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How does the microbiota control systemic
innate immunity?
Highlights
Symbiotic microbes in the gut can
control immune development and
host defenses systemically.

While there are no live microbial commu-
nities in non-mucosal systemic tissues,
nearly all host tissues are bathed in a
multitude of immunologically active
microbial products.

We are only just beginning to understand
which members of the gut microbiota
Christine K.I. Jordan1,2 and Thomas B. Clarke1,*

The intestinal microbiota has a pervasive influence on mammalian innate immu-
nity fortifying defenses to infection in tissues throughout the host. How intestinal
microbes control innate defenses in systemic tissues is, however, poorly defined.
In our opinion, there are three core challenges that need addressing to advance
our understanding of how the intestinal microbiota controls innate immunity sys-
temically: first, deciphering how signals from intestinal microbes are transmitted
to distal tissues; second, unraveling how intestinal microbes prime systemic
innate immunity without inducingwidespread immunopathology; and third, iden-
tifying which intestinal microbes control systemic immunity. Here, we propose
answers to these problems which provide a framework for understanding how
microbes in the intestine can regulate innate immunity systemically.
can control systemic immunity.

The systemic effects of gut microbes
need to be controlled to avoid systemic
immunopathology.

Gut microbes might be used to manipu-
late systemic immunity; to achieve this,
we posit that a deeper understanding
of how gut microbes communicate with
peripheral tissues is essential.

Significance
Humans form lifelong associations with
microbial communities, themost influen-
tial being the intestinal microbiota. Once
believed to impact only their gut niche,
intestinal microbes are now known to
influence nearly all aspects of
physiology. The primary benefit of this
is programming systemic immunity to
protect against infection. Understanding
how intestinal microbes integrate into
physiology promises to reveal not only
how mammals form symbiotic partner-
ships with microbes but also new
putative treatments for infection through
microbiota manipulation.
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Co-development of the microbiota and immune system
The intestinal microbiota is an ecosystem of myriad archaea, bacteria, viruses, and eukaryotic
microbes [1]. The mammalian immune system is profoundly shaped by the microbiota [2] and this
promotes host resistance to infectious disease [3,4]. Researchers in the field have an increasingly
sophisticated view of how the intestinal microbiota protects against enteric infection. Emerging
data are now providing complementary understanding of how the intestinal microbiota controls
systemic immunity to protect against infection beyond the confines of the gut.

In the gut, the microbiota shapes many facets of immunity. Germ-free mice (see Glossary) and
mouse models employing antibiotic-mediated microbiota depletion have shown that the microbi-
ota induces T helper 17 (TH17) cells (Box 1) [5,6], T regulatory (Treg) cells [7], IgA synthesis
[8], and antimicrobial peptide production in the gut [9]. Beyond this tissue, these mouse models
have demonstrated that the microbiota can control neutrophil production [10,11] as well as
macrophage and dendritic cell (DC) function in multiple organs [12–15]. In the adaptive immune
system, germ-free mouse models have shown that the microbiota shapes the host antibody
repertoire, with reduced titers of systemic IgG and increased IgE in the absence of the microbiota
[16]. Thus, the microbiota exerts widespread control over the immune system.

The mammalian gut microbiota and systemic innate immunity to infection
Immune programming by themicrobiota protects the host against infection inside and outside the
gut. Beyond the gut, mouse models have demonstrated that the microbiota protects against pul-
monary infections by Streptococcus pneumoniae [12,13,17,18], Klebsiella pneumoniae [13],
Pseudomonas aeruginosa [19], Staphylococcus aureus [20], influenza virus [14,15], and herpes
simplex virus (HSV) [21]. Data from germ-free mice and mouse models using antibiotic-mediated
microbiota depletion revealed that the microbiota programs alveolar macrophages, enhancing
their ability to kill and clear bacterial pathogens from the lung [12,13]. Mousemodels (e.g., influenza
virus infections, alongwith antibiotic depletion) also demonstrated that themicrobiota could control
multiple mechanisms of pulmonary antiviral immunity to reduce viral load, including coordinating
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Box 1. Control of intestinal T cell homeostasis by the microbiota

T cell biology in the gut can be modulated by the microbiota. Perhaps the best studied example of how the intestinal
microbiota controls immunity is the induction of TH17 cells. These CD4+ T cells are defined by the production of IL-17
and require the master transcription factor retinoic acid receptor-related orphan receptor-γt (RORγt) for their differentiation
[58]. During homeostasis, the preponderance of TH17 cells in the body is found at mucosal surfaces [58]. Germ-free mice
devoid of microbiota exhibit a drastic reduction in the number of TH17 cells in the intestinal lamina propria compared with
wild-typemice, clearly substantiating the role of the microbiota in their development [5]. Several bacterial populations in the
microbiota can drive TH17 cell development, including SFBs and Bifidobacterium adolescentis [5,6]. Similarly, pathogens
such asCitrobacter rodentium can also induce intestinal TH17 cells [59]. A common feature of these bacteria driving TH17
cell induction is their intimate interactions with the intestinal epithelium [59]. The role of these cells in the intestine is to fortify
epithelial barrier defenses to prevent microbial invasion and therefore promote tissue homeostasis [58].

To prevent the fortification of intestinal barrier defenses by TH17 cells from escalating into pathological inflammation,
countervailing restraint is provided by Treg cells [60]. Like TH17 cells, Treg cells are CD4+, but express the transcription
factor Foxp3 [60]. Treg cells can be further subcategorized based on additional markers and transcription factors. Two
major subgroups are Helios+ neuropilin-1+ (NRP1+) Treg cells and RORγt+ Treg cells [60,61]. Gut RORγt+ Treg cells, like
TH17 cells, are generated in response to cues from the microbiota. For example, Clostridium ramosum can induce
RORγt+ Treg cells, as can SFBs [7]. Functionally, intestinal Treg cells are thought to curb the development of intestinal in-
flammation caused by the massive population of microbes that resides proximally to the epithelium, as well as by the in-
termittent, but repeated, ingestion of food antigens [58,61]. Together, the delicate balance between microbiota-induced
TH17 cells and Treg cells serves to establish the immunological setpoint of the intestinal immune system.
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DC migration [15] and interferon (IFN) responses in alveolar macrophages [14]. By combining
antibiotic-mediated microbiota depletion in wild-type mice with models of systemic infection, the
microbiota has been shown to promote resistance to systemic infections by S. pneumoniae [12],
Listeria monocytogenes [10], Escherichia coli [11], Chikungunya virus [22], vesicular stomatitis
virus (VSV) [23], West Nile virus (WNV), dengue virus, and Zika virus [22,24]. These mouse models
demonstrate that innate antibacterial defenses in the bloodstream are fortified by microbiota-
mediated enhancement of granulopoiesis [10,11] and the subsequent augmentation of granulo-
cyte antimicrobial activity [25]. This enhanced killing of disseminated bacterial pathogens leads to
improved host survival [10,11,25]. Similarly, mouse models of antibiotic-mediated microbiota de-
pletion confirmed that the microbiota primed systemic innate antiviral defenses to Chikungunya
virus and HSV, reducing viral burden in peripheral tissues in the early phase of systemic infection
[21,22]. This, in part, was mediated by the effects of the microbiota on plasmacytoid DCs
(pDCs) [22]. By contrast, for Zika virus and WNV, the microbiota was protective during the latter
part of the infection via the control of T cell-mediated defenses [24]. The protective systemic effects
of the microbiota even extend to the central nervous system (CNS) [26]. Germ-free mice and
mouse models employing antibiotic-mediated microbiota depletion have demonstrated that the
microbiota protects against CNS infection by S. pneumoniae [12], Candida albicans [27], and
mouse hepatitis virus [28]. In these models, the microbiota was shown to be beneficial not only
by promoting pathogen clearance from the CNS but also by mitigating neurological damage
[12,27,28].

Thus, during homeostasis, constitutive sensing of the microbiota exerts comprehensive
control over systemic immunity, and many of these effects stem from microbes in the gut
(Figure 1, Key figure). This primes innate defenses throughout the host, rendering them more
apt to eliminate any pathogens the host subsequently encounters. This raises a key question:
how do microbes situated in the gut control immune defenses in distal tissues without disrupting
organismal homeostasis? Here, we explore three areas required to partly answer this question:
(i) deciphering what microbial signals are transmitted from the intestine to systemic tissues;
(ii) unraveling how intestinal microbes prime systemic immunity without causing immunopathology;
and (iii) identifying specific gut microbes that regulate systemic immunity. Because infectious dis-
ease remains a leading cause of human mortality, we posit that a greater understanding of these
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Key figure

The intestinal microbiota and protection against extraintestinal infection
in mice
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(See figure legend at the bottom of the next page.)

Glossary
Cachexia: systemic catabolic syndrome
that manifests as severe muscle wasting,
often accompanied with loss of fat mass,
profound weakness, and systemic
inflammation.
Conventional dendritic cells (cDCs):
these cells, further divided into type 1
(cDC1) and type 2 (cDC2), reside in
tissues where they capture and present
antigens to T cells in draining lymph
nodes.
Germ-free mice: born and raised in a
sterile environment; thus, environmentally
exposed surfaces in these animals are
devoid of live microbial communities.
Innate immune receptors: germline-
encoded receptors that recognize
conserved components of microbes.
The components are generally unique to
microbes and broadly shared within a
given class of microbes; examples
include TLRs and Nod-like receptors.
They couple the recognition of microbes
to changes in immune cell behavior and
play a central role in mediating host–
microbe interactions.
Plasmacytoid dendritic cells
(pDCs): rather than presenting antigen,
the primary function of these cells is to
produce a type I IFN in response to viral
challenge.
T helper 17 (TH17) cells: CD4+ T cells
that secrete IL-17 family cytokines,
including IL-17A. They are key in
facilitating host–microbiota
communication.
Toll-like receptors (TLRs): family of
innate immune receptors that recognize
conservedmicrobial structures. They are
type I transmembrane proteins present
at the cell surface and in the membranes
of endolysosomal compartments.
Humans have ten TLRs and mice have
12.
T regulatory (Treg) cells: CD4+ T cells
defined by the transcription factor
Foxp3; they restrain immune activation
and help to prevent autoimmunity and
inflammation.
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topics can allow the discovery of new microbiota-specific engineering approaches to protect
against or treat certain invasive infections.

Challenge one: how does the microbiota control immunity over large anatomical
distances?
For the intestinal microbiota to impact immune cell function in distant organs such as the bone
marrow and lungs, its effects must operate over larger distances than its proximal effects in the
intestine. Furthermore, some cells influenced by the microbiota in distal organs, such as the
microglia, are shielded behind protective tissue barriers [29]. In the CNS, microglia are secluded
behind the blood–brain barrier, which limits the entry of microbial and inflammatory mediators from
the circulation [29,30]. Thus, to impact the behavior of distal cells, signals from intestinal microbes
must be able to operate over large distances and through tissue barriers. We think that there are at
least three possible routes by which intestinal microbes signal to distal tissues, as outlined here.

Disseminated microbial products and metabolites as systemic signals
The most intuitively simple means by which intestinal microbes can influence tissues in distant
anatomical locations is through the entry of microbial molecules into the circulation [25,31–33].
Intestinal microbes are a vast repository of immunologically active molecules, and the mammalian
bloodstream is replete with molecules originating from microbes [34,35]. Tissues throughout the
host are bathed in microbial molecules [12,33,34]. These includemetabolites such as short-chain
fatty acids (acetate, propionate, and butyrate), trimethylamine, and structural components of
microbes such as cell-wall glycoconjugates (peptidoglycan, lipopolysaccharide, and teichoic
acid species) as well as host molecules that have been modified by microbes such as secondary
bile acids [12,32,33,36–38]. In the bloodstream, these molecules retain their biological activity
[12,25,31], which provides them significant scope to exert influence over immune responses in
systemic tissues. It is therefore unsurprising that, in wild-typemousemodels, circulatingmicrobial
products from the intestinal microbiota have been associated with the modulation of immune
defenses in the lung [12,39], bloodstream [25,31], and CNS [12,26,28]. For some of these mol-
ecules, we are now beginning to understand how their biochemistry dictates their impact on
systemic immunity. For instance, numerous studies have revealed that the dissemination of
peptidoglycan from the gut microbiota to the periphery can influence systemic immunity via the
activation of innate immune receptors [4,12,25,40,41]. Recent work using wild-type mice
with defined communities of gut microbes demonstrated that mucosal processing of Firmicutes
by lysozyme releases peptidoglycan from these symbionts that disseminates to prime systemic
innate antibacterial defenses [12]. Moreover, the same model systems have shown that this
mucosal processing of Firmicutes allows the disseminated peptidoglycan to persist systemically
for longer than without it and hence exert greater control over systemic immunity [12]. Microbial
molecules that have reached non-mucosal tissues can then be directly sensed by ‘target’ cells.
For instance, mouse models of antibiotic depletion have shown that the microbiota can regulate
microglial function leading to protection against neurological damage and the ensuing paralysis
induced by mouse hepatitis virus [28]. These effects of the microbiota required that microglia
express Toll-like receptor (TLR)4 (as evidenced by Tlr4−/− or TLR4-floxed, Cx3xrCreER mice),
Figure 1. Depicted are infections where signals from the gut have been shown to enhance host defenses beyond the gut.
Pathogens are listed below the models of infection used. Immune cells that are programmed by signals from intestinal
microbes are indicated. While there are further studies that indicate that the microbiota enhances resistance to infection
outside the gut, here we include only infections where there is evidence that signals from intestinal microbes are important
in regulating immune defenses. These findings are derived from various mouse models. See text for references.
Abbreviations: DC, dendritic cell; Mθ, alveolar macrophage; pDC, plasmacytoid dendritic cell. Hepatitis virus is mouse
hepatitis virus. This figure was created using BioRender.com.
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suggesting that these distal cells were directly sensing microbiota-derived products [28]. Thus,
systemic tissues are bathed in immunologically active molecules derived from the microbiota,
which act as long-range signals to prime systemic tissue defenses against infection.

Cytokine-mediated systemic communication
The nextmechanism by whichmicrobial signals in the gut can be transmitted systemically is through
the activity of cytokines. Cytokines are the archetypal information transmitters in the immune system.
IFNs, colony-stimulating factors (CSFs), and various ILs are pivotal cytokines mediating the systemic
effect of the microbiota. In wild-type mice, the microbiota drives constitutive production of IFNs
systemically during homeostasis [21,23,42]. Germ-free mouse models have mechanistically
shown that outer membrane vesicles from Bacteroides fragilis induce type I IFN in colonic DCs via
TLR4 [23]. Without this priming of type I IFN, mice suffer greater paralysis and reduced survival dur-
ing subcutaneous VSV infection [23]. Similarly, germ-free mice have been instrumental in showing
that stimulation of innate immune receptors by the microbiota during homeostasis drives pDCs in
the spleen to produce type I IFN that is sensed by local conventional DCs (cDCs) [42]. These
mouse models have demonstrated that priming of type I IFN enhances the ability of splenic cDCs
to respond to subsequent microbial stimulation [42]. Members of the colony stimulating family of
growth factors can also play an important role in the gut and other tissues. For instance, CSF2 pro-
duction in the lung [13] and CSF3 production in the circulation [11] are enhanced by the microbiota.
In mouse models, antibiotic-mediated manipulation of the microbiota showed that gut microbes
primed pulmonary CSF2, thus enhancing alveolar macrophage-mediated killing of K. pneumoniae
and S. pneumoniae [13]. Similar mouse models revealed that circulating CSF3, induced by the
gut microbiota, enhanced host survival during bloodstream infection by E. coli relative to controls
[11]. Another potentially important cytokine is IL-34, which signals via the CSF1 receptor (CSF1R)
to control tissue macrophage differentiation, function, and survival [43]. In wild-type mice, during ho-
meostasis, the intestinal microbiota can enhance basal IL-34 expression in systemic tissues [12]. This
microbiota–IL-34 axis enhances the clearance of S. pneumoniae from the lung, bloodstream, and
brain, improving host survival during invasive infection [12]. Thus, during homeostasis the microbiota
continuously prime the production of cytokines, with the latter acting as signals to enhance innate im-
munity in tissues besides the gut.

Cellular migration: from gut to periphery
Implicit in the previous twomechanisms by which the gut microbiota can instruct host defenses in
distal tissues, signals originating from the intestine travel to educate immune cells at extraintestinal
sites [11,12,21,25,28,31,41,42]. The reciprocal form of influence has also been shown to oper-
ate, whereby immune cells are programmed in the gut and then travel to tissues outside of the
gut [27,44]. Direct evidence showing migration of immune cells from gut to periphery comes
from the use of transgenic mice expressing the photoconvertible fluorescent protein Kaede
[45]. Using colonic endoscopy and violet light-induced photoconversion of intestinal immune
cells in these mice, consistent flow of both innate and adaptive immune cells from the colon to
the periphery was observed [45]. The importance of gut immune cell migration to the periphery
has been demonstrated in mouse models in which intestinal DCs transported microbiota-
derived antigens to the thymus to drive the development of microbiota-specific T cells [44]. In
the context of fungal infections, mouse models indicated that B cells programmed by the micro-
biota in the gut differentiated into IgA+-producing plasma cells that migrated to the CNS; IgA+

plasma cells were scarce in germ-free mice, but could be restored by gut recolonization [27]. Dur-
ing invasive infection by the fungal pathogen C. albicans in mice, these plasma cells promoted
fungal clearance from the brain, thus increasing host survival [27]. Collectively, these findings un-
derscore the large and extensive flow of cellular traffic from the gut to remote sites during homeo-
stasis and that this protects systemic tissues against invasive pathogens.
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Challenge two: how does the microbiota control systemic immunity without
inducing widespread inflammation?
The systemic effects of the intestinal microbiota on innate immunity are achieved without triggering
widespread inflammatory damage [12,46]. This is particularly striking given that the host’s internal
milieu houses organs essential for viability, and therefore these deeper, non-mucosal tissues are
acutely responsive to microbial products and cytokines [47]. For example, circulating monocytes
are highly sensitive to microbial stimulation whereas intestinal macrophages are suitably tuned to
avoid extensive activation in response to microbial exposure [48]. This implies that the host invests
in mechanisms to temper the systemic effects of the microbiota, preventing the beneficial basal
stimulation of immunity from escalating into pathological inflammation. We posit that there are
several parallel mechanisms that are responsible for the achievement of this balance.

Limiting entry and activity of disseminated microbial products
Asmany systemic effects of the microbiota are mediated by the dissemination of microbial products
from the intestine, the first family of mechanisms controlling the effect of the microbiota operate by
restraining systemic spread of thesemolecules. By tracking the dissemination of radiolabeledmicro-
bial molecules from the gut to the periphery inmousemodels, antibodies in the intestine were shown
to limit the entry of microbial products from the small intestine lumen into the circulation [38]. For mi-
crobial products that have breached the epithelial barrier, there is an additional layer of protection
provided by the gut–vascular barrier that limits their entry into the bloodstream [49]. By tracking
the movement of fluorescently labeled dextrans in wild-type mousemodels, the gut–vascular barrier
was found to restrict the passage of molecules larger than 70 kDa from the gut into the portal vein
[49]. In general, if these barriers are breached, bacterial products in the circulation are cleared by
macrophages in blood-filtering tissues [12]. Furthermore, using mouse models to track the clear-
ance of fluorescently labeled microbiota-derived cell-wall glycoconjugates from the circulation, this
clearance was influenced by cell-wall glycoconjugate size [12]. Specifically, larger polymers of the
cell-wall glycoconjugate peptidoglycan were cleared more effectively than smaller, monomeric
peptidoglycan fragments [12]. These tissue barriers and clearance mechanisms are not infallible,
and there is constant penetration of microbial products during homeostasis [12,25,38]. To manage
this ongoing exposure, the host has mechanisms to tolerate the continual presence of microbial
products in systemic sites [12]. Studies of human and mouse sera fractionation have shown that
albumin reduces the ability of microbiota-derived cell-wall glycoconjugates to activate their cognate
innate immune receptors [12]. Moreover, using reporter cell lines, albumin sequestration was shown
to limit the ability of these molecules to activate innate immune receptors [12]. In albumin-deficient
mice (Alb−/−), cell-wall glycoconjugate dissemination from the gut microbiota to the periphery led
to systemic inflammation, demonstrating the importance of albumin in controlling the systemic
effects of the microbiota [12]. Thus, by limiting the entry and immunological activity of microbiota-
derived products, the host tempers tissue damage.

Negative regulation of innate immune receptor signaling
The next layer of regulation occurs once innate immune receptors have been engaged. During
infection, negative regulators of innate immune receptor signaling are activated on receptor
engagement. The same occurs during homeostasis following innate immune receptor activation
by the microbiota. In mice deficient in either A20 (A20−/−) or TRAF family member-associated NF-
κB activator (TANK) (Tank−/−) (two canonical negative regulators of TLRs), the microbiota drove
systemic inflammation [50,51]. In mice deficient in TANK, the microbiota drove glomerulonephri-
tis, characterized by autoantibody production and immune complex deposition in glomeruli [50].
By contrast, in A20-deficient mice, the microbiota drove organism-wide cachexia, characterized
by inflammation, weight loss, and reduced survival compared with controls [51]. Perhaps the
most comprehensively understood negative regulators of immunity are Treg cells. Intuitively,
Trends in Immunology, February 2024, Vol. 45, No. 2 99
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Outstanding questions
Are there other mechanisms of tolerance
that prevent the host from being
damaged by powerful inflammatory
products derived from the microbiota?

What are the major mechanisms and
routes of systemic clearance of the
different microbiota products?

Can we develop simple in vitro screens
to predict the impact of gut microbes
on systemic immunity?

What effects do other host-associated
microbial communities, such as in the
skin and respiratory airways, have on
systemic immunity?
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the ability of Treg cells to regulate inflammation, and the impact of the microbiota on the develop-
ment of certain Treg cells [7,52], would suggest that they are ideally suited to control the systemic
influence of the microbiota. However, while models of Treg cell ablation using Foxp3DTR mice
have demonstrated that Treg cells restrain inflammation driven by the microbiota locally in the
intestine, their absence does not cause microbiota-dependent systemic inflammation [53].
Thus, negative regulators of innate immune receptor activation provide another checkpoint to
prevent the systemic effects of the microbiota from spiraling into systemic inflammatory injury.

Challenge three: which members of the microbiota control systemic innate
immunity?
Immunoregulatory gut microbes might be harnessed to enhance resistance to systemic infec-
tions. Despite this potential, we have insight into the immunological impact of only a very limited
repertoire of gut microbes. Several studies are, however, beginning to make progress in this
area, and two of the most well-characterized commensals – B. fragilis and segmented filamen-
tous bacteria (SFBs) – have provided valuable insight. Mechanistically, wild-type mice colonized
by SFBs in the gut are more resistant to pneumonia caused by S. aureus [20]. Intestinal SFBs in-
duce IL-22 and neutrophil recruitment to the lung during infection, which is associated with a re-
duced pulmonary load of S. aureus [20]. As mentioned earlier, in mice, intestinal colonization with
B. fragilis induces type I IFN in colonic DCs, enhancing resistance to VSV infection [23]. To move
beyond well-characterized commensals, by monocolonizing germ-free mice, the immunological
impact of over 50 human commensals has been documented [54]. This has revealed additional
organisms that could impact systemic immunity. For example, Clostridium sordellii increased
the number of monocytes in systemic lymphoid tissues; however, the mechanistic basis for the
effect was not investigated [54]. Recent studies have begun to identify the mechanisms by
which gut microbes can shape systemic immunity. For instance, as described earlier, gut
Firmicutes are a source of disseminated cell-wall glycoconjugates, which act as systemic signals
that enhance, via IL-34, systemic antibacterial innate immunity in the circulation in wild-type mice
[12]. Thus, the systemic effects of Firmicutes stem from the conserved architecture of their cell
wall and how the host processes this cell-wall type during intestinal colonization [12]. Intestinal
Enterobacteriaceae from the Proteobacteria phylum are also able to enhance resistance to sys-
temic infections [55]. In wild-type mouse models, during homeostasis, Enterobacteriaceae dis-
seminate from the intestine, inducing systemic IgG [55]. This helps to protect mice against
infection with closely related pathogenic bacteria displaying the same antigens as Enterobacteri-
aceae [55]. Studies in humans have also pointed to a role for Firmicutes [56,57]. Specifically, by
simultaneously following the reconstitution of the immune system after hematopoietic cell trans-
plantation and gut microbiota composition, a higher relative abundance of the Firmicutes
Faecalibacterium and Ruminococcus 2 was associated with enhanced granulopoiesis compared
with other bacterial populations [57]. Furthermore, human studies have shown a positive correla-
tion between another group of intestinal Firmicutes, Clostridia, and IL-17 production by peripheral
bloodmononuclear cells on recognition of the bacterial pathogen S. aureus [56]. Thus, we are be-
ginning to identify intestinal microbes that regulate systemic immunity. Exploiting these immuno-
modulatory microbes as a putative therapy to treat certain infections will require more detailed
definition of their crucial immunoregulatory traits.

Concluding remarks
The intestinal microbiota controls innate immunity organism wide. Here, we have outlined mech-
anisms by which intestinal microbes can communicate with distal tissues through the dissemina-
tion of microbial products, cytokine signaling, and immune cell migration from gut to periphery to
enhance defense against acute infection.We outline how, despite the widespread influence of gut
microbes through highly sensitive systemic tissues, host homeostasis is maintained through tight
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control over the access and inflammatory activity of microbiota-derived products entering the
circulation. This serves to carefully balance the beneficial systemic immunomodulatory effects
of gut microbes on innate defenses against their ability to drive systemic immunopathology. Of
all the questions we posed, identifying which members of the human microbiota regulate sys-
temic immunity remains the most neglected. While some immunomodulatory intestinal microbes
have been defined, we have characterized the immunological impact of only a fraction of the
microbes that reside in the gut. Further investigation is essential (see Outstanding questions) be-
cause identifying immunomodulatory microbes that control systemic innate immune responses
might reveal novel candidate biotherapeutics that can protect against life-threatening infections.
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