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Hundreds of commensal bacterial species inhabit the gastrointestinal tract. This diverse microbial ecosystem plays a crucial role

in the prevention and resolution of infectious diseases. In this review we will describe the major mechanisms by which the

intestinal microbiota confers protection against infections, focusing on those caused by intestinal bacterial pathogens. These

mechanisms include both non-immune- and immune-cell-mediated pathways, notably through bacterial production of inhibitory

molecules and nutrient deprivation by the former and innate lymphoid cell-, myeloid cell- or lymphocyte-dependent stimulation

by the latter. Finally, we will discuss novel therapeutic approaches based on commensal microbes and their products, which

could potentially be used to combat infections.
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INTRODUCTION

The intestinal tract is home to hundreds of bacterial species, referred
to collectively as the intestinal microbiota. During the last decade,
high-throughput technologies, including next-generation sequencing,
metabolomics and proteomics, have allowed an in-depth study of the
composition of the intestinal microbiota, the genes and functions
expressed by commensal bacteria, and the metabolites and proteins
derived from their biological activities.1 Use of these high-throughput
techniques in combination with mouse models, such as germ free
mice (GFM) or antibiotic-treated mice, has highlighted the extent to
which commensal microbes are essential for conferring protection
against pathogens, and how alterations of the microbiota, such as
those induced by antibiotics, can promote infections.2–5

Recent studies have started to thrown light on the mechanisms by
which different commensal bacterial species confer resistance against
infections. In this review, we will discuss both non-immune- and
immune-mediated mechanisms used by commensal bacteria to confer
pathogen resistance. These mechanisms range from direct inhibitory
molecule production and nutrition competition (Figure 1 and Table 1)
to indirect pathways through the stimulation of local innate lymphoid
cells (ILCs), myeloid cells, or T- and B-cell responses (Figure 2 and
Table 1). The review will mainly focus on the way the intestinal
microbiota protects against gastrointestinal bacterial pathogens.
Nevertheless, we will also review some studies that have demonstrated
an effect of intestinal microbes on systemic immunity and
defense against systemic infections. Finally, we will discuss novel
therapeutic approaches for treating infections using commensal

microbes and their products that have emerged from recent studies
in the field.

NON-IMMUNE-DERIVED MECHANISMS OF PROTECTION

Inhibitory molecules
The microbiota can confer resistance to pathogens in a direct manner,
without the involvement of the immune system (Figure 1). Certain
commensal strains can produce and secrete small molecules with
bacteriostatic or bactericidal activity, such as bacteriocins or microcins
produced by Gram-positive and gram-negative Enterobacteriaceae
species, respectively.6–8 For example, an Enterococcus faecalis strain is
capable of clearing vancomycin-resistant Enterococcus (VRE) from
the intestinal tract of mice through the expression of a plasmid-
encoded bacteriocin.6 Staphylococcus lugdunensis, a human nasal
commensal, produces lugdunin, a recently discovered peptide anti-
biotic that diminishes both skin and nasal colonization by Staphylo-
coccus aureus in rodents.7 On the other hand, production of microcins
by the Escherichia coli strain Nissle 1917 reduces intestinal colonization
by Salmonella enterica serovar Typhimurium.8 Interestingly, certain
pathogens employ the same strategy to favor their own colonization.
Listeria monocytogenes secretes a bacteriocin that alters the intestinal
microbiota and allows this pathogen to colonize the intestinal tract
and disseminate to other organs.9 On the other hand, the intestinal
microbiota may confer resistance through the production of short-
chain fatty acids (SCFA), a metabolic product derived from the
bacterial fermentation of dietary fibers. Indeed, in vitro, SCFA
markedly suppress the growth of the pathogenic E. coli strain O157:
H7.10
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Besides the production of molecules with an effect on pathogen
growth, certain commensals produce small molecules that confer
resistance to infection through interference with pathogen gene

expression. For example, Ruminococcus obeum, a human intestinal
commensal, diminishes intestinal colonization of Vibrio cholerae in
mice through production of the quorum-sensing signal AI-2. This
molecule interferes with the expression of the V. cholerae toxin
co-regulated pilus operon, which is required to colonize the human
intestinal tract.11 SCFA can also influence the expression of virulence
factors. For example, butyrate and propionate, both present in high
concentrations in the large intestine, downregulate the expression of
genes encoded in S. typhimurium pathogenicity island 1 (SP1),
required by this pathogen for invasion of intestinal epithelial cells
(IECs).12,13 In contrast, acetate, present in higher concentrations in the
ileum (the primary site for Salmonella cell invasion), promotes the
expression of SP1 genes. In this case, microbiota-derived products
allow the pathogen to sense its location within the gut and regulate its
gene expression accordingly.12

In addition to bacterial-synthetized molecules, host-derived mole-
cules can be metabolized by commensals, resulting in the production
of secondary metabolites that play a crucial role in defense against
pathogens. This is the case of bile acids, which are synthesized in the
liver and secreted as primary bile acids into the intestinal tract. In the
presence of an intact microbiota, primary bile acids are converted into
secondary bile acids, which can inhibit the growth of Clostridium
difficile.4 Disruption of the microbiota by antibiotic treatment reduces
the levels of secondary bile acids, allowing the growth of C. difficile
vegetative forms. Conversely, after antibiotic treatment, there is an
increase in levels of primary bile acids, including taurocholate, which
promotes the germination of C. difficile spores.14 Thus, through two
different mechanisms involving bile acid conversion, C. difficile
infection is enhanced upon antibiotic disruption of commensal
communities. Notably, a recent study has identified a key commensal
bacterium that confers resistance to C. difficile through bile acid
conversion.4 Clostridium scidens, a commensal associated with
resistance to C. difficile infections in hospitalized patients, encodes
the 7α-hydroxysteroid dehydrogenase enzyme, which is required
for the conversion of primary to secondary bile acids. Colonization
of antibiotic-treated mice with this commensal increases the level of
intestinal secondary bile acids, which promotes mouse survival upon
C. difficile challenge.4

Figure 1 Non-immune-derived mechanisms of protection. The intestinal
microbiota can confer protection without the induction of the immune
system. (i) Commensal microbes consume and deplete simple sugars that
could be utilized by pathogens such as Escherichia coli 0157:H7,
Salmonella typhimurium or Clostridium difficile. (ii) Anaerobic fermentation
of dietary fiber by the microbiota generates short-chain fatty acids (SCFA),
which can inhibit the growth of certain pathogens such as E. coli strain
O157:H7. (iii) Clostridium scidens converts primary bile acids, synthesized
in the liver, into secondary bile acids, which inhibit the growth of C. difficile.
(iv) Ruminococcus obeum interferes with the expression of colonization
factors expressed by Vibrio cholerae through production of the quorum-
sensing (QS) signal AI-2. (v) Certain commensals such as Enterococcus
faecalis, Staphylococcus lugdunensis or E. coli strain Nissle
1917 secrete small peptides (bacteriocins or microcins) that inhibit the
growth of pathogens such as Staphylococcus aureus, vancomycin-resistant
Enterococcus or S. typhimurium.

Table 1 Commensal bacterial species that confer protection against pathogens

Commensal Pathogen Mechanism Reference

Staphylococcus lugdunensis Staphylococcus aureus Peptide antibiotic with bactericidal activity 7

Enterococcus faecalis with pPD1

plasmid

Vancomycin-resistant

Enterococcus

Plasmid-encoded bacteriocin that inhibits pathogen growth 6

Bacillus thuringiensis Clostridium difficile Bacteriocin with bactericidal activity 87

Escherichia coli strain Nissle 1917 Salmonella typhimurium Microcins with antimicrobial activity 8

Clostridium scidens C. difficile Conversion of primary to secondary bile acids which inhibit pathogen growth 4

Ruminococcus obeum Vibrio cholerae Quorum-sensing signals that interfere with pathogen gene expression 11

E. coli strains HS and Nissle 1917 E. coli O157:H7 Competition for carbohydrates 15

E. coli, Bacteroides
thetaiotaomicron

Citrobacter rodentium Competition for carbohydrates 16

E. coli strain Nissle 1917 S. typhimurium Competition for iron 86

B. thetaiotaomicron Candida albicans LL-37 antimicrobial peptide induction 32

Bifidobacterium E. coli O157:H7 Inhibition of Shiga toxin dissemination 33

Lactobacillus reuteri C. albicans Induction of type 3 innate lymphoid cells expansion and interleukin 22 production through

tryptophan conversion to an aryl hydrocarbon receptor ligand

46

Segmented filamentous bacterium C. rodentium Induction of T helper 17 cells differentiation and subsequent expression of antimicrobial

peptides

53

E. coli S. typhimurium Systemic induction of IgG 69
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Nutrient competition
Besides avoiding pernicious molecules, in order to colonize the
intestinal tract a bacterial pathogen must compete for the same
nutrient sources with commensal bacterial species that are highly
adapted to the gut environment and very efficient at obtaining energy
from the diet or utilizing host-derived nutrients. Not surprisingly,
a major mechanism by which the microbiota inhibits intestinal
colonization by bacterial pathogens is through nutrient competition.
This is the case of infections produced by E. coli O157:H7, which can
be prevented in mice that have been pre-colonized with two
commensal E. coli strains (HS and Nissle 1917).15 Interestingly, when
both strains are present, the pathogen is not able to colonize the gut;
however, the presence of only one of these two strains is not sufficient
to prevent pathogen colonization. Each of these commensal strains can
utilize some but not all of the five most important sugars consumed by
the pathogen in the gut. Thus, if only one strain is present, the
pathogen can still exploit the remaining sugars that have not been
consumed by the commensal. However, when both commensal strains
are present, all five sugars are depleted, preventing gut colonization by
E. coli O157:H7. Similarly, competition for the same nutrients is a
mechanism by which the microbiota partially confers protection
against Citrobacter rodentium, a natural mouse pathogen used as a

model of Enterohemorrhagic E. coli (EHEC) disease. In GFM fed
a regular chow, C. rodentium intestinal burden is reduced upon
administration of E. coli, but not after inoculation of Bacteroides
thetaiotaomicron.16 Like C. rodentium, E. coli consumes simple
sugars in order to grow, while B. thetaiotaomicron can catabolize both
mono- and polysaccharides. Thus, in mice receiving a regular diet
containing both simple sugars and polysaccharides, B. thetaiotaomicron
may preferentially use polysaccharides, allowing C. rodentium to
obtain energy from available monosaccharides. However, if mice
receive a diet consisting exclusively of simple sugars, B. thetaiotaomi-
cron is forced to compete for the same nutrient sources as the
pathogen, which diminishes C. rodentium levels.16 Thus, not only the
composition of the microbiota, but also diet, influences the outcome
of the infectious process.
Consistent with the effect that the microbiota has on resistance to

infection through nutrient depletion, antibiotic clearance of commen-
sal bacteria can lead to pathogen expansion through liberation of
nutrient sources. For example, administration of cefoperazone to mice
promotes C. difficile intestinal colonization.14 This antibiotic alters the
murine intestinal microbiome and metabolome, increasing levels of
sugars such as mannitol and sorbitol, which can serve as a carbon
source for C. difficile.14 On the other hand, both C. difficile and

Figure 2 Intestinal microbiota impacts local and systemic immunity against infection. Bacteroides thetaiotaomicron promotes the expression of LL-37
antimicrobial peptide by intestinal epithelial cells (IECs), which diminishes Candida albicans colonization. Commensal microbes affect the development and
gene expression of innate lymphoid cells (ILCs). For example, tryptophan, an amino acid from the diet is metabolized by Lactobacillus reuteri to indole-3-
aldehyde, which promotes interleukin (IL)-22 production by ILC3s. ILCs have been implicated in protection against different intestinal pathogens: (i) ILC1s
protect against Clostridium difficile through interferon (IFN)-γ production, (ii) ILC2s protect against the helminth Nippostrongylus brasiliensis through
production of IL-13, which stimulates mucus secretion in goblet cells, (iii) ILC3s produce IL-22, which induces Reg3γ expression in IECs, which in turn kills
vancomycin-resistant Enterococcus (VRE). Segmented filamentous bacterium (SFB) induces differentiation of T helper 17 cells (Th17s) through production of
serum amyloid A (SAA) by IECs. Th17s confer protection to pathogens through production of IL-22 and IL-17, a cytokine that enhances IgA responses. IgA
confers protection against pathogens such as Citrobacter rodentium. Short-chain fatty acids (SCFA), commensal bacteria-derived products from the
fermentation of dietary fiber, promote the differentiation of IgA+ B cells and T regulatory cells (Tregs). Clostridiales promote development of Tregs by
inducing the synthesis of transforming growth factor-β (TGF-β) by IECs, probably through production of SCFA. In addition, the intestinal microbiota have
systemic effects on the immune system: (i) it promotes myelopoiesis, conferring resistance against systemic infection by Listeria monocytogenes, (ii) it primes
neutrophils, increasing their killing capabilities against Streptococcus pneumoniae and (iii) it induces systemic IgG responses against Salmonella
typhimurium.
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S. typhimurium reach high levels in the intestine upon antibiotic
treatment, in part due to a higher availability of the monosaccharide
sialic acid.17 Interestingly, this sugar forms part of the glycosylated
proteins mucins (the major components of the intestinal mucus layer),
and is available to pathogens when liberated by certain commensal
encoding sialidases, such as B. thetaiotaomicron.17 Thus, by selectively
depleting commensal species that consume certain nutrient sources
(i.e. sialic acid), but leaving intact microbes that provide those
nutrients (i.e. sialidase encoders), antibiotics could promote the
expansion of pathogens. This is also the case for C. difficile
competition with commensals that consume succinate, a metabolite
derived from the fermentation of dietary carbohydrates by primary
fermenters such as B. thetaiotaomicron.18 During antibiotic treatment,
succinate becomes available, which promotes intestinal colonization by
C. difficile.18

Nutrients derived from the microbiota metabolism can also
enhance pathogen colonization by regulating the expression of
virulence factors. For example, EHEC can sense fucose, a sugar
liberated from mucin by B. thetaiotaomicron.19 EHEC express
virulence factors encoded by the LEE pathogenicity island to attach
to epithelial cells.20 LEE expression is therefore required close to the
epithelium but not on the mucus surface, where free fucose is
available. When sensed by EHEC, fucose on the mucus surface
represses LEE-encoded genes, therefore avoiding superfluous energy
expenditure.19 In line with this, an EHEC mutant with a deletion in
the fucose sensor is outcompeted by the wild-type strain.19

In summary, consumption of dietary nutrients by commensals can
confer protection to infections, but certain pathogens exploit products
derived from the microbiota metabolism to invade the gut.

INNATE IMMUNE-DERIVED MECHANISMS OF PROTECTION

The mucus layer and IECs
The layer of mucus that covers the intestinal tract epithelium can be
considered the first line of host defense against pathogens. The major
component of the intestinal mucus is Muc2, a glycosylated protein,
which is synthesized and secreted by goblet cells.21 Muc2 is vital
for protection against enteric pathogens; indeed, deficiency has
been shown to increase mortality in mice upon challenge with
C. rodentium.22 The intestinal microbiota influences the quantity
and properties of intestinal mucus. GFM have a thinner mucus layer
in the small but not in the large intestine.23 In addition, the colonic
mucus of conventional mice contains higher amounts of Muc2 and, in
contrast to GFM mucus, is not penetrable by bacterial size beads.23

The effect that the intestinal microbiota has on mucus synthesis
depends in part on the induction of Toll-like receptors (TLRs), which
can recognize commensal-derived products.24 Indeed, mice with IECs
deficient in myeloid differentiation primary response 88 gene
(Myd88), an adaptor protein that mediates TLR signaling, synthetize
less Muc2.24

Underneath the mucus lies the intestinal epithelium, which is
composed of different cell types, such as enterocytes, paneth cells (cells
specialized in producing antimicrobial peptides that reside at the base
of the intestinal crypts) and goblet cells.21 The intestinal epithelium
constitutes the second barrier separating the intestinal microbial
ecosystem from the largely sterile underlying tissue. This layer of cells
not only constitutes a physical barrier but is also able to synthetize and
secrete antimicrobial peptides, which are essential for inhibiting
pathogen colonization and for restraining commensal microbes from
coming into direct contact with the epithelium.25–28 Expression of
these antimicrobial peptides is driven by the microbiota.26 Indeed,
GFM exhibit diminished paneth cell expression of antimicrobial

peptides RegIIIγ, RegIIIβ and defensin Defcr-rs-10.26 Moreover,
expression of RegIIIγ, a bactericidal lectin that kills Gram-positive
bacteria,29 is reduced upon microbiota depletion with antibiotics,
which promotes murine intestinal colonization by the Gram-positive
pathogen VRE.30 Microbiota induction of ReIIIγ and RegIIIβ
depends on TLR signaling, while Defcr-rs-10 expression is driven by
stimulation of nucleotide-binding oligomerization domain (NOD)
receptors.26,27 Besides conferring resistance to pathogens such as VRE,
RegIIIγ also prevents overstimulation of the immune system by
keeping commensal bacteria 50 μm apart from the small intestinal
epithelial surface.28,31 In addition to conferring protection against
bacteria, microbiota induction of antimicrobial peptides also enhances
resistance against fungi. Notably, certain components of the micro-
biota, including B. thetaiotaomicron, confer resistance to Candida
albicans by promoting the expression of H1F-1α, a transcriptional
regulator that induces the expression of the antimicrobial peptide
LL-37, with anti-Candida activity.32

In addition to antimicrobial peptide induction, specific commensal
strains can confer resistance to infection by decreasing intestinal
permeability to bacterial toxins.33 This is the case of the resistance
conferred to EHEC O157:H7, which colonizes the intestinal tract and
produces Shiga toxin, which upon translocation to the bloodstream
can induce a hemolytic uremic syndrome with fatal consequences.34

Certain Bifidobacterium strains, but not all, increase the survival rate
of mice after EHEC infection.33 Notably, Bifidobacterium-protective
strains encode an ABC-type sugar transporter that enhances
carbohydrate consumption and subsequent production of acetate as
a metabolic product.33 Higher acetate levels prevent the reduction in
transepithelial electrical resistance induced by EHEC, decrease the
translocation of the Shiga toxin from the apical to the basolateral side
of colonic epithelial cells and diminish the dissemination of the toxin
to the bloodstream and the associated mortality.33

ILCs and myeloid cells
Beneath the epithelium, several specialized innate immune cells are
necessary to create an adequate response against intestinal pathogens.
Within these cells, ILCs represent the most recently identified arm of
the innate immune system, which is crucial for defense against
intestinal pathogens.35 ILCs lack antigen-specific receptors, but,
interestingly, their cytokine production and transcriptional factors
that regulate their development mirror those of the three major
T helper cell subsets (Th1, Th2, Th17).35 Based on these features,
ILCs have been classified into three groups: ILC1s, which rely on
transcriptional factor T-bet or eomesodermin and produce interferon
(IFN)-γ; ILC2s, which rely on the GATA-3 transcriptional factor and
primarily produce interleukin (IL)-5 and IL-13; and ILC3s, which rely
on RORγt and produce IL-17 and/or IL-22.35 Earlier studies reported
that the gut microbiota influences the development of some but not all
ILC types.36–38 Development of a subset of ILC3s that express NKp46
may be influenced by the microbiota, since it has been reported that
GFM contain lower numbers of these cells.36 However, in another
study, no differences in the number of murine NKp46+ ILCs were
observed in GFM compared with conventional mice.39 Regarding
ILC2s, one study reported higher numbers of these cells in the
intestine of GFM than in that of conventional mice,37 while
intraepithelial ILC1s can develop independently of the intestinal
microbiota.38 A very recent study using state-of-the-art techniques
such as single-cell RNA-Seq has expanded our knowledge of the
diversity of ILCs and the contribution of the microbiota to the
maintenance and development of different ILC types.40 Based on
transcriptome profiles, this study identified several clusters within each
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of the ILC types (four ILC1 clusters, four ILC2 clusters and five ILC3
clusters) in mice. Importantly, marked differences were observed
between different clusters belonging to the same ILC type. For
example, IL-22 expression, a hallmark cytokine of ILC3s, was
expressed almost exclusively by one of the five clusters identified
within this ILC type. In addition, the authors of the study were able to
identify two additional transcriptional ILC states that did not
correspond with any of the three canonical ILC types. In order to
study the impact of commensal microbes in the different ILC types,
a similar transcriptome analysis was performed in GFM or in adult
mice in which the microbiota had been depleted using broad-
spectrum antibiotics. Notably, the general transcriptional profile of
all ILC types was preserved upon antibiotic treatment; however, levels
of hundreds of transcripts were significantly altered. When the authors
focused on the relative abundance of different ILC types, both GFM
and antibiotic-treated mice exhibited a higher proportion of ILC3s and
ILC2s (categorized by their transcriptome), while the relative
abundance of ILC1s was reduced. Moreover, the transcriptional
profiles of ILC1s and ILC2s were seen to become more similar to
that of ILC3s upon antibiotic administration, suggesting that ILC
expression tends toward an ILC3 profile when microbial stimulation is
removed. In summary, the results obtained in the study in question
indicate that the microbiota has an impact on both the relative
abundance of different ILC types and their expression.40

As indicated above, the three ILC types produce different cytokines
and consequently have been implicated in protection against different
pathogens. For example, while ILC1s and IFN-γ were found to be
critical to the host’s defense against C. difficile, ILC3s and IL-22 made a
minor contribution to protection.41 On the other hand, ILC3s are
important for conferring protection against C. rodentium infection in
mice that lack B cells and T cells.42 C. rodentium is a pathogen that
colonizes the surface of IECs. Therefore, ILC3s provided protection
against this infection may depend on the ability of these cells to
produce IL-22, a cytokine that confers protection against C. rodentium
through induction of antimicrobial peptide synthesis by IECs.43 On
the other hand, ILC2s, through production of IL-13, are key for
protection against helminth infections (i.e. Nippostrongylus brasiliensis
infections).44 IL-13 secreted by ILC2s stimulates the production of
mucus by goblet cells and induces smooth muscle contraction, which
is thought to facilitate helminth expulsion.45 Thus, different ILCs
confer protection against different pathogens and the microbiota
influences ILC functionality.
Recent studies have begun to elucidate the precise mechanisms by

which the microbiota influence ILC expression and subsequent
pathogen clearance. One such mechanism involves the production
of secondary metabolites from diet components.46 ILC3s depend on
the aryl hydrocarbon receptor (AhR) for IL-22 production.47 Inter-
estingly, metabolites derived from tryptophan, an amino acid found in
the diet, are ligands for AhR.48 Tryptophan’s metabolism frequently
depends on host-encoded enzymes;48 nevertheless, certain bacteria are
also able to metabolize tryptophan and produce ligands for AhR.46

Indeed, a strain of Lactobacillus reuteri can metabolize tryptophan to
indole-3-aldehyde (IAld), a molecule with AhR ligand activity.46

Production of IAld by L. reuteri promotes the expansion of ILC3s
and production of IL-22, which diminish the burden of C. albicans in
the stomach.46

The intestinal microbiota is also required for the proper
development and functionality of myeloid cells.49–52 A recent study
demonstrated that GFM possess lower numbers of splenic macro-
phages, monocytes and neutrophils,49 which was attributed to reduced
myelopoiesis in the absence of commensal microbes. Importantly,

defects in myelopoiesis undermined protection against systemic
L. monocytogenes infection.49 On the other hand, neutrophil activation
by the microbiota plays a role in C. difficile infection,50 during which
there is translocation of commensal bacteria due to intestinal damage.
Notably, bacteria translocation promotes synthesis of the cytokine
IL-1β, mainly by neutrophils, which then induces the production of
CXCL1, a chemokine that attracts neutrophils to the site of infection.50

Thus, a positive loop occurs in which neutrophils promote their
own recruitment to the site of infection, and this positive loop
depends on the dissemination of commensal microbes. Furthermore,
peptidoglycan, a component of the bacterial cell wall, translocates
from the gut into the circulation, priming neutrophils through
induction of the NOD1 receptor, which enhances their ability to kill
bacteria.51 In other cases, such as Toxoplasma gondii infection,
neutrophil activation during infection can be detrimental for the host
due to exacerbation of tissue damage.52 In this case, however, the
commensal microbiota plays a protective role through induction of a
regulatory phenotype in Ly6Chi monocytes, characterized by the
expression of prostaglandin E2.

52 This molecule suppresses the
activation of neutrophils and the pathology associated with T. gondii
infection.52 In this way, contrary microbiota effects through induction
of different innate immune cells (i.e. activation of pro-inflammatory
neutrophils or regulatory monocytes) are required to counteract
infections.

ADAPTIVE IMMUNE-DERIVED MECHANISMS OF PROTECTION

T cells
Microbiota induction of the adaptive arm of the immune system,
including B cells and T cells, plays a central role in the defense against
intestinal pathogens in the gastrointestinal tract. Studies using GFM
colonized with different commensal microbes have demonstrated that
certain intestinal bacterial species play a major role in the differentia-
tion of T cells into different subsets, including T helper cells Th1s,
Th2s, Th17s and T regulatory cells (Tregs).53–55 Intestinal microbes
can influence the local intestinal pool of T cells, but can also have
systemic effects. For example, GFM contain lower numbers of splenic
CD4+ cells and a higher ratio of Th2/Th1 cells.54 Reconstitution of
GFM with Bacteroides fragilis, an anaerobic bacterium that exclusively
colonizes the intestinal tract, is sufficient to restore the number of
splenic CD4+ cells and correct the Th2/Th1 imbalance.54

Within the intestinal tract, two major T-cell subsets with very
different functions are greatly influenced by commensal microbes:
Th17s, which synthetize IL-17 and IL-22 cytokines and play a major
role in pathogen protection but also in autoimmune disorders due
to their pro-inflammatory potential; and Tregs, which synthetize
immunosuppressive cytokines such as IL-10, TGF-β or IL-35, and
play a key role in controlling inflammation to avoid excessive tissue
damage upon infection.56

Th17s can confer protection against bacterial pathogens through
production of IL-22 and subsequent synthesis and secretion of
antimicrobial peptides by IECs.42,43,56 In this sense, Th17s play a
similar protective role against infection to that of ILC3s, which are also
a source of IL-22 during infection. Indeed, IL-22 production by ILC3s
is not necessary to confer protection against C. rodentium infection
when T cells are present.42 However, as previously indicated, in the
absence of T cells, mice develop a more pronounced pathology
upon infection if ILC3s are also depleted.42 Th17s may also confer
protection against infection by increasing, in a IL-17-dependent
manner, the intestinal levels of IgA and polymeric Ig receptor,
which is required for the translocation of IgA into the intestinal
lumen.57
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Th17 numbers in the intestinal lamina propria depend on the
composition of the intestinal microbiota. Ivanov et al.53 reported that
the same mouse strain acquired from different vendors contained a
different microbiota, which would influence the number of Th17s in
the small intestine. Notably, a single bacterial species, segmented
filamentous bacterium (SFB), was responsible for increasing Th17
intestinal numbers.53 Although the mechanisms by which SFB induces
the development of Th17s are not fully understood, several studies
have started to unravel key aspects of this process.53,58,59 SFB induces
the production of IL-22 by ILC3s, which subsequently promotes the
expression of serum amyloid A (SAA) by IECs.58 SAA promotes the
expression of IL-17 by Rorγt+ T cells.58 In addition, SAA appear to
condition CD11c+ myeloid cells to produce IL-1β to enhance Th17
differentiation.59

On the other hand, intestinal Tregs play an important role in
diminishing the tissue damage caused by the immune response against
pathogenic bacteria. For example, GPR15 is a receptor expressed by
Tregs that is necessary for their migration to the lamina propria of the
large intestine.60 After C. rodentium infection, most mice resolve
inflammation and survive. However, mice defective in GPR15, which
have lower numbers of Tregs in the gut, suffer increased weight loss,
inflammation, tissue damage and mortality.60 Interestingly, the
intestinal microbiota induces the expression of GPR15 by Tregs.60

Thus, in this case, the microbiota may protect by promoting migration
of Tregs to the site of infection, therefore diminishing the collateral
damage derived from the inflammatory response against the pathogen.
The development and functionality of Tregs in the intestinal tract

depend on the presence of specific commensal microbes. GFM have a
lower quantity of Tregs in the large intestine.55 Notably, administra-
tion of a cocktail of bacterial strains from the Clostridia clusters IV,
XIVa and XVIII has been shown to restore numbers of Tregs to
those observed in conventional mice.55,61 One mechanism by which
Clostridia species may enhance Treg differentiation is through
production of SCFA, which several studies have shown to be crucial
in Treg differentiation.62–64 Clostridia species produce SCFA, which, at
least in vitro, enhance the expression by IECs of TGF-β, a key cytokine
that contributes to the differentiation of Tregs.61 In addition,
SCFA may influence Tregs differentiation by inhibiting histone
deacetylases and enhancing histone H3 acetylation in the promoter
of Foxp3, the master regulator involved in Treg development.63,64

In addition to SCFA, bacterial-derived molecules that activate TLR
receptors can also play a role in Tregs differentiation. Through TLR
signaling in macrophages, commensal microbes induce the production
of IL-1β, which acts on ILC3s to promote the release of the
granulocyte–macrophage colony-stimulating factor (Csf2).65 This
cytokine promotes recruitment to the colon of macrophages and
DCs that produce factors involved in Treg differentiation, such as
retinoic acid and IL-10.65 Consequently, mice deficient in Csf2
have lower number of Tregs in the intestine.65 Thus, different
commensal-derived molecules, including TLR ligands and SCFA, are
required for the adequate development of Tregs in the gut.

B cells
Production of IgA by B cells is key for the host to control infections on
mucosal surfaces, including the gastrointestinal tract.66 Several studies
have demonstrated that the intestinal microbiota influences B-cell
development and antibody production. Early studies using GFM
showed that the presence of gut commensal microbes increases the
intestinal levels of plasma cells producers of IgA, but were unable to
determine the exact mechanisms by which the microbiota influences
IgA production.67 Notably, a recent study has shown a clear relation

between SCFA derived from microbiota metabolism, B-cell differ-
entiation and IgA production.68 Kim and co-workers demonstrated
that SCFA directly affect the differentiation of B cells into
IgA-producing plasma cells by increasing the expression of several
genes related to B-cell differentiation, including genes necessary for
IgA synthesis. Further in vitro experiments suggested that SCFA might
influence IgA production by inhibiting histone deacetylases and
enhancing histone acetylation of key regulatory regions, including
Igα class-switch regions. In concordance with their in vitro results,
mice receiving a diet with high levels of fiber (a major source of
microbial production of SCFA) had higher numbers of intestinal IgA+
B cells than those receiving a low-fiber diet. In addition, upon
C. rodentium infection, mice fed with the high-fiber diet produced
more IgA pathogen-specific antibodies and were more resistant to
pathogen intestinal colonization than those on a low-fiber diet.
Moreover, supplementation of the low-fiber diet with SCFA increased
the murine IgA response against the pathogen. Thus, taking into
account the effects on both Treg and B-cell differentiation, SCFA
derived from the microbiota’s metabolism can be considered key
molecules in the regulation of adaptive immune responses in the gut.
Besides influencing IgA production, certain members of the

microbiota can also affect systemic IgG antibody responses.69

Zeng et al.69 showed that specific commensals, including members
of the Enterobacteriaceae family such as E. coli, are able to disseminate
from the gut in homeostatic conditions and induce the synthesis of
IgG-specific antibodies. A major antigen recognized by IgG was
murein lipoprotein, a highly conserved Gram-negative outer
membrane protein. Importantly, IgG antibodies against commensal
E. coli murein lipoprotein also targeted Salmonella, which conferred
protection against systemic infection produced by this pathogen.69

PATHOGEN EXPLOITS IMMUNE RESPONSES

Although the host has developed numerous strategies to avoid
infections, some pathogens, such as Salmonella, are able to outcompete
commensal microbes by exploiting host immune responses. A pioneer
study by Stecher et al.70 demonstrated that S. typhimurium promotes
intestinal inflammation in a way that alters the microbiota’s composi-
tion and enhances pathogen intestinal colonization. Stecher et al.70

showed that an avirulent S. typhimurium mutant is outcompeted by
the microbiota unless inflammation is provided through co-infection
with the wild-type strain or by infecting hosts that spontaneously
develop colitis, such as IL-10− /− mice. Following this work, several
other studies have thrown light on the specific mechanisms that allow
pathogens to exploit inflammation to their own benefit. Some involve
the consumption of nutrients made available during inflammation
that can be utilized by the pathogen but not by the microbiota. For
example, colonic bacteria produce high amounts of hydrogen sulfide,
which is very toxic for the host and is therefore converted into
thiosulfate in the intestinal mucosa.71 During inflammation, oxygen
radicals are produced, which convert thiosulfate into tetrathionate.72

This molecule can be used as a terminal electron acceptor to obtain
energy from ethanolamine by S. typhymurium, but not by competing
commensals.72,73 Thus, through generation of tetrathionate,
Salmonella-induced inflammation confers the pathogen a metabolic
advantage over the microbiota. Similarly, during inflammation,
production of superoxide and nitric oxide radicals lead to the
generation of nitrate.74 This molecule confers a growth advantage to
E. coli, since it can utilize nitrate as a terminal electron acceptor for
anaerobic respiration, as opposed to obligate anaerobic members of
the microbiota.75 On the other hand, Salmonella benefits from the
inflammatory state through competition for iron, which is crucial for
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bacterial growth. During Salmonella infection, IL-22 is highly
expressed, which induces the synthesis of lipocalin, an antimicrobial
peptide that sequesters siderophores expressed by bacteria to uptake
iron.76,77 For Enterobacteriaceae commensals, inflammation creates an
environment that restricts their growth. However, Salmonella encodes
salmochelin, a siderophore that cannot be bound by lipocalin.78

Thus, under limited iron conditions imposed by inflammation,
Salmonella has a competitive advantage over other Enterobacteriaceae
competitors.76 Consistently, this advantage is lost, and Salmonella
colonization is restricted in mice lacking IL-22 that express low levels
of lipocalin.77

THERAPEUTIC APPROACHES TO LIMIT INFECTIONS BASED

ON THE MICROBIOTA

In the previous sections, we have described some of the mechanisms
by which the microbiota can confer resistance to infection. The
accumulated knowledge can now be applied for designing novel
therapeutic approaches based on commensal microbes or their
products, in order to restrict intestinal colonization by pathogens.
Indeed, therapies based on the microbiota have started to be applied in
the clinical setting with extremely high success. This is the case of fecal
transplants utilized for treating C. difficile infections. C. difficile
colonizes the intestinal tract of patients with an altered microbiota
due mainly to previous antibiotic exposure. Some of these patients,
upon C. difficile treatment, develop recurrent infections due to major
and permanent changes in their microbiota.79 Thus, reconstitution
with an unaltered microbiota could in principle facilitate the
elimination of the pathogen. This was shown to be the case in one
trial in which administration of feces from healthy donors to patients
with recurrent C. difficile infection cured the disease in 93% of
subjects, while a 30% success rate was obtained with vancomycin
administration.80 Following this pioneer study, multiple studies have
confirmed the astonishing efficacy of fecal transplants for the
treatment of recurrent C. difficile infection.79 Fecal transplant could
also be used to treat other infectious pathogens, such as VRE, whose
intestinal colonization is restricted by the microbiota. This has indeed
been demonstrated in mice treated with antibiotics in which VRE was
completely cleared after administration of fecal pellets from untreated
mice.81 In addition, lower relative VRE abundance was observed upon
fecal transplantation to a patient infected with C. difficile and heavily
colonized with VRE.82 Nevertheless, further studies should be
performed to confirm the capacity of fecal transplants to eliminate
VRE. Although such transplants seem to be very efficient
in eliminating certain pathogens, they are not free of risk. Indeed,
taking into account that the microbiota has been associated with
other diseases, including obesity and cancer,83 one cannot rule out
negative effects upon introduction of hundreds of new commensal
microbes into the intestinal tract, even if donors are carefully selected.
Therefore, alternative approaches, including the administration of
specific microbes or bacterial-derived molecules, are desirable in order
to diminish the appearance of negative side effects.
Administration of specific microbes has been proven to confer

protection against infections. A cocktail of 10 commensals, including
anaerobic and facultative aerobic bacteria, was shown to be effective at
curing recurrent C. difficile infection in patients.84 However, only five
patients were included in the study in question, and so additional
studies with larger cohorts are necessary in order to validate this
approach. A cocktail of six phylogenetically diverse commensals was
shown to re-establish a healthy microbiota and clear C. difficile in
mice.85 Moreover, as described above, administration of C. scidens
diminishes the intestinal C. difficile burden and increases survival in

mice.4 Regarding other intestinal pathogens, administration of the
E. coli strain Nissle 1917 diminishes murine intestinal levels of
S. typhimurium through nutrient competition for iron.86 E. coli strain
Nissle 1917 encodes a siderophore that acquires iron in the presence
of lipocalin, therefore attenuating the competitive advantage of
Salmonella during inflammation.86 Thus, administration of single or
multiple bacteria could be an efficient method for conferring
resistance against infections.
As an alternative to the ‘probiotic’-based approach, direct

administration of bacterial-derived products is proven to be effective
in restricting intestinal colonization by pathogens. For example,
administration of thuricin CD, a narrow spectrum bacteriocin
produced by Bacillus thuringiensis, considerably reduced C. difficile
levels in an in vitro model of distal colon, without altering the
microbiota.87 On the other hand, inoculation of bacterial-derived
products that activate certain components of the immune system has
also been tested with success. As an example, antibiotic therapy in mice
diminishes Reg3γ expression and promotes VRE colonization of the
intestinal tract.30 Oral administration of bacterial lipopolysaccharide
restores Reg3γ intestinal levels through stimulation of TLR4, which
enhances VRE killing.30 In addition, oral administration of resiquimod,
a synthetic ligand for the TLR7 receptor, diminishes VRE intestinal
density in antibiotic-treated mice.88 In this case, TLR7 stimulation on
CD11c+ DCs induces IL-23 expression which promotes IL-22 synthesis
by ILCs and subsequent induction of Reg3γ expression.88 Similarly,
systemic stimulation of TLR5 by flagellin promotes Reg3γ expression
and limits intestinal colonization by VRE and C. difficile in
antibiotic-treated mice.89,90 In this way, deficits in the immune
response caused by antibiotic disruption of the microbiota can be
restored by administration of bacterial products.

CONCLUSIONS

Commensal microbes that inhabit the gastrointestinal tract are
essential for the proper development and functionality of multiple
immune cell types. The intestinal microbiota can have a local effect on
intestinal immune cell populations, including the production
of cytokines by ILCs or Th17s or the differentiation of Tregs.
Consequently, through its induction of the immune system, the
microbiota is crucial for conferring protection against intestinal
pathogens, including C. rodentium, C. difficile or VRE. Our knowledge
about the immune populations that reside in the intestinal tract is
rapidly expanding. For example, novel subtypes of ILCs have recently
been discovered, although their role in defense against infections and
how commensal microbes influence their functionality has yet to be
defined. It is expected that novel interactions between the intestinal
immune system, the microbiota and the pathogen will be discovered
in the next few years.
Commensal microbes that colonize the gut can also have systemic

effects on immunity, including the activation of neutrophils, induction
of IgG responses and enhancement of myelopoiesis. Although these
systemic effects have been observed in mice, a recent study has shown
that the microbiome composition also influences the cytokine
production potential of blood cells in humans.91

The key commensal bacteria involved in the induction of the
different components of the immune system are now starting to be
identified, including those that promote Th17 or Treg differentiation.
One of the difficulties encountered by this area of research has been
the impossibility of cultivating a major fraction of the microbiota.
However, recent research has greatly expanded the number of
cultivable human and murine intestinal microbiota species.92–94

Subsequently, future research using mouse models may elucidate the
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impact of these novel cultivable bacterial species on the immune
system and defense against infections.
The molecular mechanisms involved in the interaction between

commensals and immune responses against pathogens are starting to
be understood. In some cases, bacterial-encoded molecules have a
direct effect on the immune defense against pathogens through
stimulation of innate immune receptors. In other cases, products
derived from the microbiota metabolism of dietary components
represent the effector molecules that influence immune responses,
such as SCFA that promote the development of Tregs. In the latter case,
the type of diet consumed by the host can play an important role in the
defense against infections, a field that requires further investigation.
On the other hand, the microbiota can confer protection to

pathogens through mechanisms that do not require the induction of
the immune system. These mechanisms include the production of
molecules that inhibit the growth of the pathogen or that interfere
with their colonization capabilities. High-throughput sequencing
techniques have led to the generation of a vast amount of sequencing
data from commensal microbes. Careful analysis of a subset of this
data has begun to reveal novel commensal-encoded antibiotics that are
effective against pathogens.95 Further analysis of new subsets of
metagenomic sequences, in combination with in vitro and in vivo
experiments, should therefore expand our knowledge of bacterial-
derived molecules that can directly influence pathogen colonization
capabilities. Competition for nutrients has also been shown to play a
major role in resistance against infections. In this case, a greater
understanding of the biology of commensals and pathogens is required
to identify novel mechanisms of protection. For example, little is
known about the genes required for intestinal colonization and
exploitation of nutrients by some of the pathogens that colonize the
intestinal tract, such as VRE. Further studies in this area are necessary
in order to fully clarify how certain pathogens are able to invade the
intestinal tract and the mechanisms by which key members of the
microbiota outcompete them.
From a translational point of view, it is expected that the acquired

knowledge will be applied to prevent or cure infections in patients.
Indeed, we have discussed a few examples of novel strategies based on
commensal bacteria or derived products that appear to enhance
resistance to infection. Further validation in human subjects of these
new therapies, and of those that are sure to emerge from the
knowledge being generated rapidly in this field, will facilitate the
treatment of infections in the near future. These novel microbiota-
based therapies will be especially relevant for multidrug-resistant
pathogens like VRE, for which most available therapies have become
ineffective.
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