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Abstract
The microbial communities that inhabit the intestinal tract are essential for mammalian health.
Communication between the microbiota and the host establishes and maintains immune
homeostasis, enabling protective immune responses against pathogens while preventing adverse
inflammatory responses to harmless commensal microbes. Specific bacteria, such as segmented
filamentous bacteria, Clostridium species, and Bacteroides fragilis, are key contributors to
immune homeostasis in the gut. The cellular and molecular interactions between intestinal
microbes and the immune system are rapidly being elucidated. Here, we review advances in our
understanding of the microbial populations that shape the mucosal immune system and create a
protective defense that prevents infection while tolerating friendly commensals.

Introduction
The mammalian intestinal tract is colonized by an estimated 1013–1014 bacteria. These
microbes aid the host by breaking down food into absorbable products in exchange for an
environment with a constant influx of nutrients necessary for their survival. Thus, the
microbial communities that inhabit the mammalian intestine, termed the intestinal
microbiota, maintain a symbiotic relationship with their host. Because the gut is open to the
environment, the risk of infection with exogenous pathogenic organisms is real. The
immune system must be both tolerant to the microbial communities it contains and able to
efficiently respond to infection. The microbiota itself plays a critical role in preventing the
outgrowth of pathogenic organisms. This “colonization resistance” can be disrupted by
changes in the complexity and density of the microbiota. Germ-free (GF) mice or mice
carrying a low complexity microbiota, in addition to being highly susceptible to a variety of
intestinal pathogens, also have altered mucosal immune responses [1,2].

The scale of current efforts to understand the composition and dynamics of the microbiota
reflects the growing understanding of its critical role in whole organism homeostasis. It is
now recognized that changes in the composition and density of the gut flora can have
profound effects on the development of not only inflammatory bowel disease, but also
autoimmunity in tissues that are not in direct contact with the microbiota. This review will
address the role of the intestinal microbiota in host defense and in shaping immune
compartments that contribute to inflammatory responses and autoimmunity.
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The complex microbiota protects against infection
The intestinal tract of mammals harbors many bacterial species that have not been cultured
in the laboratory. This has limited our understanding of the complexity of the intestinal
microbiota until recent years, when cultivation-independent 16S rRNA gene sequencing
techniques began to be employed more widely for this purpose. We now know that
following antibiotic treatment, the density and composition of the intestinal microbiota is
severely affected [3–5]. Further, lasting changes in the composition of microbial
communities after cessation of antibiotic treatment permit colonization by organisms that
pose a threat, such as vancomycin-resistant Enterococcus (VRE), even though bacterial
density has been restored [3]. A recent study suggests that the ability of a pathogen to
colonize the intestinal tract and cause disease is positively correlated with the abundance of
closely related species [1], perhaps reflecting the development of niches that exclude
unrelated but tolerate related classes of microbes. These findings suggest that the presence
or absence of specific bacterial species and the changes these may effect on surrounding
microbial communities and the host’s immune defenses contribute to the establishment of
colonization resistance.

In antibiotic treated mice, colonization resistance and pathogen clearance can be re-
established by reintroducing normal microbiota, either by adoptive transfer or by co-housing
with untreated mice [2,3]. At least two mechanisms that are not mutually exclusive and are
supported by recent evidence may mediate pathogen clearance following recovery of the
normal microbiota (Fig. 1). First, commensals may directly inhibit the growth of specific
pathogens, and second, stimulation of immune effector functions by the microbiota, by
restoring immune tone in the intestine, may clear the invading pathogens. Salmonella
typhimurium is an enteric pathogen that triggers intestinal inflammation and exploits it to
colonize the gut [6,7]. During primary S. typhimurium infection of antibiotic-treated mice,
reconstitution of the conventional flora by adoptive transfer leads to pathogen clearance [2].
This process occurs efficiently in the absence of antibody responses that clear the pathogen
during secondary infection [2], suggesting that clearance is a direct result of pressure of
commensals on the pathogen. It remains unclear, however, whether other components of the
immune response are induced by recovery of the microbiota following primary S.
typhimurium infection. The mechanism by which the normal microbiota directly limits the
growth of pathogens is not fully elucidated and it may differ between infections, given the
complexity of the microbiota and its effects on innate and adaptive immune responses.

Immune activation elicits host defense
The importance of the microbiota in driving protective immune responses during intestinal
infection is best illustrated by the finding that restoring signaling through innate immune
receptors in antibiotic-treated mice can protect from intestinal infections. Many TLRs are
expressed in the murine and human intestine, but their expression by the specific cell
lineages of the gut is not fully elucidated. Toll-like receptor (TLR) 9 stimulation of
antibiotic-treated mice by DNA derived from gut flora induces protective immune responses
to the intracellular parasite Encephalitozoon cuniculi [8]. Engagement of the innate immune
receptor NOD1 (nucleotide-binding, oligomerization domain-containing protein-1) by
microbiota-derived peptidoglycan restores neutrophil bacterial killing capacity in antibiotic-
treated mice, helping prevent sepsis following Streptococcus pneumoniae infection [9].
Antibiotic treated mice also have impaired capacity to mount protective cytokine responses
during Toxoplasma gondii infection, supporting a defensive role for the microbiota during
intestinal immune responses [10].
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Restoring TLR4 or TLR5 signaling in antibiotic-treated mice by exogenous administration
of LPS or flagellin, respectively, upregulates expression of the bactericidal lectin RegIIIγ
and decreases colonization of the intestine with VRE (Fig. 1) [11,12]. RegIIIγ kills Gram-
positive bacteria by binding carbohydrate motifs on the peptidoglycan bacterial wall, [13,14]
and MyD88-mediated RegIIIγ [15] expression can be directly upregulated through TLR-
mediated recognition of the microbiota by intestinal Paneth cells [16]. In contrast, following
systemic flagellin administration, RegIIIγ expression in the epithelium is dependent on cells
of hematopoietic origin and the expression of IL-22 [12,17]. IL-22 is a critical mediator of
immune defense in the gut, and it is required to mount an effective response against the
murine intestinal pathogen Citrobacter rodentium [18]. In addition to RegIIIγ upregulation,
TLR5 stimulation prevents apoptosis and stimulates proliferation of intestinal epithelial
cells, protecting mice from the damaging effects of radiation on gut tissues [19].
Interestingly, TLR5-deficient mice develop a microbiota that promotes the development of
metabolic syndrome when transferred to TLR5-sufficient mice [20], suggesting that altered
innate immune tone in the gut can result in changes to the microflora.

Colonization of the gut with segmented filamentous bacteria (SFB) increases mucosal
defenses that protect against C. rodentium [21]. SFB are commensal organisms that adhere
tightly to the small intestinal epithelium and elicit IL-17 and IL-22-producing Th17 cells in
the lamina propria [21,22]. While GF and antibiotic-treated mice have markedly reduced
numbers of Th17 cells in the lamina propria, colonization with SFB-containing microbiota
results in increased Th17 cell and decreased Treg percentages within 2 weeks [22,23].

Microbiota and B cell responses
Given the important role of innate immune receptors in intestinal immune homeostasis and
host defense, it is interesting to note that MyD88-deficient mice keep the microbiota at bay
and prevent bacteremia. In a recent study, Slack and colleagues demonstrated the critical
role of T-cell dependent IgG production in the context of severe innate immune deficiency
[24]. Mice lacking the signaling mediators MyD88 and TRIF have elevated serum levels of
IgG specific for microbiota components, preventing systemic bacterial infection [24].
Within the intestinal tract, mucosal IgA plays a critical role in shaping microbial populations
and mediating pathogen clearance. Mice deficient in IgA production show expansion of SFB
and other Clostridium-related anaerobes in the upper small intestine [25]. During Shigella
infection, antigen-specific IgA ameliorates disease by immune exclusion, i.e., binding of
bacteria at the mucosal layer to allow clearance and avoid contact with the epithelium [26].
In addition, IgA-bacterial complexes can translocate to Peyer’s patches (PP), where they
inhibit production of inflammatory mediators that contribute to tissue damage [26].

Unlike IgG production, specific IgA responses lack typical memory characteristics but retain
plasticity, enabling changes in the specificity of IgA as shifts in the dominant commensal
species occur [27]. A robust IgA response specific for flagellin, a common antigen
expressed by commensal bacterial species in the gut, prevents CD4+ T cell responses that
could result in inflammation and tissue damage [28]. Treg provide help to IgA-producing B
cells, and their depletion in vivo decreases intestinal IgA responses to flagellin and allows
the expansion of flagellin-specific CD4+ T cells [28]. Conversely, transfer of Foxp3+ T cells
to T cell-deficient mice restores formation of germinal centers in PP and intestinal IgA
production [28,29]. Interestingly, Treg down-regulate Foxp3 expression in germinal centers
and differentiate into follicular B helper T cells, which help sustain IgA production in PPs
[29]. Follicular dendritic cells respond to direct TLR and retinoic acid receptor signaling by
stimulating the proliferation, recruitment, and differentiation of lymphocytes in PP’s
germinal centers [30]. Follicular dendritic cells in the PP are a major source of TGFβ, which
is critical for promoting IgA class switching [30]. TGFβ also plays a role in T cell-
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independent IgA class-switching in isolated lymphoid follicles, whereas neutralization of
TGFβ inhibits IgA production [31]. T cell-independent differentiation of IgA+ plasma cells
can also be mediated by TLR5-expressing lamina propria DC following flagellin stimulation
[32].

Role of the microbiota in directing T cell responses
Th17 cells are important mediators of immune defenses in the gut and are induced by the
microbiota through several mechanisms (Fig. 2). Induction of Th17 cells in the small
intestinal lamina propria by SFB appears to be mediated in part by the production of serum
amyloid A, which is upregulated upon SFB colonization and can induce Th17 cell
differentiation in vitro [21]. Phagocytosis of infected apoptotic cells by DC induces Th17
cells via production of IL-6 and TGFβ following recognition of microbial molecules [33].
Direct flagellin-mediated TLR5 stimulation of CD11bhiCD11chi lamina propria DC supports
intestinal Th17 induction [32] through MyD88-dependent IL-6 production, a critical
mediator of T cell homeostasis in the gut [32–34]. Lamina propria DC can also produce IL-6
and induce Th17 cells in GF mice following ATP administration; however, this occurs
through a MyD88 and TRIF-independent mechanism [35]. The expansion of Th17 cells can
also be negatively regulated by intestinal epithelial cells, which produce IL-25 following
microbial recognition [36]. IL-25 inhibits the production of IL-23 in the lamina propria,
which is required for T cell proliferation in the colon [37], thus limiting the Th17 program
[36].

Activated γδ T cells in the lamina propria are also an important source of IL-17 and are
regulated by the commensal microbiota, as reflected by the fact that GF and antibiotic-
treated mice have lower percentages of activated γδ T cells [38]. IL-17 expression by γδ T
cells is activated in vitro and in vivo by IL-23 and IL-1 [38,39]. Commensal bacteria also
direct the function of γδ intraepithelial lymphocytes, which are critical in limiting bacterial
penetration during intestinal injury [40].

Intestinal epithelial cells, which are in close contact with the microbiota, are critical for
maintenance of innate and adaptive immune homeostasis in the gut. In the colon,
Clostridium species signal through intestinal epithelial cells to mediate induction of IL-10-
producing Treg in the colonic lamina propria [41]. IKKβ-dependent NF-κB signaling in
intestinal epithelial cells regulates helper T cell responses that mediate clearance of the
intestinal parasite Trichuris muris [42]. Further, NF-κB signaling in intestinal epithelial cells
prevents inflammation by decreasing epithelial cell death. IKKβ- and MyD88-dependent
signaling have a critical role in the regulation of colitis-associated cancer [43,44].

Inflammation and the microbiota
While microbiota-induced Th17 cytokines in the lamina propria can be crucial for protection
against intestinal pathogens [18,21], they can also contribute to inflammation in the colon
[35], and IL-23-responsive innate lymphoid cells in the lamina propria contribute to colitis
in Rag−/− mice by producing IL-17 and IFNγ [45]. RORγt-deficient mice lack Th17 cells
and lymphoid tissue inducer cells, resulting in an absence of lymph nodes, Peyer’s patches,
and isolated lymphoid follicles. RORγt−/− mice are able to contain the microbiota by the
formation of B cell-mediated tertiary lymphoid tissue, which supports production of
protective IgG [46]. However, the increase in tertiary lymphoid tissue can also lead to
exacerbated immune responses, aggravating chemically-induced colitis [46]. These findings
illustrate the fine balance between immunity and inflammation in the gut.

T-bet deficiency in Rag2−/− mice (TRUC mice) leads to inflammation that closely
resembles human ulcerative colitis, including the development of colitis-associated
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colorectal cancer [47,48]. Colitis in TRUC mice is driven by increased production of TNF-α
by colonic DC, which is negatively regulated by T-bet. Antibiotic treatment can cure the
colitis, and transfer of the microbiota from TRUC mice into wildtype recipients transmits
colitis [47], indicating that this can be a microbiota-driven disease. Two bacterial species,
Proteus mirabilis and Klebsiella pneumoniae, can elicit TNF-α production from T-bet−/−

Rag−/− MyD88−/− bone marrow-derived DC [49]. These bacteria can drive TRUC colitis in
specific-pathogen free wildtype mice but not in GF mice, indicating that there are other as
yet unidentified bacterial species that contribute to colitis in this model [49].

Perhaps not surprisingly, a counterpart to these colitogenic species exists that ameliorates
colitis; mice fed a fermented product containing Bifidobacterium animalis subsp. lactis have
lower numbers of P. mirabilis and K. pneumoniae, and improved colitis scores [50]. In the
skin, lipoteichoic acid, a TLR2 agonist derived from commensal Staphylococcus species
inhibits TLR3-mediated inflammation following cutaneous injury [51]. Bacteroides fragilis,
an intestinal commensal microbe belonging to the Bacteroidetes family, supports the
differentiation of Foxp3+ T cells that express IL-10, thus protecting from colitis by
decreasing detrimental inflammatory responses during Helicobacter hepaticus infection
[52]. H. hepaticus is a Gram-negative commensal bacterium that reduces inflammatory
responses in the intestine through its type VI secretion system, limiting intestinal
inflammation and maintaining a symbiotic relationship with the host [53]. However, H.
hepaticus can cause colitis in immunocompromised animals or following alterations to the
microbiota, through mechanisms that are not entirely understood. B. fragilis-induced
amelioration of colitis is mediated by a single B. fragilis-derived capsular component,
polysaccharide A (PSA) [54], which, as we describe below, also plays a role in regulation of
autoimmune processes in the central nervous system [55]. Expression of a single bacterial
capsular polysaccharide, however, is insufficient for competitive intestinal colonization by
B. fragilis [56]. Bacterial metabolites in the intestine, such as short-chain fatty acids, also
limit inflammatory responses, in this case signaling through the receptor GPR43, and
downregulating the expression of pro-inflammatory molecules on neutrophils [57]. These
findings highlight the dual role of the microbiota, whose components can both cause as well
as prevent inflammation.

Autoimmunity
While shifts in microbiota composition and density affect immune responses locally, it is
now recognized that changes in bacterial species in the gut can also result in altered
immunity in organs that are not in direct contact with the intestinal microbiota. Mice lacking
an intestinal microbiota develop attenuated disease in models of autoimmune arthritis and
autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis. Colonization
with SFB promotes progression to autoimmune arthritis through the induction of antigen-
specific Th17 cells, which mediate the expansion of B cells in germinal centers and the
production of autoantibodies involved in development of disease [58]. Similarly, GF mice
develop markedly attenuated EAE, concomitant with decreased infiltration of the spinal cord
by Th17 cells; and disease susceptibility is restored upon colonization with SFB [59].
Interestingly, colonization of GF mice with B. fragilis results in the expansion of IL-10-
producing Tregs that limit pro-inflammatory responses and ameliorate EAE [54,55]. While
the specific mechanism of Treg induction by B. fragilis-derived PSA is unclear, it is known
to require TLR2 signaling [54]. While PSA-induced Tregs are effective suppressors of
effector T cells, at least in part through IL-10 production, it remains unclear whether they
can control specific inflammatory processes or if they have general suppressive potential
that may be exploited more broadly to limit inflammation [54]. These findings support the
concept of intestinal homeostasis maintained by a complex microbiota, whose individual

Jarchum and Pamer Page 5

Curr Opin Immunol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



components can contribute to immune activation or tolerance, together maintaining immune
homeostasis in the gut and beyond.

In nonobese diabetic mice (NOD), which spontaneously develop autoimmune diabetes,
MyD88 deficiency results in lower numbers of autoreactive CD8+ T cells in the pancreatic
lymph nodes and autoreactive CD4+ T cells have lowered proliferative capacity, protecting
mice from diabetes development [60]. Notably, however, the lack of a microbiota in GF
NOD mice does not ameliorate disease [60], and the mechanism by which MyD88 signaling
contributes to autoimmunity in these mice is not clear.

While Th17 cells are decreased in frequency in GF mice, a recent study demonstrates that
Treg from GF mice do not have decreased suppressive capacity, and depletion of Treg in GF
mice results in autoimmunity, similar to mice harboring conventional flora [61]. This
finding suggests that autoimmune processes resulting from Treg deficiencies are not
dependent on the presence of the microbiota.

Concluding remarks
Our appreciation for the role of the microbiota in shaping host innate and adaptive immunity
has increased greatly in the last decade. These insights have established that changes in the
density and composition of the intestinal microbiota should be considered when
inflammatory processes are under investigation, including metabolic syndrome and chronic
inflammatory responses. This is highlighted by the fact that C57BL/6 mice from different
providers harbor distinct microbiotas that shape the cellular composition of the lamina
propria [21]. Further, inbreeding of mouse colonies for extended periods of time may result
in mouse strains harboring distinct gut floras, even within one animal facility. As discussed,
this can have profound effects in studies of immune responses in the gut and elsewhere and
should be taken into account. To equilibrate the microbiota of mouse strains, one may
consider co-housing of animals or breeding strategies that result in littermate controls.

The identification of microbial species that affect the immune response and the mechanisms
they employ, will continue to aid in our understanding of the way in which the microbiota
communicates with the host to maintain immune homeostasis. These findings will continue
to inform the development of microbial therapies that may alter immune responses in
patients with autoimmunity, inflammatory bowel disease, and microbial infections.
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Figure 1.
Major mechanisms that may contribute to the restoration of colonization resistance.
Antibiotic treatment results in depletion of the normal microbiota, rendering the host
susceptible to colonization by potentially pathogenic microbes. Recovery of a commensal
microbiota by adoptive transfer or cohousing with normal mice restores colonization
resistance, leading to clearance of dangerous bacteria such as S. typhimurium and VRE. Two
major mechanisms may contribute to pathogen clearance: the direct effect of the commensal
flora on the growth of the pathogen (A) and restoration of immune tone induced by
stimulation of immune receptors, preventing expansion of the pathogen (B and C). The
mechanisms underlying direct pathogen inhibition by the microbiota remain ill-defined, but
may include competition for nutritional resources and production of growth inhibitory
molecules. As depicted in B, bacterial products stimulate innate immune receptors expressed
on epithelial cells to restore immune homeostasis in the intestine. The production of RegIIIγ,
an antimicrobicidal lectin that targets Gram-positive bacteria, by intestinal epithelial cells,
helps maintain homeostasis of intestinal microbial communities and contributes to clearance
of invading species such as VRE. RegIIIγ is elicited by direct sensing of the microbiota by
intestinal epithelial cells (B) or, when bacterial products are found systemically, by sensing
of bacterial products by cells of hematopoietic origin that express IL-22 (C). Following
disruption of the epithelium, bacteria and their products reach the lamina propria and
stimulate innate immune receptors, which recruits and activates neutrophils and monocytes,
and stimulates IgA responses (C). Immune cells of the lamina propria are activated to
generate an antimicrobial program that clears the pathogen and restores health to the
epithelial barrier.
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Figure 2.
The microbiota induces Th17 cell expansion through multiple mechanisms. SFB induces
expression of serum amyloid A (SAA) in the small intestine, which leads to DC-mediated
Th17 differentiation (A). ATP (adenosine 5′ triphosphate), which can be produced by the
microbiota, contributes to Th17 differentiation by activating a subset of DC via a MyD88-
and TRIF-independent mechanism (B). Flagellin-mediated stimulation of TLR5 expressed
on CD103+ lamina propria DC induces IL-6 expression, contributing to the Th17 cell
program (C). Phagocytosis of infected apoptotic cells by dendritic cells contributes to the
production of Th17-inducing cytokines (D). Several DC subsets are present in the intestinal
lamina propria, which may respond distinctly to these signals, contributing to Th17 cell
expansion. The frequency of Th17 cells in the intestine is negatively regulated by
microbiota-induced production of IL-25 by intestinal epithelial cells, which limits IL-23
production (E).
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