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Summary
The commensal bacteria normally resident in the gastrointestinal tract represent an enormous pool
of foreign antigen within the body. Although mechanical barriers limit entry of bacteria into the
host, recent data suggest that T cells routinely interact with commensal bacteria using both
antigen-specific and non-specific receptors. Depending on the bacterial species, either regulatory
or effector T cell responses can be generated. For example, segmented filamentous bacteria (SFB)
favor effector Th17 responses whereas Bacteroides fragilis and certain Clostridium species favor
Foxp3+ regulatory T (Treg) cell responses. Thus, in contrast with the notion that only tolerogenic
responses are required to self, gut homeostasis may require both tolerance and immunity to
various constituents of the commensal microbiota.

Introduction
The process of lymphocyte maturation generates a diverse array of receptors capable of
recognizing a wide variety of antigens. However, a consequence of this diversity is that self-
antigens will inevitably be recognized and cause autoimmunity, necessitating the need for
tolerance to self. For T cells, this is primarily accomplished by the deletion of self-reactive
cells or their selection into the suppressive regulatory T (Treg) cell subset during T cell
development in the thymus [1,2]. However, it has been unclear how tolerance is established
to antigens that are not present in the thymus. In particular, the commensal bacteria resident
in the gut represent a large, ever-present source of foreign antigens, with over 1000 species
encoding 100-times as many genes as the human genome [3]. Although most of these
antigens are sequestered in the lumen under normal conditions due to the mucous layer, IgA,
and anti-microbial peptides near the mucosal barrier [4–6], some antigens cross this barrier
and are presented to the immune system. In the small intestine (SI), antigens may be actively
transported across the barrier by M cells in the Peyer’s Patches (PP) [7], dendritic cell
extensions into the lumen [8], or through channels in close proximity to goblet cells [9].
Presentation of antigen to naïve T cells then initiates peripheral T cell differentiation. In the
colon, the processes that allow bacterial antigen presentation are currently unknown. Here,
we review the recent studies of T cell interactions with commensal bacteria which show that
some species can induce peripheral regulatory T cell selection and tolerance, whereas others
appear to elicit effector T cell responses and immunity.

© 2012 Elsevier Ltd. All rights reserved.

Correspondence to C.S.H., chsieh@wustl.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Opin Immunol. Author manuscript; available in PMC 2013 August 01.

Published in final edited form as:
Curr Opin Immunol. 2012 August ; 24(4): 385–391. doi:10.1016/j.coi.2012.04.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Treg cells are important for gut tolerance
One suggestion that the immune system is normally tolerant to gut microbial antigens comes
from clinical experience with human inflammatory bowel disease (IBD), which afflicts ~ 1
in 200 people with symptoms such as bloody diarrhea and abdominal pain, causing
substantial morbidity and mortality [10]. Even though the gut is a common route of
pathogen entry, an infectious etiology has not been identified. Moreover, treatment of IBD
commonly utilizes immunosuppression, which would be predicted to exacerbate an infection
[11]. As immunosuppression is normally used for treating autoimmune disease, this suggests
that IBD results from a breakdown in immune tolerance in the gut [10–13].

The notion that T cells are actively tolerant to commensal bacteria was suggested two
decades ago by the classic studies of Powrie et al. Using an adoptive transfer model, it was
shown that the normal CD4+ T cell population contains naive T cells marked by CD45RBhi

that can cause colitis [14], but are normally held in check by another CD4+ T cell subset
now known to be Treg cells [12]. The inflammatory responses were dependent on the
presence of commensal bacteria, as transfer into germ-free (GF) hosts did not lead to
pathology [15]. Thus, the presence of Treg cells normally prevents inappropriate T cell
responses to commensal bacteria that can cause an inflammatory colitis.

Initial studies using GF mice suggested, however, that commensal bacteria were not
essential for the generation of a protective Treg cell population. It was observed that Treg
cells are readily found in the gut of GF mice [16–18], suggesting that commensal bacteria
are not required for Treg cell generation. Moreover, the Treg cells from GF mice were able
to protect against colitis in the aforementioned Powrie adoptive transfer model [17,19],
although they were quantitatively less effective than Treg cells from conventionally housed
(conv.) mice. Thus, these data suggested that Treg cells are required for colonic tolerance to
commensal bacteria, but that Treg cell generation and function can occur independently of
commensal bacteria.

Specific commensal bacterial species influence the colonic Treg cell population
Contrary to these initial data from GF mice, recent studies suggest that commensal bacteria
play an important role in shaping the colonic Treg cell population. For example, it was
observed in some labs that the frequency of colonic Treg cells was 2–3 fold higher in mice
with commensal bacteria than in GF mice [17,18,20,21]. A study of the constituents of the
commensal microbiota revealed that certain Clostridium species, but not Lactobacillus or
Bacteroides species, are sufficient to increase the frequency of Foxp3+ Treg cells in the
colon when transferred into GF mice [20]. In particular, Clostridium species from
phylogenetic clusters IV and XIV were the most effective in generating a high frequency of
Treg cells in the CD4+ T cell population. Although much remains to be learned regarding
the microbial species that affect the colonic Treg cell population, it is clear that some species
are preferentially able to increase the Treg cell population in the colon.

In addition to the ability of Clostridium species to enhance the frequency of Treg cells in the
colon, it was observed that commensal bacteria affected Treg cell expression of Helios [20],
an Ikaros family transcription factor that has been proposed as a marker for thymically
derived Treg cells [22]. Most Treg cells in the colons of GF mice were Helioshi, whereas
Treg cells in conv. mice were mostly Helioslo [20,23]. Thus, these data implied that the
colons of GF mice contain mostly Treg cells of thymic origin, whereas the commensal
microbiota in conv. mice robustly triggers the peripheral differentiation of induced Treg
(iTreg) cells that preferentially survive or expand at the expense of thymically-derived Treg
cells.
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Induction of commensal-bacteria specific iTreg cells
Although the use of Helios as a thymic Treg cell marker is still controversial [24–26],
independent confirmation for the hypothesis that commensal bacteria induce iTreg cell
generation came from an analysis of the colonic Treg TCR repertoire. This study utilized a
fixed TCRβ model to analyze TCRs at the individual TCR level [23], and found that colonic
Treg cells use TCRs that are different from those used by Treg cells in other secondary
lymphoid tissues, suggesting that colonic Treg cells recognize local antigens. Functional in
vitro assays using colonic Treg TCR expressing hybridoma cells revealed that a large
fraction of the common Treg TCRs reacted to either colonic contents or bacterial isolates,
implying that the majority of colonic Treg cells recognize commensal bacteria. Although the
specificity of most Treg TCRs analyzed was not mapped to an individual bacterial species,
these data suggested that many, and perhaps the majority, of Treg TCRs could recognize
commensal bacteria.

Analysis of this set of colonic Treg TCRs in vivo revealed that they were unable to facilitate
thymic Treg cell differentiation. Further analysis of two of these TCRs showed that they
facilitate peripheral Treg cell induction in response to the commensal microbiota [23]. Thus,
consistent with the Helios results discussed above, these data suggested that most colonic
Treg cells differentiate from naive T cells in the periphery, rather than derive from nTreg
cells selected in the thymus.

The notion that peripheral Treg cell induction occurs locally in the gut is also supported by
other studies. For example, TGFβ, an important factor for inducing Foxp3 expression in
naive T cells [27], is enriched in the gut. One potential contributor to this is bacterial-derived
metallo-matrix proteases, which can facilitate the conversion of latent TGFβ to its active
form, promoting peripheral Treg cell induction [20]. CD103+ dendritic cells in the
mesenteric lymph node, but not splenic dendritic cells, have been shown to facilitate the
process of peripheral conversion in the gut, in part mediated by the synthesis of retinoic acid
[28–31]. However, recent studies have also suggested a pro-inflammatory effect of retinoic
acid [32,33], implying that it has a context dependent role in immunity and tolerance.

The observation that thymus-derived Treg cells markedly decrease in proportion to iTreg
cells in the presence of commensal bacteria poses an interesting question regarding the
competitive fitness of these two Treg cell subsets. One possibility is that bacterial products
may favor the preferential expansion or survival of iTreg cells. This may occur via
stimulation of innate immune cells leading to the release of cytokines, or via stimulation of
T cells themselves. A well-studied example of this type of response is polysaccharide A
(PSA) from B. fragilis [34,35], which has recently been shown to activate Treg cells via
TLR2 and facilitate the production of IL-10 [36]. A TLR-mediated mechanism for
increasing the frequency of iTreg cells, however, has not yet been described. Another
possibility is that bacterial products or their antigens may indirectly facilitate iTreg cell
development or expansion via the stimulation of effector T cells to secrete IL-2, a cytokine
important for peripheral Treg cell proliferation and survival [37–41]. Whether this could
increase the frequency of Treg cells to a substantial degree without overt pathology being
observed is unclear. Moreover, it is unknown whether these mechanisms affect Helios
expression. Yet, it seems likely that these mechanisms will contribute at least in part towards
generating an iTreg cell population specific to commensal bacteria.

A final possibility is that the commensal microbiota may markedly alter the antigenic
landscape in the colon by supplanting the presentation of self-ligands typically recognized
by thymic Treg cells with bacterial antigens. This would be consistent with previous studies
showing that the Treg TCR repertoire varies by anatomic location [23], suggesting that the
Treg cell population is heavily shaped by the local antigenic milieu. Thus, we speculate that
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the high proportion of foreign versus self-antigens facilitates the maintenance of the
commensal bacteria-specific iTreg cell population.

Do Treg cells need to recognize commensal bacteria to prevent colitis?
The observation that Treg cells from GF mice can protect in the adoptive transfer model of
colitis, albeit less effectively than those from conv. mice, suggests that commensal bacteria-
induced iTreg cell generation may not be required for colonic tolerance [19]. However,
several recent studies argue that this is not the case. First, it was observed that colonic Treg
TCRs could induce colitis in lymphopenic hosts if expressed on effector T cells [23],
suggesting that peripheral conversion prevents cells from differentiating into effector cells.
Second, it was shown that adoptive transfer of Treg cells limited the spontaneous
immunopathology in Foxp3-deficient mice, consistent with a previous report [42], but were
unable to prevent the development of colitis [25]. Co-transfer of both naïve Foxp3− and
Foxp3+ Treg cells were required to cure Foxp3-deficient hosts and enable them to breed,
suggesting that the provisioning of additional TCR repertoire diversity into the Treg cell
population via the peripheral conversion of naïve T cells was required for colonic tolerance.
Finally, a study of mice deficient in peripheral, but not thymic, Treg cell differentiation
found that they developed a Th2-mediated colitis with time [43]. The specific blockade in
iTreg cell generation resulted from the deletion of the conserved-nucleotide sequence 1
(CNS1) portion of the Foxp3 locus [44]. Thus, these studies suggest that peripheral
generation of Treg cells in response to commensal bacteria is important for maintaining
colonic tolerance.

Although these recent reports seem at odds with earlier data on GF Treg cells in the transfer
model, there may be some potential explanations. One possibility is that thymic Treg cells
do provide a measure of tolerance in the colon. There is still a sizable fraction of Helioshi

cells in the colons of conv. mice (~ 20–25%) [20,23]. Consistent with this observation, TCR
repertoire studies showed that a minority of colonic Treg cells utilize TCRs that are also
found on thymic Treg cells [23]. Another possibility is that the use of splenic Treg cells in
the transfer model may limit the impact of commensal bacteria on that Treg cell population.
The frequency of splenic Treg cells that are Helioshi (i.e. thymic) is essentially unchanged in
the presence of commensal microbiota [20,23]. Moreover, splenic Treg cells utilize TCRs
that are mostly different from colonic Treg cells [23]. We would therefore predict that there
is a higher degree of similarity in the splenic Treg TCR repertoires between GF and conv.
mice, whereas the colonic repertoires would be quite different. If these arguments are
correct, this would suggest that Treg cells in this transfer model of colitis may act primarily
to limit the pro-inflammatory effects of lymphopenia [45], presumably in the lymph node,
rather than directly controlling immune responses to commensal bacteria in the colon in an
antigen specific fashion. However, limiting the pro-inflammatory signals during
lymphopenia may allow the transferred CD45RBhi T cells to differentiate into iTreg cells,
rather than effector cells, in response to commensal bacterial antigens.

Effector T cell responses to commensal bacteria
As mentioned above, the classic adoptive transfer studies showed that CD4+ T cells can
induce immunopathology in the colon, but were held in check by Treg cells [12]. The notion
that effector T cells can respond to commensal bacteria was supported by a series of studies
showing that effector T cells in a spontaneous model of colitis often recognized a flagellin
epitope [46]. Moreover, the response of TCR transgenic cells to this antigen in lymphopenic
hosts causes colitis and is skewed towards effector T cell differentiation (Th1 and Th17),
rather than Treg cell generation [46,47].
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Another example of commensal bacteria initiating effector T cell responses came from the
serendipitous observation that mice from different vendors had vastly varying frequency of
Th17 cells [48]. It was subsequently shown that the development of Th17 cells was
dependent on the presence of segmented filamentous bacteria (SFB) [49,50], although the
antigen specificity of the Th17 cells has not yet been reported. Thus, these data suggest that
SFB, perhaps due to its ability to attach to the epithelium [49], has a unique ability to induce
Th17 responses under normal homeostatic conditions.

Although it appears that many constituents of the commensal microbiota favor iTreg cell
differentiation, it is unclear why SFB and other bacteria induce Th17 cells. One possibility is
that the array of TLR ligands is different on these bacteria. For example, they may include
bacterial products such as the TLR5 ligand flagellin, which can stimulate Th17 cell
differentiation in vitro [51]. Another possibility is that bacteria-induced apoptosis leads to a
unique combination of TLR and apoptotic signals that favor TGFβ and IL-6 production,
resulting in Th17 development [52]. Whether this apoptotic mechanism occurs with
commensal bacteria, however, is not clear. Future studies will be required to determine why
certain bacteria induce effector T cell, and not iTreg cell, differentiation, and establish
whether this induction is only for the bacteria-specific T cells, or creates a cytokine
environment that skews T cell differentiation to the effector cell lineage, potentially
including T cells recognizing commensal bacteria that normally elicit iTreg cell responses.

Does gut homeostasis require both effector and regulatory T cell responses?
One intriguing issue is that all of these T cell differentiation events, both pro- and anti-
inflammatory, normally occur in every individual. Whereas humans routinely encounter new
bacteria, mice in SPF facilities should not, implying that the process of effector and iTreg
cell selection is somehow compartmentalized. Consistent with this hypothesis, little overlap
was observed between the effector and Treg TCR repertoires at steady state [23], suggesting
that different antigen specificities result in different T cell fates. One possibility is that
effector and Treg cell differentiation are temporally separated, such that when IL-6 is high,
Th17 cells are generated, and when it is low, Treg cells are generated [53]. Another
possibility is that effector and Treg cell differentiation is segregated spatially due to different
APCs or lymphoid structures. This could be related to the APC subset that picks up the
bacteria, or the array of TLR ligands on the bacteria. A final variable may be the amount of
antigen [54]. Future studies will be required to determine whether effector and Treg cell
differentiation can occur simultaneously in different compartments.

Although it is clear that effector T cells can be generated in response to commensal bacteria,
their function is not obvious. One possibility is that they are essentially unwanted
byproducts of the diverse TCR repertoire, such as autoimmune effector cells. On the other
hand, effector T cells to commensal bacteria may be beneficial. For example, it was shown
that mice with SFB show greater resistance to Citrobacter rodentium infection [49]. The
Th17 response induced by SFB may come at the cost of decreased tolerance, as it was
associated with a decrease in Treg cell frequencies [48] that may have affected systemic
tolerance in a TCR transgenic autoimmune arthritis model [55]. Another example is that T
cell deficient mice can develop colitis caused by the commensal microbiota. As these
bacteria do not cause pathology in normal mice, this suggests that a lack of T cell effector
function may lead to opportunistic infection by certain commensal bacterial species that are
currently unknown. SFB and the bacterial species that cause opportunistic infections may
have features of pathogenic organisms which trigger an effector T cell response. Thus, we
speculate that immune homeostasis to commensal bacteria is achieved by a mixture of
immunity and tolerance (Fig. 1).
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Concluding remarks
Our understanding of immune homeostasis with commensal bacteria has substantially
increased during the past several years, but much remains to be learned. For example, the
relationship between the various effector (Th1, Th17) and regulatory (Treg, Tr1) T cell
subsets still needs to be clarified, in terms of antigen-specificity, development, and function.
For example, IL-10 producing Foxp3− cells (e.g. Tr1) may be an important contributor to
colonic tolerance [56], as they are enhanced when iTreg cell generation is inhibited by
CNS1-deficiency in the Foxp3 locus [44]. Although this may suggest that Tr1 cells are
developmentally related to Treg cells, an alternative possibility is that IL-10 gene induction
does not require Foxp3 expression.

Another question is to understand the mechanisms that discriminate between pathogenic and
commensal bacteria. Pathogens may co-opt the gut tolerance mechanisms for commensal
bacteria to facilitate their survival [36]. Infections may also skew T cell development from
iTreg to effector in response to new commensal bacteria species, potentially breaking
tolerance and facilitating IBD [57].

Finally, it would be useful to translate these findings to facilitate treatment of IBD. One
approach would be to alter the patient’s microbiota to bacteria facilitate iTreg cell induction.
Another possibility would be ex vivo expansion and re-infusion of Treg cells, a strategy
being attempted for the treatment of autoimmune diabetes [58]. Specifically expanding Treg
cells that recognize commensal microbiota may facilitate Treg cell localization to the gut
and enhance suppressive activity. Thus, understanding the mechanisms of immune
homeostasis to commensal bacteria may provide insight into the pathogenesis and treatment
of inflammatory bowel disease.
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Highlights

• Tolerance is required to commensal bacteria and depends on regulatory T cells

• Regulatory T cells specific to commensal bacteria are generated from naïve T
cells in the periphery

• Bacterial products can facilitate Treg cell function via the induction of IL-10, an
immunosuppressive cytokine

• Specific commensal bacterial species induce inflammatory or tolerogenic T cell
responses in the gut
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Figure 1. A hypothetical model of T cell-mediated gut homeostasis
(Left) During homeostasis, commensal bacteria primarily induce iTreg cell differentiation
(green cell), although some bacteria (e.g. SFB) may elicit effector T (Teff) cell responses
(orange). iTreg cells would then inhibit effector cell responses to commensal bacteria, as
well as inhibit effector T cell differentiation. This may limit immunopathology and permit
healing of transient breaks in the mucosal barrier. It is unclear whether iTreg cells block
effector responses to bacteria which the Treg cells do not recognize. We hypothesize that the
effector cells generated during normal conditions may serve to keep certain commensal
bacterial species from causing pathology. (Middle) During infection, the influx of
pathogenic bacteria induces differentiation of antigen-specific effector T cells (yellow). Pre-
existing Treg cells specific to commensal bacteria may suppress effector responses to
commensal bacteria (orange cell) to prevent additional immunopathology. Whether
commensal bacteria-specific iTreg cells also suppress the pathogen-specific response is
unclear. The inflammatory response to pathogen may also inhibit iTreg cell differentiation
(not depicted). (Right) During resolution, iTreg cells limit excessive pathology to the
commensal bacteria that pass through the healing mucosal barrier.
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