
(B) Commensal-induced cytokines IL-1b and IL-
23 promote IL-17A production from gd T cells.
(C) ILC3-derived IL-22 prevents translocation of
Alcaligenes spp. to lymphoid architecture and
promotes epithelial cell production of serum am-
yloid A (SAA)1/2 to license IL-17A production from
Th17 cells.
(D) ILC3-expressing MHC-II delete activated
commensal-specific CD4+ T cells.
(E) Early life colonization limits iNKT expansion
and pathogenic function within the colonic lamina
propria and lungs.
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setting the stage for host-microbiota interactions, non-classical

lymphocytes have been shown to be enriched at barrier sites

during early life (Gensollen et al., 2016), a time of extraordinary

and dynamic exposure to the microbiota.

Innate lymphoid cells (ILC) are enriched at mucosal and barrier

sites (Tait Wojno and Artis, 2016). While several subsets of ILC

have been identified, particular attention has been given to

ILC3 and their interaction with the microbiota. Among other fac-

tors, these cells produce IL-22, a cytokine of central importance

in the maintenance of tissue immunity and physiology via its

pleiotropic action in promoting antimicrobial peptide production,

enhancing epithelial regeneration, increasing mucus production,

and regulating wound repair (Kilian et al., 2017). Production of IL-

22 by ILC can promote the containment of specific members of

the microbiota community residing in mucosal lymphoid struc-

tures, such as bacteria of the Alcaligenes genus (Qiu et al.,

2013; Sonnenberg et al., 2012). Although some reports propose

that the development of these cells is independent of signals

derived from the microbiota, their phenotype and functional ca-

pacity can evolve to accommodate physiologic alterations in the

intestinal environment (Gury-BenAri et al., 2016; Satoh-Ta-

kayama et al., 2008). How the microbiota affects the turnover of

ILC3 remains unclear but recent evidence support the idea that

defined commensals might preferentially impact this subset. For

instance, SFB colonization can promote IL-22 production by

ILC3 in an IL-23-dependent manner (Atarashi et al., 2015; Sano

et al., 2015). ILC3s have also been proposed to regulate immune

reactivity to themicrobiotaasMHC-II expressing ILC3can interact

with and delete CD4+ T cells specific for commensal antigens

(Hepworth et al., 2015; Hepworth et al., 2013). The conditions in

which ILC3 promotes commensal specific responses (SFB)

versus regulate them (deletion) remains unclear at this stage.

gdT cells are highly represented at sites exposed to micro-

bial products or metabolites, such as the liver (Kabelitz and

Déchanet-Merville, 2015). The nature of the antigens recognized

by gdT cells remains largely unknown, but these cells are

believed to have a prominent role in recognition of lipid antigens,

a point of particular relevance for potential recognition of

commensal-derived products. In addition to TCR-mediated re-

sponses, dermal gdT cells can also be directly activated in

response to cytokines such as IL-1 and IL-23 (Gray et al.,

2011; Sumaria et al., 2011) that can both be promoted by the ac-

tion of themicrobiota on tissues. Indeed, microbiota colonization
drives the expansion of gdT cells at barrier sites in an IL-1- and/or

IL-23-dependentmanner (Duan et al., 2010; Naik et al., 2012; Pa-

get et al., 2015). A recent report also links the ability of the micro-

biota to maintain the homeostasis of liver-resident gdT-17 cells

via lipid antigen/CD1d-dependent pathways (Li et al., 2017).

Non-polymorphic MHC representatives, referred to as non-

classical MHC, exist for both class I and class II proteins, the

most diverse being those related to the MHC class I molecules

(Adams and Luoma, 2013). The ability of non-classical MHCmol-

ecules to present antigens with specific chemical modifications

or amino acid motifs, which can be derived from a large constit-

uency of the microbiota, place them as likely candidates for the

constitutive sensing and recognition of microbiota-derived anti-

gens ormetabolites. MAIT cells are a population restricted by the

non-polymorphic and highly evolutionarily conserved MHC-Ib

molecule, MHC class I-related protein 1 (MR1) (Adams and

Luoma, 2013). These cells are broadly reactive to bacterial and

yeast species because of their ability to recognize metabolic in-

termediates of the microbial riboflavin synthesis pathway (Kjer-

Nielsen et al., 2012). The development of MAIT cells is highly

dependent on the microbiota as these cells are absent in

germ-free mice (Treiner et al., 2003).

A dialogue between non-classical lymphocytes and themicro-

biota can also impede accumulation of potentially pathogenic ef-

fectors. Invariant natural killer T (NKT) cells recognize endoge-

nous and microbe-derived lipid antigens in the context of

CD1d, a MHC class-I like molecule. Notably, commensal coloni-

zation at a critical window in early life restricted invariant NKT cell

accumulation in the lung and colonic lamina propria. Direct

recognition of microbe-derived sphingolipids altered the long-

term susceptibility to develop iNKT-mediated inflammatory dis-

orders at these barrier tissues (An et al., 2014; Olszak et al.,

2012). As previously discussed, maternal microbial colonization

during gestation increases ILC3 population size in offspring (Go-

mez de Ag€uero et al., 2016) further supporting the idea that the

importance of non-classical lymphocytes in mediating interac-

tions with the microbiota might be more relevant to early life

than in adults, in which adaptive immunity is likely to dominate

in controlling host microbiota interactions.

Adaptive Immunity to the Microbiota
Our understanding of the complex interactions between the gut

microbiota and the host immune system has challenged the
Immunity 46, April 18, 2017 565
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Figure 4. Commensal Colonization
Promotes Effector and Regulatory T Cell
Responses
(A) Intestinal colonization by segmented filamen-
tous bacteria (SFB) or Bifidobacterium ado-
lescentis promotes Th17 cell differentiation. The
site of SFB-specific Th17 cell priming remains
unknown, but can occur in the absence of lymph
nodes.
(B) SFB colonization drives an ILC3/IL-22/SAA1/2
axis that licenses IL-17A production from RORgt+

Th17 cells within the terminal ileum.
(C) Clostridia colonization promotes RORgt+

Foxp3+ pTreg cell accumulation, which in turn limit
colonic Th2 and Th17 cell responses.
(D) Foxp3+ Treg cells and Tfh/ex-Th17 cells
localize in the Peyer’s patches and promote B
cell class-switch and production of IgA, which
fosters a diverse microbiota and ensures com-
mensal compartmentalization from the intestinal
epithelium.
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original perception that, under steady-state conditions, mi-

crobes composing the microbiota were ignored by the adaptive

immune system. One defining characteristic of adaptive re-

sponses to the microbiota is that their development and estab-

lishment occurs in the complete absence of inflammation, a pro-

cess that could be referred to as ‘‘homeostatic immunity.’’ These

adaptive responses are fundamental in containing the micro-

biota in its physiological niche and highly entwined with tissue

physiology contributing to the maintenance of tissue integrity

and regulation as a whole.

The most studied form of homeostatic immunity to the micro-

biota is that associated with IgA responses (Figure 4). IgA

(maternal IgA, innate, and adaptive IgA) is the most abundant

secreted isotype in mammals and plays a fundamental role in

shaping early interactions with the microbiota as well as in main-

taining microbiota diversity and compartmentalization through

life (Kawamoto et al., 2014; Sutherland et al., 2016). Secretory

IgA can be produced in both T cell independent (referred to as

innate) and T cell dependent manners (referred to as adaptive).

While innate IgA can exclude microorganisms from the gut,

those are not as potent as adaptive IgA in shaping a mutualistic

relationship with the microbiota (Kawamoto et al., 2014; Suther-

land et al., 2016).

Commensal-specific IgA responses are produced with the

help of intestinal dendritic cells able to sample commensals

associated with the intestinal epithelium and interact with B

and T cells in the Peyer’s patches to produce IgA specific for

commensal-derived antigens (Macpherson and Uhr, 2004).

Within germinal centers of the Peyer’s patch, B cells preferen-

tially undergo class-switch from IgM production to that of IgA.

This preferential production appears due to the unique microen-

vironment of the Peyer’s patch, with enrichment of chemokines,

cytokines and dietary factors (retinoic acid) required for the sur-

vival and proliferation of recently class-switched B cells (Haynes

et al., 2007; Suzuki et al., 2010; Wang et al., 2011).

Antigen-presenting cells from the lamina propria loaded

with microbial antigens also traffic to the mesenteric lymph

nodes, but do not circulate further, allowing the induction of a

mucosal compartmentalized IgA response (Macpherson and

Uhr, 2004). Within the intestinal lamina propria, B cells secrete
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soluble IgA, which is subsequently transcytosed across epithe-

lial cells (Sutherland et al., 2016), thereby controlling host-

commensal interaction by both impacting commensal gene

expression (Peterson et al., 2007) and preventing adhesion of

commensal bacteria to the epithelial surfaces (Boullier et al.,

2009; Fernandez et al., 2003; Hornquist and Lycke, 1995; Marti-

noli et al., 2007;Wade andWade, 2008;Wei et al., 2011). Of note,

as previously discussed, various modules of homeostatic

immunity to the microbiota reinforce each other’s function. For

instance, Foxp3+ Treg cells contribute to the diversification of

gut microbiota via suppression of inflammation and regulation

of IgA selection in Peyer’s patches (Kawamoto et al., 2014).

The microbiota also promotes B cell receptor editing within the

lamina propria upon colonization (Wesemann et al., 2013). Diver-

sified and selected IgA contribute to the maintenance of a

balanced microbiota, which in turn promotes the expansion of

Treg cells, induction of germinal centers, and IgA responses in

the gut in a feed-forward regulatory loop (Kawamoto et al.,

2014). One remarkable feature of mucosal IgA responses is

that these cells lack classical memory characteristics and are

able to respond to flux in commensal microbiota composition

allowing the mucosal immune system to respond to a changing

microbiota (Hapfelmeier et al., 2010).

A high frequency of effector and memory T cells reside in tis-

sues that are constitutively colonized by commensals. Notably,

at steady state, most Th17 and Th1 cells are found at barrier sites

such as the gastrointestinal (GI) tract or the skin and develop in

response to cues derived from the microbiota (Figure 4). In

germ-free mice, or mice treated with broad-spectrum antibiotics,

Th17 cell frequencies are severely reduced within the gut-associ-

ated lymphoid tissue (GALT) or within the skin compartment

(Atarashi et al., 2008; Hall et al., 2008; Ivanov et al., 2008; Naik

et al., 2012). In a manner similar to IgA responses, T cell re-

sponses to the microbiota might not be long lived. An evolving

pool of specificities within the T cell compartment might allow

for the maintenance of tolerance and barrier function in the face

of variable commensal populations. Of note, despite the extraor-

dinary number of potential antigens expressed by themicrobiota,

only a handful of microbiota-derived antigens have been identi-

fied thus far (Cong et al., 2009; Yang et al., 2014). Th17 cells
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play an important role in the maintenance of tissue physiology.

The signature cytokines of Th17 cells, IL-17A, IL-17F, and IL-22

can promote the production of antimicrobial peptides by

epithelial cells and reinforce epithelial cell tight junctions (Weaver

et al., 2013). Furthermore, Th17 cells can also promote IgA pro-

duction within the GALT (Hirota et al., 2013). Failure to maintain

the Th17 cell lineage in the gut, as observed during HIV or

SIV infection, is associated with microbial translocation (Klatt

et al., 2013).

In addition to the pleiotropic effects of conserved microbial li-

gands ormetabolites in the education and function of the immune

system, it is now becoming clear that definedmicrobes or groups

of bacteria can dominantly influence the immune system under

homeostasis. In the language of ecological systems these organ-

isms with paramount effect are termed ‘‘keystone species.’’

Segmented Filamentous Bacteria (SFB) represent a prototype of

a keystone species in the GI tract. This spore-forming Gram-pos-

itive anaerobic bacteriumcolonizes the terminal ileumofmice and

has a dominant effect on themucosal immune systemby promot-

ing the accumulation of both Th17 and Th1 cells in the small intes-

tine and driving the production of IgA (Gaboriau-Routhiau et al.,

2009; Ivanov et al., 2009; Talham et al., 1999; Umesaki et al.,

1999). The host mounts a potent SFB-specific Th17 response, a

phenomenon that has been associated both with its ability to

promote protection against gastrointestinal pathogens (Ivanov

et al., 2009), but also mediate profound systemic effects in the

context of inflammation (Lee et al., 2011; Wu et al., 2010; Yang

et al., 2014). In contrast to most commensals that reside outside

of the ‘‘demilitarized zone,’’ SFB interactscloselywith themucosal

tissue via tight adhesion to Peyer’s Patches and epithelial cells,

inducing cytoskeletal reorganization in these cells at the site of

contact (Ivanov et al., 2008; Sczesnak et al., 2011). This intimate

contact with epithelial cells, a property shared by a minority of

commensal organisms, is believed to account for the ability of

defined microbes to heighten tissue immunity (Atarashi et al.,

2015; Ivanov et al., 2009). Indeed,mutant strains ofCitrobacter ro-

dentium and Escherichia coli defective in adhesion also failed to

induce these responses (Atarashi et al., 2015).A recent study iden-

tified Bifidobacterium adolescentis, a human symbiont, as a

microbe that canalsopromoteTh17cell accumulation in the intes-

tine of monocolonized mice (Tan et al., 2016). Of note,

B. adolescentis elicited a transcriptional program distinct from

that of SFB, supporting the idea that the induction of Th17 cells,

a subset of lymphocyte central to the homeostasis of barrier sites,

can occur via distinct and/or overlapping routes (Tan et al., 2016).

The skin microbiota also controls the accumulation of IL-17 pro-

ducing T cells within the skin compartment (Naik et al., 2012). As

for the gut, definedskinmicrobesdisplay a highdegreeof special-

ization in their capacity tomodulate distinct branches of the adap-

tive immune system. Colonization of mice with defined isolates of

S. epidermidis, but not othermembers of the human ormousemi-

crobiota, induces S. epidermidis-specific IL-17A+ CD8+ T cells

that home to the epidermis (Naik et al., 2015). In this compartment,

S. epidermidis-specific T cells, via their ability to produce IL-17,

promoteAMPproductionbykeratinocytes therebypromotinghet-

erologous protection against fungal infections (Naik et al., 2015).

How tissue-resident dendritic cell positioning and specializa-

tion could account for the capacity of the host to respond and

regulate defined aspects of its relationship with the microbiota
and, in particular, adaptive T cell responses to commensals or

mutualistic microbes, has only begun to be addressed. While

the Peyer’s patches are equipped with cells specialized in the

capture of microbes, how microbes and/or microbial antigens

are captured in the lamina propria remains incompletely under-

stood. This process is believed to result, at least in part, from

direct capture of microbes by DC (Chieppa et al., 2006; Niess

et al., 2005; Rescigno et al., 2001) but could also result from cap-

ture of microbial outer membrane vesicles (OMVs) (Shen et al.,

2012). While in the gut, Th17 cells have been proposed to

depend upon DC co-expressing CD11b and CD103 (dependent

on Notch2 and IRF4) (Lewis et al., 2011; Persson et al., 2013;

Schlitzer et al., 2013), induction of SFB-specific Th17 cells de-

pends on gut resident CX3CR1-expressing cells (Panea et al.,

2015). Cognate responses to S. epidermidis in the skin depend

exclusively on tissue-resident antigen-presenting cells with

CD103+DCs required for the induction of IL-17+CD8+T cells re-

sponses against S. epidermidis and production of IL-17 by these

cells licensed within the skin by IL-1-producing CD11b+DCs

(Naik et al., 2015). While much more remains to be learned about

these processes, we could speculate that the ability of resident

microbes to induce homeostatic effector T cell responses might

perhaps rely on their capacity to exclusively utilize the endoge-

nous network of APCs without active recruitment of new APC

populations.

The presence of defined microbes with a keystone role on

the immune system raises an intriguing possibility. Although

optimal control of host metabolism and physiology might rely

on complex and redundant populations of microbes, we could

speculate that a more limited number of microbes might act as

dominant adjuvants of immune responses. Under steady-state

conditions these ambivalent members of the microbiota such

as E. coli, SFB, or Tritrichomonas are maintained in check by

the immune system but could be co-opted by the host to control

invasive microbes.

While the differentiation of lymphocytes can occur in the

absence of live microbes, the acquisition of effector function in

the tissue is under the tight control of local cues provided by

the action of resident microbes (Figure 4). This functional

licensing by the microbiota promotes its function as a potent tis-

sue rheostat. Within the skin, the ability of the microbiota to pro-

mote local production of IL-1a is associated with the licensing of

cutaneous ab and gd T cells to release cytokines (Naik et al.,

2012). Within the gut, RORgt-expressing CD4+ T cells specific

for SFB accumulate within the mucosa upon SFB colonization,

but robust IL-17A production is restricted to the ileum, where

SFB makes direct contact with the epithelium. Such contact in-

duces epithelial-cell production of serum amyloid A proteins 1

and 2 (SAA1/2), which promote local IL-17A production by

RORgt-expressing T cells (Sano et al., 2015). Serum amyloid A

is also a carrier of both high-density lipoprotein and retinol

(Derebe et al., 2014), and as such can potentially deliver these

molecules to antigen-presenting cells providing another amplifi-

cation mechanism for the induction of IL-17 responses within tis-

sues. The ability of commensals to control tissue immunity might

also have consequences for the maintenance of memory re-

sponses to pathogens or vaccines. For instance, the tonic action

of the microbiota on tissue immunity could promote the forma-

tion of a niche within the tissue microenvironment that results
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in the enhanced recruitment, survival, and maturation of both T

and B cells. Absence of commensals is associated with

decreased levels of T cell chemoattractants, as well as the sur-

vival factors IL-7 and IL-15 (Fink et al., 2012; Jiang et al., 2013;

Vonarbourg et al., 2010). Another systemic control mediated

by the microbiota occurs via the manipulation of the metabolic

landscape. For instance, fatty acids that are regulated by gut

commensals are also important in the development, survival

and function of memory T cells (Cui et al., 2015; Martin et al.,

2007; Pearce et al., 2009; van der Windt et al., 2013). Some of

the local stimulatory effects of the microbiota can be attributed,

as previously discussed, to dominant microbial-derived signals

such as ligands for TLRs or NODs. For instance, dendritic cells

that reside in the lamina propria of the intestine are poised to

respond to flagellin by rapidly expressing chemokines, antimi-

crobial peptides, and cytokines involved in the initiation of im-

mune responses (Kinnebrew et al., 2012; Uematsu et al., 2008;

Uematsu et al., 2006). Unmethylated cytosine phosphate guano-

sine (CpG) dinucleotides, which are abundant within the prokary-

otic DNA of intestinal flora, can contribute to intestinal homeo-

stasis under steady-state conditions (Hall et al., 2008).

Althoughmost of what is known today about the cross-talk be-

tween the immune system and microbes arises from the explo-

ration of the bacterial component of the flora, other microbes

such as fungi, virus, or protozoans can control host immunity.

For instance, a common enteric RNA virus can replace the im-

mune-promoting function of commensal bacteria in the intestine

(Kernbauer et al., 2014). Mono-colonization of germ-free mice

with murine norovirus (MNV) also suppressed the expansion of

group 2 innate lymphoid cells observed in the absence of bacte-

ria and promoted a type I interferon (IFN) signature (Kernbauer

et al., 2014). The protozoan Tritrichomonas musculis, a common

member of themurinemicrobiota, activates the host epithelial in-

flammasome to induce IL-18 release (Chudnovskiy et al., 2016).

Upon T. musculis colonization, epithelial-derived IL-18 promotes

dendritic cell-driven Th1 and Th17 immunity thereby altering the

capacity of the tissue to respond to infections (Chudnovskiy

et al., 2016). Tuft cells, which are taste-chemosensory epithelial

cells, accumulate during colonization with a commensal proto-

zoan or a nematode and represent the primary source of IL-25

post colonization, which indirectly induces tuft cell expansion

(Howitt et al., 2016; von Moltke et al., 2016; Gerbe et al., 2016).

Control of Immune Reactivity to the Microbiota
Maintenance of tissue homeostasis is imperative to host survival.

This fundamental process relies on a complex and coordinated

set of innate and adaptive responses that calibrates responses

against self, food, commensals, and pathogens. To this end,

specialized populations of cells have to integrate local cues

such as defined metabolites, cytokines, or hormones allowing

the induction and contraction of responses in a way that pre-

serve the physiological and functional requirements of each

tissue.

In the gut, failure to regulate the formidable challenge repre-

sented by the exposure to the microbiota, food-derived anti-

gens, metabolites, and pathogens can lead to severe patholog-

ical outcomes ranging from inflammatory bowel diseases (IBD)

to metabolic syndromes (Blumberg and Powrie, 2012). Regula-

tory T cells play a dominant role in the control of this complex
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equilibrium. These cells maintain both peripheral and mucosal

homeostasis throughout the lifespan of the host, and disruption

of the homeostasis of these cells in the GI tract results in loss of

oral tolerance and development of aberrant effector responses in

the gut (Josefowicz et al., 2012; Mucida et al., 2005; Worbs et al.,

2006). Although Foxp3+ Treg cells can arise as differentiated

cells in the thymus (tTreg), the gut-associated lymphoid tissue

is a privileged site for the peripheral induction of Treg cells in

response to oral antigens (Coombes et al., 2007; Mucida et al.,

2005; Sun et al., 2007) (Figure 4). A proportion of peripherally-

induced Treg cells (pTreg) in the colonic tissue has been shown

to be specific for antigens derived from the commensal micro-

biota (Lathrop et al., 2011), and optimal maintenance of toler-

ance to commensal and environmental antigens is believed to

require the combined effect of both tTreg and pTreg cells (Ceb-

ula et al., 2013; Josefowicz et al., 2012; Lathrop et al., 2011). The

specialized property of the gut-associated lymphoid tissue to

induce Treg cells can be at least in part explained by the pres-

ence of defined populations of mucosal antigen-presenting cells

and, in particular, those expressing CD103, which are endowed

with the capacity to produce factors involved in the induction of

Treg cells such as the cytokine TGF-b and the vitamin A metab-

olite retinoic acid (RA) (Coombes et al., 2007; Esterházy et al.,

2016; Loschko et al., 2016; Mucida et al., 2007; Sun et al., 2007).

Peripherally-induced Treg cells are enriched in the colon and a

fraction express RORgt under the control of themicrobiota (Ohn-

macht et al., 2015; Sefik et al., 2015; Yang et al., 2016). A large

proportion of these RORgt+ Treg cells express IL-10 and high

levels of CTLA-4 and can efficiently restrain aberrant type 2 or

type 17 responses (Ohnmacht et al., 2015; Sefik et al., 2015;

Yang et al., 2016). Within the gut compartment, another fraction

of Treg cells express the transcription factor GATA3 (indepen-

dently of the microbiota) that upregulates the expression of

Foxp3 and IL-33R/ST2 in a feed-forward manner that promotes

Treg cell fitness (Schiering et al., 2014; Wohlfert et al., 2011). The

remaining Treg cells are unaffected by the absence of gut micro-

biota, but are absent in germ-free mice fed an antigen-free diet

(Kim et al., 2016). The relative contribution of these various fla-

vors of Treg cell subsets to the maintenance of tolerance to

the microbiota remains unclear, but is likely to be highly contex-

tual and dependent on the microbial community, host develop-

mental stage, and the inflammatory status of the host.

The skin contains one of the highest frequencies of Foxp3+

Treg cells within the body (Belkaid et al., 2002; Suffia et al.,

2006); in mice with defects in the Foxp3 gene, such as scurfy

mice, this compartment is one of the primary targets of severe

inflammation. In the skin of both mice and humans, Foxp3+

Treg cells reside in the dermis and a large fraction of these cells

can be found in close proximity to hair follicles (Sanchez Rodri-

guez et al., 2014), appendage structures that serve as a natural

habitat for skin-resident microbes. Of interest, the skin of neo-

nates is populated by a wave of activated Treg cells at a time

that coincides with post-natal hair-follicle morphogenesis

(Scharschmidt et al., 2015). This observation raises the possibil-

ity that early occupation of the hair follicle by microbes might be

coupled with the induction of regulatory responses aimed at

limiting aberrant reactivity against these constitutive partners.

Indeed, association of S. epidermidis to neonate (but not adult)

skin is associated with the induction of S. epidermidis-specific
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Foxp3+ Treg cells that subsequently limit aberrant responses

against this microbe in the context of tissue damage (Scharsch-

midt et al., 2015).

Induction of Regulatory Responses by the Microbiota
Commensals themselves control the induction of regulatory re-

sponses. Notably, the establishment of oral tolerance—the

active suppression of inflammatory responses to food and other

orally ingested antigens—cannot be induced in the absence of

gut-flora-derived signals (Kiyono et al., 1982; Sudo et al., 1997;

Wannemuehler et al., 1982; Weiner et al., 2011). Although the

control of immunological tolerance by commensals is likely to

be achieved via multiple and redundant mechanisms (Weiner

et al., 2011), most of what we understand today about the impact

of commensals on regulatory responses relates to their impact

on Foxp3+ Treg cells. Notably, peripherally-induced Treg cells

are reduced under germ-free conditions (Geuking et al., 2011;

Ohnmacht et al., 2015; Sefik et al., 2015; Yang et al., 2016).

Furthermore, commensals can also control luminal antigen

sampling by mucosal DCs and promote the induction of lamina

propria-resident macrophages associated with local expan-

sion of Treg cells (Chieppa et al., 2006; Niess and Adler, 2010).

The ability of gut-resident macrophages to sense the microbiota

is also associated with IL-1b release that in turn promotes the

accumulation of Th17 cells (Shaw et al., 2012) and production

of GM-CSF by ILC3 (Mortha et al., 2014). Such GM-CSF produc-

tion reinforces the ability of mucosal antigen-presenting cells to

produce both IL-10 and retinoic acid, thereby promoting local

immune regulation and Treg cell induction (Mortha et al., 2014).

The first demonstration that a single molecule derived from a

microbial symbiont could promote regulatory responses was

provided by the identification of the polysaccharide A (PSA), pro-

duced byBacteroides fragilis (Mazmanian et al., 2005).B. fragilis,

via PSA expression, can protect mice from experimental colitis

induced by Helicobacter hepaticus (Mazmanian et al., 2008).

This protective activity was associated with the capacity of

PSA to induce and expand IL-10 producing Treg cells via inter-

action of PSA with TLR2 (Mazmanian et al., 2008; O’Mahony

et al., 2008; Ochoa-Repáraz et al., 2010; Round et al., 2011).

The discovery of a link between defined members of the micro-

biota and the induction of regulatory cells able to limit mucosal

inflammation and promote tolerance led to a rational approach

for the identification of the next generation of probiotics with

superior capacity to induce Treg cells.

Oral administration of a mixture of 46 strains of Clostridia

derived from conventional mice or amixture of 17 strains isolated

from a healthy human induces Treg cells in the colon of mice

(Atarashi et al., 2013; Atarashi et al., 2011). Optimal induction

of Treg cells relies on the synergistic effect of this consortium

while individual species have a modest effect on the immune

system (Atarashi et al., 2013; Atarashi et al., 2011). Notably,

strains that fall within cluster IV, XIVa, and XVIII of Clostridia pro-

mote the accumulation of Treg cells in the colon characterized by

high levels of CTLA-4 and IL-10 and preferential expression of

RORgt (Atarashi et al., 2013; Atarashi et al., 2011; Ohnmacht

et al., 2015). The mechanism by which these Clostridia strains

promote regulatory response remains unclear but is proposed

to rely on their ability to create a TGF-b rich environment and

through SCFA production (Atarashi et al., 2011; Narushima
et al., 2014). Notably, SCFA regulate the size and function of

the regulatory T cell network by promoting the induction and

fitness of regulatory T cells in the colonic environment (Arpaia

et al., 2013; Furusawa et al., 2013; Smith et al., 2013). The action

of SCFA on Treg cell induction appears to occur both through

HDAC inhibition and Gpr43 activation on both T cells and den-

dritic cells (Arpaia et al., 2013; Furusawa et al., 2013; Smith

et al., 2013). Several other microbes have been shown to in-

crease the frequency of Treg cells in the colon (Faith et al.,

2014; Geuking et al., 2011). Altogether these findings reveal a

major role for the microbiota in shaping the repertoire, number

and activation of Treg cells and in the maintenance of host-

microbe mutualism at barrier sites.

It is unclear to what extent themicrobiota resident at other bar-

rier surfaces such as the skin or the lung can also contribute to

the establishment of a milieu compatible with the induction of

regulatory responses. Neonatal colonization of the skin with

S. epidermidis can promote accumulation of commensal-spe-

cific Foxp3+ Treg cells (Scharschmidt et al., 2015). However,

skin microbes are not essential for the seeding of dermal Treg

cells (Naik et al., 2012), supporting the idea that although com-

mensals might control Treg cells specificities they are not

required for the establishment of their niche. How commensal

colonization affects the repertoire, function and tTreg/pTreg

cell ratio of cutaneous Treg cells remains unclear. However,

cutaneous microbes might be able to promote regulatory

responses in adult mice, as exposure to a lysate of Vitreoscilla

filiformis can promote the accumulation of Treg cells within the

skin (Volz et al., 2014). Further, secreted products from

S. epidermidis promote IL-10 production by human dendritic

cells (Laborel-Préneron et al., 2015) and skin exposure to

TLR2-6 binding S. aureus-derived lipopeptides can potently

suppress immune responses via the induction of regulatory

myeloid cells (Skabytska et al., 2014). The microbiota can also

limit thymic stromal lymphopoietin (TSLP) expression in mice

with a defective skin barrier (Yockey et al., 2013). Based on the

fundamental role of Treg cells and the regulatory network in

maintaining tissue homeostasis, it is likely that a large fraction

of any given microbiota or products at all barrier sites might

have evolved to favor regulatory responses.

Commensal-derived products can also act by controlling

directly or indirectly the function of inflammatory cells. For

example, recognition of the commensal-derived metabolites

SCFA by innate immune cells is critical for the regulation of

inflammation (Maslowski et al., 2009). Further, during acute

mucosal infection, encounter of inflammatory monocytes with

the microbiota in the gastrointestinal tract promotes their pro-

duction of the lipid mediator PGE2 that in turn limits the level

of activation of tissue-damaging neutrophils (Grainger et al.,

2013). Althoughmost of what is known today about the regulato-

ry properties of the microbiota arise from the exploration of the

bacterial component of the flora, other microbes such as fungi

and virus are likely to promote similar or complementary aspects

of the regulatory network. In the gastrointestinal tract, interaction

of commensal fungi with the C-type lectin receptor Dectin-1 was

able to prevent inflammation in the context of acute mucosal

injury (Iliev et al., 2012). Much remains to be learned about the

molecular basis of host-microbe interactions within individual

barrier sites and the overall dynamic of effector versus regulatory
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responses required to maintain or restore host-microbiota ho-

meostasis.

Adjuvant Properties of the Microbiota: Roles in
Infection, Vaccination, and Tumor Immunotherapy
The ability of the microbiota to control all aspects of immunity

ranging from its development to its fine tuning within tissue

makes these partners remarkable allies in the control of infec-

tions caused by acquired pathogens or by members of the resi-

dent microbiota themselves. Tissues that are natural habitats of

the microbiota such as the skin, the GI tract, or the lung are also

the portals by which pathogens access the host and often the

primary site of infections. This implies that the initial encounter

of pathogens with the immune system occurs in an environment

conditioned and regulated by its endogenous microbiota. Mem-

bers of the microbiota can directly and dynamically interact with

pathogens (or contextual pathogens) and immune cells and the

results of this interaction can define the pathogenesis and

outcome of a given infection. Early studies have identified signif-

icant impairment of host immune responses, and in particular

Th17 and Th1 cell responses, to pathogens in mice treated

with antibiotics or raised under germ-free conditions (Cebra,

1999; Hall et al., 2008; Ivanov et al., 2009; Mazmanian et al.,

2005; Naik et al., 2012). The adjuvant effect of the microbiota al-

lows the control of parasitic, viral, or bacterial infection (Hall

et al., 2008; Ivanov et al., 2009) not only at the site colonized

by microbes but also distally via the ability of the microbiota to

calibrate systemic immunity. For example, themicrobiota primes

intestinal resident macrophages for rapid IL-1b activation (Fran-

chi et al., 2012). Antibiotic treatment also impaired adaptive and

innate responses following exposure to systemic viral infections

(Abt et al., 2012). Genome-wide transcriptional profiling of

macrophages from antibiotic-treated mice revealed a broad

decrease of genes associated with antiviral immunity (Abt

et al., 2012). Commensal-derived peptidoglycan found in the

serum can also improve the killing of Streptococcus pneumonia

and Staphylococcus aureus by bone-marrow-derived neutro-

phils in a NOD1-dependent manner (Clarke et al., 2010). Consti-

tutive antibody responses to themicrobiota not only provide pro-

tection against gut microbiota translocation but also against

infections with unrelated pathogenic bacteria via recognition of

conserved outer-membrane molecules (Zeng et al., 2016). In

this context, commensal-specific antibodies have been shown

to also cross-react with HIV-1 (Jeffries et al., 2016; Trama

et al., 2014), supporting the idea that pre-existing commensal-

specific antibodies could influence responses to a diverse range

of microbes. The microbiota might also control the tissue milieu

via the maintenance of a pool of commensal reactive cells en-

dowed with the ability to provide a heterologous adjuvant effect.

Indeed, previous infection and transient breach in barrier can

lead to microbial translocation, a phenomenon that can lead to

the induction of commensal-specific T cells with a heightened in-

flammatory potential (Hand et al., 2012). Because of the extraor-

dinary number of antigens expressed by the host microbiota, pri-

mary exposure to a pathogen is likely to occur in the context of a

much broader recall response against commensal bacteria.

A protective effect for themicrobiota has also been revealed in

clinical and experimental settings in which broad antibiotic treat-

ment allow the domination of intestinal microbiota by drug-resis-
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tant microbes such as Vancomycin Resistant Enterococcus

(VRE) or Clostridium difficile (Buffie and Pamer, 2013; Murray,

2000). Infections caused by multidrug-resistant organisms are

on the rise and have developed into endemic and epidemic situ-

ations worldwide (Gupta et al., 2011). Harnessing the microbiota

to combat these infections represents an important therapeutic

avenue with the most spectacular results obtained thus far in

the context of Clostridium difficile colitis (van Nood et al.,

2013). During this recurrent infection, transfer of a microbiota

from healthy donors eradicated the infection with a remarkable

efficiency (van Nood et al., 2013). Subsequent work has utilized

rational approaches to develop cocktails of microbes endowed

with superior ability to compete with these invasive species (Buf-

fie et al., 2015). While colonization resistance plays an important

role in the control of these pathogens, the adjuvant effect of the

microbiota on the immune system also contributes to the control

of these life-threatening microbes (Pamer, 2016).

Antibiotic treatment abrogates Th1 and Th17 cell responses to

oral vaccination in mice (Hall et al., 2008). Further, optimal anti-

body responses to the seasonal trivalent influenza vaccine

(TIV) vaccine, as well as to the polio vaccine (IPOL) require the

presence of gut commensals (Oh et al., 2014). Recent studies

have suggested that the gut microbiota could influence vaccine

efficacy in human and non-human primates (Valdez et al., 2014).

For instance, a study using Cynomolgusmacaques supports the

idea that a stable and more diverse gut microbiota correlates

with a better response to vaccination and subsequent immunity

(Seekatz et al., 2013). This finding is consistent with another

study involving a small human cohort, in which the majority of in-

dividuals that responded to vaccination had greater community

richness and diversity among their gut microbiota (Eloe-Fadrosh

et al., 2013). While these studies remain limited in number and in

scope, their findings raise some intriguing possibilities. In the

context of future vaccine trials, it might be important to stratify

individuals based on their microbiota profile and more impor-

tantly, microbiota metabolism, as well as host genetic influ-

ences. Such lines of research should provide insight into the

link between host genetic variation in shaping both immunity

and the composition of the human microbiome (Blekhman

et al., 2015; Goodrich et al., 2014) and provide a starting point to-

ward understanding factors that predict vaccine success.

Recent evidence implies that the capacity of commensals to

calibrate systemic immunity has profound consequences in the

context of tumor therapy. Total body irradiation, used in defined

settings of immunotherapy and bone marrow transplantation, is

associated with gut damage and microbial translocation,

providing an adjuvant effect to the anti-tumoral T cells (Paulos

et al., 2007). Cyclophosphamide (CTX), a clinically important

cancer drug, also leads to intestinal damage, microbial trans-

location, and subsequent induction of Th17, Th1, and gdT

responses that, collectively, contribute to the anti-tumoral

response (Daillère et al., 2016; Viaud et al., 2013). During

treatment, translocation of Enterococcus hirae increases the in-

tratumoral CD8/Treg cell ratio while Barnesiella intestinihominis

accumulates in the colon and promotes tumor infiltration of

IFN-g-producing gdT (Daillère et al., 2016). Th1 cell memory

responses against these bacteria predicted longer progres-

sion-free survival in advanced lung and ovarian cancer patients

treated with chemo-immunotherapy (Daillère et al., 2016).
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Disruption of the gut flora via antibiotic treatment or in germ free

mice also impairs the capacity of the host to control subcutane-

ous tumors during immunotherapy (Iida et al., 2013). In these

experimental settings, the protective effect results from the ca-

pacity of the commensal derived ligands to control the status

of activation of tumor myeloid cells and more particularly their

level of TNF-a and reactive oxygen species, both associated

with optimal tumor control (Iida et al., 2013). Remarkably, tumor

control was also associated with the presence of defined

commensal species such as Alistipes shahii (Iida et al., 2013).

Cancer therapy has been transformed by the advent of im-

mune checkpoint blockade, which targets regulatory pathways

in T cells to enhance antitumor immune responses. Remarkably,

experimental and clinical evidence support a role for the micro-

biota in controlling response to treatment. Experimentally,

the antitumor effects of CTLA-4 blockade depend on distinct

Bacteroides species (Vétizou et al., 2015). In mice and patients,

T cell responses specific for B. thetaiotaomicron or B. fragilis are

associated with the efficacy of CTLA-4 blockade (Vétizou et al.,

2015). Fecal microbial transplantation from humans to mice

confirmed that treatment of melanoma patients with antibodies

against CTLA-4 favored the outgrowth ofB. fragiliswith anti-can-

cer properties (Vétizou et al., 2015). In mice, Bifidobacterium

alone improved melanoma control to the same degree as pro-

grammed cell death protein 1 ligand 1 (PD-L1)-specific antibody

therapy, and combination treatment nearly abolished tumor

outgrowth. This effect was associated with dendritic cell activa-

tion leading to enhanced CD8+ T cell priming and accumulation

in the tumor microenvironment (Sivan et al., 2015). Thus, com-

mensals, and more particularly defined members of the micro-

biota, can control various aspects of immunity associated with

anti-tumoral responses, a phenomenon that has profound clin-

ical implications.

Concluding Remarks
As discussed in this review, all aspects of immunity can be

directly or indirectly controlled by the microbiota. However

much remains to be learned about the mechanisms utilized by

these microbes in the control of local and systemic immunity.

Further, how communities of microbes, including those involving

virus, fungi, and protozoan cooperate and influence each other

to sustain immune health remains virtually unknown. Much also

remains to be learned about the quality of homeostatic immunity

to themicrobiota. As discussed in this review, this class of immu-

nity appears to be orchestrated by self-reinforcing modules of

innate and adaptive immunity and aimed at reinforcing micro-

biota containment, barrier immunity, and tissue repair in a

manner uncoupled from inflammation. This complex regulation

remains to be explored via the integration of ecological,

genomic, microbiology, and immunological approaches.

Although the identification of novel molecular determinants

and the underlying mechanisms of microbiota host interaction

remains in its infancy, such lines of investigation bear enormous

potential. Because themicrobiota has co-evolved with its host to

finely tune the unique requirements of each barrier site, thesemi-

crobes may produce highly adapted tissue-specific adjuvants.

Uncovering these pathways and the microbiota-derived mole-

cules (Donia and Fischbach, 2015; Medema and Fischbach,

2015) involved in these processes might allow for the develop-
ment of novel classes of adjuvants with potent potential for the

control of infection as well as for the promotion of anti-tumoral

responses. Further, manipulation of microbe function or compo-

sition, via diet alteration or microbiota-engraftment, might soon

become a viable therapeutic approach to enhance the efficacy

of cancer therapy or to combat life threatening antibiotic-resis-

tant pathogens. Understanding the factors controlling the funda-

mental dialogue between microbes and the immune system and

gradual integration of this dialogue with the nervous and hor-

monal system will represent an important challenge for the sci-

entific community but also a necessary step in our quest for

the next generation of therapeutics.
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Cascalho, M., Inohara, N., and Núñez, G. (2016). Gut Microbiota-Induced
Immunoglobulin G Controls Systemic Infection by Symbiotic Bacteria and
Pathogens. Immunity 44, 647–658.

Zhang, D., Chen, G., Manwani, D., Mortha, A., Xu, C., Faith, J.J., Burk, R.D.,
Kunisaki, Y., Jang, J.E., Scheiermann, C., et al. (2015). Neutrophil ageing is
regulated by the microbiome. Nature 525, 528–532.

http://refhub.elsevier.com/S1074-7613(17)30141-3/sref159
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref159
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref159
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref160
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref160
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref161
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref161
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref161
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref162
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref162
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref162
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref162
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref163
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref163
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref164
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref164
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref164
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref164
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref165
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref165
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref165
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref166
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref166
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref166
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref166
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref167
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref167
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref167
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref167
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref168
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref168
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref168
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref168
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref169
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref169
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref169
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref170
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref170
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref170
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref170
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref171
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref171
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref172
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref172
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref172
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref172
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref173
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref173
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref173
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref173
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref174
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref174
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref174
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref175
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref175
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref175
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref175
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref176
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref176
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref176
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref176
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref177
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref177
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref177
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref177
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref178
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref178
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref178
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref179
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref179
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref179
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref179
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref180
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref180
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref180
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref181
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref181
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref181
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref182
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref182
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref182
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref182
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref183
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref183
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref183
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref184
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref184
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref184
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref184
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref185
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref185
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref186
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref186
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref186
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref186
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref187
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref187
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref187
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref187
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref188
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref188
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref188
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref188
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref189
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref189
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref189
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref189
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref190
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref190
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref190
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref191
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref191
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref191
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref191
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref191
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref192
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref192
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref192
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref192
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref192
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref193
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref193
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref193
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref193
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref194
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref194
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref194
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref194
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref195
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref195
http://refhub.elsevier.com/S1074-7613(17)30141-3/sref195

	Homeostatic Immunity and the Microbiota
	Control of Epithelial Cells by the Microbiota
	Tonic Control of Hematopoiesis and Innate Immunity by the Microbiota
	Non-classical Lymphocytes Interact with the Microbiota
	Adaptive Immunity to the Microbiota
	Control of Immune Reactivity to the Microbiota
	Induction of Regulatory Responses by the Microbiota
	Adjuvant Properties of the Microbiota: Roles in Infection, Vaccination, and Tumor Immunotherapy
	Concluding Remarks
	Acknowledgments
	References


