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Summary

Although intestinal bacteria live deep within the body, they are topographically on the exterior

surface and thus outside the host. According to the classic notion that the immune system targets

non-self rather than self, these intestinal bacteria should be considered foreign and therefore

attacked and eliminated. While this appears to be true for some commensal bacterial species,

recent data suggests that the immune system actively becomes tolerant to many bacterial

organisms. The induction or activation of regulatory T (Treg) cells that inhibit, rather than

promote, inflammatory responses to commensal bacteria appears to be a central component of

mucosal tolerance. Loss of this mechanism can lead to inappropriate immune reactivity toward

commensal organisms, perhaps contributing to mucosal inflammation characteristic of disorders

such as inflammatory bowel disease.
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Introduction

The trillions of commensal bacteria that populate the gastrointestinal tract are of immense

benefit to mammalian hosts. Commensal organisms are necessary for the proper digestion of

dietary fibers, allowing for maximum nutrient extraction from food and the maintenance of

host health (1–3). Thus, it is clear that we have co-evolved with commensal bacteria,

incorporating them within our body to serve important biological functions.

Even though these bacteria are present deep within us, these microbes exist topographically

on the exterior surface of the body. In the lumen of the gut, the commensal bacteria are

separated from the interior of the body by a mucous layer fortified by anti-bacterial peptides

that overlay the epithelial layer (4). These mechanical barriers limit the penetration of

bacteria into the body that could trigger an immune response (5). Moreover, these barriers

prevent bacterial antigens from accessing the specialized tissues that instruct self/non-self-

recognition to adaptive immune cells during their development (6). Thus, bacteria that
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breach the mucosal barrier would be considered non-self and targeted for elimination by the

immune system.

Recent reports demonstrate, however, that many commensal bacteria may not trigger an

immune attack but rather elicit antigen specific tolerance. In particular, it appears that

commensal bacteria induce regulatory subsets of CD4+ T cells, which may act to inhibit

effector responses to those bacterial species. Here, we review the data supporting the notion

that the immune system is educated to become tolerant of its own commensal bacteria and

the molecular and cellular mechanisms by which bacteria influence this process. We also

discuss the implications of these data, which suggest that the immune system, in addition to

discrimination of self versus non-self, requires discrimination of commensal versus

pathogenic ‘non-self’ bacteria to prevent inflammatory bowel disease while remaining

responsive to enteric infections.

Microbial influences on T cells

To the best of our knowledge, it has been universally observed in murine models that

pathologic inflammation in the gut is dependent on the presence of commensal bacteria. For

example, mice with IL-10 or IL-2 deficiency develop colitis under conventional housing

conditions where commensal bacteria are present but not under germ-free conditions (7–9).

Similarly, adoptive transfer of naive T cells induces colitis in conventionally housed

lymphopenic mice but not those kept germ-free (10, 11). Moreover, recent studies have

shown that the presence of commensal microbiota or certain bacterial species contribute to

autoimmune responses such as experimental allergic encephalitis (12) and a murine model

of rheumatoid arthritis (13). These data therefore suggest that commensal bacteria are

important initiators of effector T-cell responses that promote inflammation. In addition this

supports the notion that the immune system sees commensal antigens as non-self, both

because the bacterial antigens are not likely present during thymic T-cell selection and

because bacteria display a variety of ligands for immune pattern recognition receptors (14).

It has become clear that commensal bacteria also elicit T cells that downregulate

inflammation to maintain intestinal tolerance. An early indication came from studies by

Powrie et al. (15), which demonstrated that transfer of the naive CD45RBhi subset of CD4+

T cells, but not the entire CD4+ population, induced colitis in lymphopenic hosts. This

seminal observation was one line of evidence suggesting the existence of an inhibitory CD4+

T cell subset, now known to be Foxp3+ regulatory T (Treg) cells, which are required to

maintain intestinal homeostasis and prevent colitis (16–18). This is further supported by the

observation that mice deficient in Treg cell generation and function due to mutations in the

IL-2 pathway also develop spontaneous colitis (19). Moreover, humans with genetic

deficiencies of Foxp3, a transcription factor required for Treg cell development and

function, suffer from IPEX (immune dysregulation polyendocrinopathy, enteropathy, X-

linked) syndrome which includes intestinal issues and diarrhea amongst its manifestations

(20). Thus, a large body of data supports an essential role for Treg cells in maintaining

immune homeostasis in the gut and preventing effector cells from causing immunopathology

in response to commensal bacteria.
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Induction of Treg cells by commensal bacteria

Although it was clear that Treg cells were important for gut tolerance, it remained to be

shown whether commensal bacteria directly influenced the generation or function of

intestinal Treg cells. Seminal work by Sakaguchi et al. (21) showed that the thymus was an

important site of Treg cell development required to prevent autoimmunity. Thymic Treg cell

development begins very early during ontogeny, within a few days after birth in mice (22),

and appears to be driven by T cell self-reactivity (23, 24). It was therefore possible that Treg

cells generated in the thymus to self-antigens may also prevent gut inflammation as well as

autoimmunity without previous exposure to commensal bacteria. This was supported by the

observation that Treg cells could be easily found in the intestines of germ-free mice (25–27),

demonstrating that commensal bacteria are not required for Treg cells to be present in the

gut. In addition, Treg cells from germ-free mice are protective in the Powrie transfer model

of colitis, although they are not as efficient as those from conventionally housed mice (27,

28). Taken together, these early reports suggested that commensal bacteria were not

essential for Treg cell generation or function at mucosal sites.

Recent data have demonstrated that commensal bacteria have a major impact on colonic

Treg cell generation and function, even if the bacteria are per se not strictly essential. While

a number of groups found that commensal bacteria did not affect the percentage of colonic

Treg cells (25, 29–31), other groups observed that the presence of commensal bacteria

increased the frequency of colonic Treg cells (32–35). These disparate results were

hypothesized to result from differences in the microbiota of the conventionally housed mice,

implying that at least some microbial species affect Treg cell numbers in the colon.

The observation that commensal bacteria in conventionally housed specific pathogen-free

(SPF) mice could increase the frequency of colonic Treg cells prompted a detailed analysis

of Treg cells in germ-free mice with defined bacterial species. Altered Schaedler flora

(ASF), which is comprised of only 8 commensal species, was sufficient to significantly

increase the frequency of Treg cells, although interestingly, the magnitude of the increase

was dependent on the genetic background of the mouse (32). An extensive study of a variety

of commensals, including Lactobacillus, Bacteroides, and Clostridium species,

demonstrated that clusters IV and XIVa Clostridium were primarily responsible for the

increased frequency of colonic Treg cells in response to murine (33) and human (36)

commensal microbiota.

The impact of commensals on Treg cells was further supported by the identification of a

microbial product from a specific bacterial species that affects Treg cell function.

Polysaccharide A (PSA) from Bacteroides fragilis was found to activate TLR2 expressed on

Treg cells, inducing the production of IL-10 (31). This enhancement in Treg cell function

facilitated the persistence of B. fragilis, suggesting that there is a mutualistic relationship

between the host and this species.

Several groups have reported a ‘universal’ mechanism driving Treg cell expansion that is

mediated by bacterially derived short-chain fatty acids (SCFAs) produced through the

metabolism of dietary fiber (34, 37, 38). These reports show that orally administered SCFAs
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increase Treg cells numbers and enhance Treg cell function via the induction of IL-10.

SCFAs may also induce Treg cell expression of GPR15 (34), a G coupled protein receptor

important for Treg cell homing to the colon (39). Thus, these data demonstrate that some

microbial products are sensed by the intestinal immune system to facilitate homeostasis and

tolerance instead of inflammation, consistent with the notion of an evolutionary mutualistic

relationship between commensal bacteria and the host (31, 32).

Many colonic Treg cells respond to commensal bacteria in an antigen-

specific manner

As discussed above, Treg cells appear to recognize the presence of certain bacteria through

non-antigen specific germ-line encoded receptors to bacteria-derived molecules. However, it

was unclear for some time whether Treg cells could also recognize bacteria via their

antigen-specific T-cell receptor. The fact that Treg cells are easily found in the colons of

germ-free mice (25–27) might suggest that they develop and function due to recognition of

self-antigen in the thymus and colon (24). Although Treg cells from germ-free mice were

less effective at preventing colitis in the adoptive transfer model (27, 28), it remained

possible that this resulted from a lack of prior exposure to non-TCR dependent bacterial

signals such as SCFAs or PSA.

Data from the past several years have provided direct support for the notion that Treg cells

can recognize antigens from commensal bacteria through their TCR. Using a fixed TCRβ
chain model to permit analysis of TCR repertoires at the level of individual T cells, our

group (40) observed that the TCR usage by peripheral Treg cells varied by anatomic

location. This is consistent with prior reports suggesting that lymph nodes preferentially

contain Treg cells that recognize antigens draining from local tissues (41–44). When these

studies were extended to the gut, we also observed that colonic Treg cells utilize a unique set

of TCRs, suggesting that they recognize antigens found only in this tissue, including both

colon-specific self-antigens and antigens derived from commensal bacteria (29).

To test the hypothesis that colonic Treg cells recognize bacteria antigens, we asked whether

common colonic Treg TCRs could be stimulated by fecal material in vitro (29). We were

surprised to observe that approximately ½ of the TCRs tested could recognize antigens in

the fecal material from conventional mice, but not in that from germ-free mice or in food.

Importantly, fecal material from mice purchased from Jackson Labs was unable to stimulate

these TCRs in vitro and in vivo unless these mice were first co-housed with mice from our

colony, suggesting a transmissible agent. Two of the identified colonic Treg cell TCRs were

stimulated by cultured bacterial isolates derived from our colony, supporting the notion that

these TCRs directly recognize bacterial antigens. The observation that many colonic Treg

TCRs could recognize fecal antigens was recently confirmed by an independent study using

a different limited TCR repertoire model (45). Moreover, Cebula et al. (45) also found that

the colonic Treg TCR repertoire was markedly changed after mice were exposed to broad

spectrum antibiotics, consistent with Treg cell recognition of commensal bacteria. Similarly,

Treg cells isolated from mice exposed to a mixture of Clostridium species were more

suppressive in vitro in the presence of fecal material containing Clostridium, suggestive of

antigen recognition (36). Together, this collection of data demonstrates that a substantial
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portion, and quite possibly the majority, of colonic Treg cells recognize antigens from

commensal bacteria.

Origination of colonic Treg cells from peripheral versus thymic Treg cell

differentiation

Colonic Treg cells that recognize foreign antigens from commensal bacteria may arise in the

thymus, denoted tTreg cells (46), perhaps due to TCR reactivity with both self and foreign

antigen (23, 47). Alternatively, colonic Treg cells may be comprised of peripherally derived

Treg (pTreg) cells, which arise from the induction of Foxp3 during naive T-cell

differentiation (48). While it appears clear that Treg cells derived from both thymic and

peripheral development are present in the colon, the relative contribution of each

developmental pathway to the total pool of mucosal Treg cells is controversial.

There are several lines of data supporting the notion that, unlike Treg cells in most other

anatomical locations, colonic Treg cells arise primarily from peripheral T-cell

differentiation. First, adoptive transfer experiments using naïve T cells demonstrated

preferential accumulation of donor derived pTreg cells in the intestines of host mice (49).

Another line of evidence came from studies of Foxp3-deficient mice, in which adoptive

transfer of wildtype Treg cells was unable to fully complement the host’s Treg cell

deficiency and restore the animal to full health and fecundity (50). Interestingly, co-transfer

of Foxp3− cells, of which 50% developed into pTreg cells, along with Foxp3+ cells was

required to fully complement Foxp3 deficiency. If these pTreg cells were selectively

depleted in vivo, the previously healthy host mice developed inflammatory infiltrates in the

liver, small intestine, colon, and lungs. In conjunction with TCR repertoire studies, they

concluded that pTreg cells derived from naive Foxp3− cells are required to provide

additional antigen specificities distinct from those of tTregs to generate tolerance

particularly at mucosal sites.

Genetic deletion of the conserved non-coding sequence-1 (CNS1) region of the Foxp3

markedly decreases the efficiency of peripheral Treg cell differentiation (51). In these mice,

Zheng et al. (51) observed that the frequency of Treg cells in the gut is reduced by

approximately 50%. Similar, but milder, defects in gut Treg cells were also observed upon

specific deletion within CNS1 of the SMAD binding site, which is involved in TGFβ
signaling (52). Subsequent studies showed that the defect in pTreg selection in CNS1-

knockout mice led to the eventual development of a Th2-mediated colitis (53). Thus, data

from CNS1-deficient mice suggests that peripheral Treg cell differentiation is important for

generating the bulk of the gut Treg cell population.

A fourth line of evidence comes from the use of markers for tTreg cells such as Helios, an

Ikaros family transcription factor, which is reported to be highly expressed on Treg cells of

thymic, but not peripheral, origin (54). In germ-free mice, ~80% of colonic Treg cells are

Helioshi suggesting that most of these Treg cells are of thymic origin (29, 33). By contrast,

only 20% of Treg cells are Helioshi in conventionally housed SPF mice, suggesting that the

colonic Treg cell population is derived mostly from naive T cells that undergo pTreg cell

differentiation in response to commensal bacteria. Similar results were reported for
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neuropilin-1, another putative marker of thymic Treg cells (55, 56). Although pTregs are

capable of upregulating Helios under some inflammatory conditions (50, 57), low

expression of Helios by tTreg cells has not been reported. While additional studies are

necessary to validate these markers, the available data support the notion that the majority of

colonic Treg cells arise from the peripherally derived Treg cell pool.

Additional work from our group has assessed the ability of colonic Treg TCRs to facilitate

thymic Treg cell differentiation. As mentioned above, these TCRs were identified using the

fixed TCRβ model, and were preferentially found in the colon but not elsewhere in the body,

including the thymus. Unlike Treg TCRs isolated from peripheral lymph nodes (23, 29, 58),

colonic Treg TCRs did not facilitate thymic Treg cell differentiation when retrovirally

expressed on thymocytes (29). Using retroviral bone marrow chimeras to further study two

colonic Treg TCRs, we observed peripheral Treg cell generation only when the purchased

host mice were first co-housed with mice from our colony (29). Subsequent studies using

adoptive transfer of naive T cells from colonic Treg TCR transgenic mice into congenically

marked normal hosts have confirmed the ability of these TCRs to facilitate peripheral Treg

cell differentiation (authors’ unpublished data).

There has been a recent challenge to the notion that most colonic Treg cells are of peripheral

origin, as Cebula et al. (45) suggested that colonic Treg cells are primarily of thymic origin

due to significant similarities in the TCR usage between colonic and thymic Treg cells in

their model. Several factors may account for the discrepant results observed between this

study and previous studies. First, although this group as well as ours analyzed mice with

limited TCR repertoires, different TCRβ chains were used to restrict TCR diversity. Second,

we utilized retroviral expression of TCRs in thymocytes to assess whether colonic Treg

TCRs induce tTreg selection as discussed above (29). It was suggested by Cebula et al. (45)

that intraclonal competition in the thymus precluded our ability to visualize thymic Treg cell

development, a phenomenon previously described by our group and others (58, 59).

However, this issue was examined in our manuscript (29). Third, Cebula et al. (45) assigned

TCRs to be of thymic Treg origin based on repertoire studies. However, it may be difficult

to draw conclusions regarding precursor:product relationships using TCR repertoire studies

alone, as multiple factors may result in the detection of a peripherally derived Treg TCR

amongst the tTreg TCR pool. Peripherally derived Treg cells can recirculate to the thymus

where their TCRs may be erroneously counted as thymically derived Treg TCRs (40, 60).

Impurities in FACS purification and errors in sequencing of the TCRs and barcodes may be

compounded using next-gen platforms which generate many-fold more data. This can result

in a greater perceived repertoire overlap if the primary criterion is a qualitative assessment

of ‘presence’ or ‘absence’ of the TCR sequence in each subset. However, the currently

available data suggests that TCR-driven thymic selection is a quantitative, rather than

qualitative, process meaning that each individual TCR varies in its efficiency for promoting

thymic Treg cell selection (23, 58) that likely depends on the amount of ligand in the thymus

(24). Thus, the observation that a TCR sequence is detected in the thymic Treg cell

sequences does not mean that all of the Treg cells in the periphery with that TCR were

generated by thymic Treg cell differentiation.
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Like the TCR repertoire data, studies of SCFAs have conflicted whether they affect pTreg

cell differentiation versus tTreg cell expansion. One group suggested that SCFAs primarily

acts to expand Treg cell numbers via GPR43 and histone deactylases (HDAC) inhibition

(34), supporting the notion of tTreg cell expansion (45). However, other groups reported that

the administration of SCFAs in the form of a butyrylated-diet lead to a marked increase in

Nrp-1lo Treg cells, consistent with expansion or differentiation of pTreg cells (38).

Moreover, SCFA-induced Treg cell expansion did not occur in CNS1−/− mice that are

defective in peripheral Treg cell generation (37). Thus, while the mechanism by which

SCFAs increase the number of colonic Treg cells remains uncertain, peripheral induction of

Foxp3+ cells seems likely to be involved in this process.

It has not been controversial that both thymic and peripheral Treg cells are present in the

colonic Treg cell population. The existence of Treg cells of both origins in the colon are

suggested by the distribution of Helios and Nrp-1 markers for tTreg cells, and by the

observation that CNS1-deficient mice still contain colonic Treg cells. Moreover, TCRs that

facilitate thymic Treg cell selection and react with foreign antigen has been observed (23,

47). Thus, the unresolved issue remains the degree to which thymic versus peripheral Treg

cell differentiation contributes to the overall colonic Treg cell population.

Effector T-cell differentiation in response to commensal bacteria

Although the precise ratio of thymic to peripheral Treg cells in the colon remains to be

determined, the intestines are widely regarded as environments that favor peripheral Treg

cell differentiation (61, 62). Interestingly, commensal bacteria also appear to elicit effector

cell differentiation, as much higher numbers of Th1 and Th17 cells are observed in

conventionally housed mice compared to those raised in germ-free conditions (63, 64). Note

that these observations specifically refer to effector T-cell differentiation in normal mice

under homeostatic conditions without evidence of inflammation or infection. Consistent

with this observation, memory T cells from conventionally housed mice are much more

efficient at inducing colitis after transfer into lymphopenic hosts than T cells from germ-free

mice (64), suggesting that mucosal effector T cells, in addition to Treg cells, also develop in

response to the commensal microbiota.

While relatively little is known about the specific bacterial species that induce Th1 cell

responses under homeostatic conditions, the dominant bacterial species involved in eliciting

Th17 responses in mice has been identified. The discovery of segmented filamentous

bacteria (SFB) resulted from a serendipitous observation that mice from different vendors

had different levels of Th17 cells in the gut lamina propria (65). SFB, a commensal microbe

found in mice from Taconic, is unique as it is primarily found in the terminal ileum of the

small intestine and makes tight attachments to the epithelial cells (66). The geographical

location of SFB results in Th17 induction primarily in the small intestine, and it remains to

be determined whether SFB is the dominant bacteria responsible for colonic Th17 cells.

Another question is whether SFB represents a class of commensal bacteria that are more

related to pathogenic species, i.e. a ‘pathobiont’, requiring effector immune responses to

maintain homeostasis. Nonetheless, these data provide clear evidence that effector T-cell

responses to specific commensal bacterial species occurs in normal healthy mice.
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Treg cells express effector cell transcription factors during intestinal

homeostasis

The above data suggest that naive T cells encountering commensal bacterial antigens can

differentiate into Treg or effector cell lineages. In the classic paradigm of CD4+ T-cell

differentiation, expression of lineage specific transcription factors in recently activated naive

T cells leads to the unambiguous generation of canonical T-helper cell phenotypes such as

Th1, Th2, Th17, and pTreg (67–71). Mutually exclusive lineage definition results in part

from cross-inhibition between the transcription factors that define each T-cell phenotype.

For example, co-expression of the Th17 transcription factor RORγt with Foxp3 was first

noted with in vitro cultures of naive T cells with TGFβ (72). Antagonism between the two

transcription factors results in either Th17 or Treg cells expressing only one transcription

factor.

It has become evident that this may not strictly apply to Treg cells, which have been

observed to co-express transcription factors associated with the various T-effector lineages.

For example, Treg cell-specific deletion of IRF4, a transcription factor involved in Th2

development, results in spontaneous Th2-mediated autoimmunity (73). In contrast, Treg

cell-specific deletion of GATA-3, another transcription factor required for Th2

development, exhibits spontaneous autoimmunity characterized by the production of

multiple effector cytokines including IFNγ, IL-17, and IL-4 (74, 75). In another example,

the Th1 transcription factor T-bet is expressed on a subset of Treg cells and is required for

suppression of Th1 responses (76). While Treg cell-specific deletion of the canonical Th17

transcription factor RORγt has not yet been reported, deletion of another important factor

for Th17 cells, STAT3, in Treg cells showed spontaneous colitis characterized by increased

Th17 cells (77). Thus, these data have led to a model where Treg cells that co-express

effector transcription factors gain the ability to specifically suppress the corresponding

effector cells (17, 78).

An important question is the mechanism by which expression of an effector lineage

transcription factor allows a Treg cell to specifically suppress that effector lineage. One

proposed mechanism is exemplified by the Th1 factor T-bet, which induces the expression

of the chemokine receptor CXCR3 on Treg cells. IFNγ induces the local expression of

several CXCR3 ligands, thus allowing T-bet+ Treg cells to traffic to sites of Th1 activation

and limit inflammation (76).

Another question is the mechanism by which Treg cells expressing effector transcription

factors are generated. One suggestion is that pre-existing Treg cells exposed to lineage

specifying cytokines upregulate the corresponding transcription factor, as observed for IL-12

and T-bet (79). Whether the expression of effector transcription factors is a transient

response to environmental cues, or represents a stable developmental sublineage of Treg

cells, remains to be established.

The relationship between Th17 and Treg cells deserves special consideration in gut

immunity for several reasons. First, there is a strong developmental synergy between these

two peripheral differentiation pathways, as TGFβ is an important factor for the development
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of both subsets in vitro, albeit with different dose optimum (72). Second, the colon, but not

other locations in the body, contains a high frequency of RORγt+Foxp3+ cells (72, 80). In

fact, the majority of RORγt+ cells in the colon co-express Foxp3, and conversely, nearly

half of Foxp3+ cells co-express RORγt (72). Interestingly, expression of RORγt on Foxp3+

cells, just like induction of RORγt on effector cells, appears to be dependent on the

microbiota (81). Despite their expression of RORγt, these Foxp3+ cells express high levels

of classical Treg cell factors, such as IL-10, CTLA-4, and ICOS, rather than the cytokines

associated with Th17 cells (80), and are protective against autoimmunity in a NOD-scid

model of diabetes (82).

These observations regarding RORγt+Foxp3+ cells raise several intriguing questions

regarding mucosal interactions with the gut microbiota. One question is to determine why

the ratio of Th17 to RORγt+Foxp3+ cells is much higher in the small intestine and reversed

in the colon. It could be due to different bacterial species, as SFB is found predominantly in

the ileum, whereas microbes that induce RORγt in the colon are unknown and may have

different properties. Alternatively, colonic microbes may induce RORγt in a manner similar

to SFB, but other environmental cues such as SCFAs may hijack the development of Th17

cells, diverting them into Foxp3+ cells. Another puzzle is the developmental relationship

between RORγt and Foxp3 expression. Do RORγt+Foxp3+ cell develop from Treg or Th17

cells? If they develop from Treg cells, is RORγt expression transient or stable, and does

RORγt impart a special function on Treg cells? In summary, the questions regarding the

generation of RORγt+Foxp3+ cells represent a microcosm of the issues regarding the

mechanisms by which commensal bacteria induce the selective differentiation of effector

and Treg cells.

How does the immune system determine effector versus Treg cell

selection?

Although the gut is widely recognized to be an important site for Treg cell differentiation, it

appears that these global signals favoring Treg cell selection do not override the process of

effector T-cell lineage selection to commensal bacteria. Treg versus effector T-cell selection

appears to be dependent on TCR specificity, as it was observed that the TCR repertoires are

quite different between CD44hi effector T cells and Foxp3+ Treg cells (29, 40). One possible

explanation is that molecular properties of the TCR interaction with antigen, such as affinity,

direct T-lineage specification. However, this is unlikely to be a primary factor, as there is no

obvious way in which this would distinguish bacteria that should elicit Treg versus effector

cell responses. Another possibility is temporal compartmentalization, in which there are

periods of effector cell differentiation and periods of Treg cell selection. This could be

imagined as a process that would allow effector cell response to pathogens during periods of

infection and Treg cell development to commensals during periods of homeostasis. While

this may be an important mechanism for peripheral tissues that rarely encounter foreign

antigens, it may not explain effector cell development in the intestines of specific pathogen

free mice, which do not have pathology and should not be routinely exposed to new bacteria.

We therefore favor the notion of spatial compartmentalization of effector and Treg cell

responses, in which TCR specificity dictates the site of antigen encounter (Fig. 1). The
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cytokine milieu present during TCR activation would then direct T-cell lineage

commitment. Thus, both the macroenvironment of the gut and the microenvironments within

the mucosal immune tissues may play important roles in peripheral T-cell differentiation.

In terms of the gut macroenvironment, it has been suggested that there are at least two

important signals which globally enhance Treg cell induction in the gut. TGFβ has long

been recognized as enriched in the gut (83, 84) and is a cytokine crucial for peripheral Treg

cell differentiation (85) and survival (86, 87). The in vivo role for TGFβ was supported by

the observation that deletion of the Smad3 TGFβ-dependent transcription factor binding site

CNS1 in the Foxp3 locus resulted in decreased numbers of Treg cells in the gut (52).

Commensal bacteria can also enhance the production of TGFβ (33). The other factor

appears to be SCFAs produced by bacterial fermentation as discussed above (34, 37, 38).

Thus, the presence of SCFAs and TGFβ appears to generate a macroenvironment that

globally favors Treg cell selection or expansion in the gut.

DC subsets may provide selective microenvironments for T-cell

differentiation

The observation that commensal bacteria makes a marked impact on the colonic Treg TCR

repertoire during normal gut homeostasis (29, 45) suggests that bacteria antigens in the

lumen routinely breach the mucosal barrier and are presented to the immune system.

Accumulating data suggest that sampling of the lumen is a routine function for certain APC

subsets. However, many current studies on antigen presentation focus on the small intestine

rather than the colon, which have different mucosal, microbial, and immune physiology (88,

89). As the field of APCs in the intestines is complex and continually evolving (90–93), we

will limit our discussion to consider the possibility that differential antigen uptake by DCs

may result in spatial compartmentalization of T-cell selection (Fig. 1).

The presence of transepithelial dendrites from lamina propria CX3CR1+CD103−CD11c+

cells was observed to extend into the lumen of the small intestine and capture Salmonella

(94–96). Recently, CX3CR1−CD103+ DCs in the epithelium were reported to preferentially

sample luminal bacteria, rather than soluble antigen (97). Finally, an alternative mechanism

of antigen sampling of luminal contents was proposed in which goblet cell associated

passages (GAPs) allow luminal contents to pass into the lamina propria and preferentially

transfer to CX3CR1− CD103+ DCs (98). While debate continues regarding the relative

importance of these antigen uptake mechanisms in the small and large intestine and in

infection versus homeostasis, these data support the hypothesis that the route of bacterial

antigen entry through the mucosal barrier may dictate the APC subset presenting the antigen

to T cells.

The observation that GAPs facilitate antigen transfer to CD103+ DCs synergizes with

another report showing that a molecule in mucous secreted by goblet cells, muc2, signals

CD103+ DCs to facilitate Treg cell differentiation (99). It is tempting to speculate that GAPs

transfer a package of bacterial antigens coated with muc2 which both stimulates antigen

uptake and tolerogenic cytokine production by CD103+ DCs, resulting in a

Ai et al. Page 10

Immunol Rev. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



microenvironment that directs Treg cell differentiation of commensal bacteria-specific naive

T cells.

In vitro, CD103+ DCs have been reported for some time to facilitate Treg cell differentiation

from naive T cells (100), and appear to do so via multiple mechanisms. One of the first

described was the increased production by CD103+ DCs of TGFβ and retinoic acid (RA)

(49, 101–103). RA also induces the expression of CCR9 involved in gut homing (104). The

mechanism of RA may be indirect by inhibiting T-effector cell differentiation, rather than

directly promoting the expression of Foxp3 itself (105), although a role for RA in effector

cell generation has also been proposed (106). Another mechanism is that CD103+ DCs

produce higher levels of IDO (107), which catalyzes the oxidative catabolism of tryptophan

and induce a metabolic stress response leading to the inhibition of mammalian target of

rapamycin (mTOR). The Akt-mTOR pathway is an antagonist of Treg cell differentiation

(108–110) potentially via the transcription factor HIF-1α (111), although a recent report

suggests paradoxically that mTOR facilitates Treg function (112). Consistent with this body

of work favoring a role of CD103+ DCs in peripheral Treg cell differentiation, it was

recently reported that in vivo ablation of CD103+ DCs resulted in a decrease in gut Treg cell

numbers (113).

By contrast, it has been reported that Th17 (83) or Th1 (114) differentiation is facilitated by

CD11b+ DCs. In vivo depletion of CD11b+CD103+, but not CD11b−CD103+, DCs revealed

a decrease in Th17 effector cell numbers (113) or Th17-profile cytokines (115), despite the

observation that each subset of CD103+ DCs individually is sufficient to sustaining Treg cell

numbers (113). How this occurs is unclear. One possibility is that each DC subset can

perform multiple roles (116). Another possibility is that DCs are plastic (114, 117), such that

they respond to local signals from TLR agonists, SCFAs, apoptotic cells (118), and so forth,

with a different array of cytokines. Third, the role of DC subsets has typically been assessed

on bulk Treg and Th17 cell numbers. For Treg cells, compensatory maintenance of

thymically educated Treg cells could obscure important defects in peripheral Treg cell

selection. Thus, it will be important in future experiments to trace the impact of specific

bacterial species, its uptake by DC subsets, and its recognition by antigen-specific T cells

and the subsequent acquisition of Treg and/or effector T-cell lineage transcription factors

(Fig. 2).

A role for effector T-cell responses to commensals during homeostasis

In comparison with the formalized notion that the immune system exists to eliminate

pathogens without causing autoimmunity, the intestinal immune system appears

considerably more complex. Considerable evidence exists suggesting that concurrent

generation of both tolerogenic and inflammatory cells occurs in response to commensal

bacteria. Moreover, these responses appear to be exaggerated in the gut, which may be best

exemplified by the massive enrichment of pTreg and Th17 cells in the intestines—

phenomena that appears dependent on the presence of commensal bacteria. Why then, does

such a complex system of effectors and regulators exist?
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This question is underscored by the observation that mice deficient in T and B cells do not

develop spontaneous intestinal immunopathology, breed reasonably well, and live long

lifespans in SPF housing conditions. In fact, they are more susceptible to environmental

opportunistic infections such as pneumocystis rather than intestinal pathology from

commensal bacteria. However, lymphocyte deficient mice do develop spontaneous colitis

when compounded by the innate immune cell deficiency seen in T-bet knockout mice,

suggesting a role for innate immune cells in controlling certain commensal bacteria (119).

This raises the possibility that, instead of functioning as a basic mechanism of immunity in

mucosal tissues, effector T-cell responses to commensal bacteria are rather a necessary ‘evil’

associated with the unique mucosal requirement for adaptive immune responses to

discriminate between pathogenic and commensal bacteria and viruses.

Adaptive immune cells must make some contributions to immunity to commensal bacteria,

as the number of live bacteria in the lamina propria and mesenteric lymph nodes is

increased in T- and/or B-cell-deficient mice (120). It has been difficult to address whether

this immunity is due to effector cells as transfer of effector cells without Treg cells results in

colitis (15). The reverse experiment of transferring Treg cells alone results in the loss of

Foxp3 expression in a small number of Treg cells which then undergo massive expansion

(121), which may convolute interpretations of Treg cell transfer experiments into

lymphopenic mice (122, 123). Although these experimental issues preclude proof of this

hypothesis, the logical presumption is that adaptive immune control of commensal bacteria

in mucosal associated tissues is enforced by effector T cells.

T-cell responses to pathogenic and commensal bacteria

While the primary role of the adaptive immune system may be to respond to pathogenic

rather than commensal bacteria, the pre-existing effector and Treg cell responses to

commensal bacteria can impact the course of infection. Conversely, infection may

fundamentally alter the balance between effector and Treg cell responses to commensal

bacteria, resulting in disturbed immune homeostasis and potential immunopathology well

after the infection has been resolved (Fig. 3).

Commensal bacteria-mediated effector cell development may improve immune fitness by

facilitating immune responses to new encounters with pathogenic bacteria. The presence of

SFB confers resistance to infection by Citrobacter rodentium, an attaching and effacing

bacterium that is a murine model of enteropathogenic E. coli, presumably due to the

increased baseline expression of Th17 associated cytokines and antimicrobial defensins (66).

It should be noted that SFB colonizes the small intestine and Citrobacter involves primarily

the cecum, suggesting the possibility of cross-talk between the colonic and small intestinal

adaptive immune systems. Thus, SFB induction of Th17-profile cytokines from innate

lymphocytes and Th17 cells results in bystander protection against Citrobacter, much like

the protection against bacterial infection conferred by the presence of latent virus (124).

Effector T cells that recognize commensal bacteria may be activated during infection due to

an influx of antigens after mucosal injury, potentially exacerbating immunopathology. For

example, GPR15−/− mice, which are deficient in colonic Treg cells due to impaired homing,
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are more susceptible to Citrobacter infection (39). This was hypothesized to result from

insufficient numbers of Treg cells leading to impaired suppression of effector responses to

commensals that infiltrate the lamina propria upon epithelial damage, and perhaps to

Citrobacter itself. Thus, effector T cells that recognize commensal bacteria may enhance the

inflammatory response during infection, requiring suppression by Treg cells to limit

pathology.

In addition to activating pre-existing effector T cells responsive to commensal bacteria,

infection can also introduce bacterial antigens that are not constitutively presented to the

immune system. For example, CBir TCR transgenic T cells, which recognize flagellin found

on certain commensal bacteria, typically possess a naïve phenotype in wildtype mice.

However, in the context of mucosal injury due to Toxoplasma gondii infection or DSS

administration, CBir T cells adopt an effector phenotype (125). Potentially, repeated injury

could lead to the accumulation of these commensal-specific effector T cells sufficient to

sustain an inflammatory response that prevents healing from epithelial injury, which allows

more commensal bacterial antigens to be presented to effector T cells, generating a

destructive feed-forward loop (125). Thus, effector T-cell responses to commensal antigens

may improve immune fitness to infections, but potentially at the risk of incurring acute and

chronic immunopathology.

Treg cell responses to commensal bacteria may increase susceptibility to pathogens. One

possibility is that the host mechanisms that facilitate Treg cell responses to commensals,

such as those involving SCFAs and TGFβ, could be co-opted by pathogens, resulting in

blunted effector cell and enhanced Treg cell generation to the pathogen. Another interesting

possibility is that commensal bacteria-specific Treg cells may block effector development to

pathogens, particularly if the pathogenic bacteria share common antigenic epitopes with

commensal species. This circumstance may be quite common with several known

pathogenic variants of commensal species. For example, Shiga-toxin producing E. coli is an

important cause of hemolytic uremic syndrome and is related to commensal E. coli (126).

Similarly, enterotoxogenic B. fragilis is related to non-toxogenic B. fragilis, a normal

commensal bacterial species (127). In these cases, pre-existing Treg cells to the commensal

species may limit the effector response to pathogen. Although Treg cell control of

inflammation is necessary for preventing effector cell-mediated immunopathology during

resolution of infection and periods of homeostasis, this pathway may be co-opted by

pathogens as an immune evasion strategy.

Systemic effects of T cells responses in the gut

The above discussion on T cell responses to commensal bacteria implies that these T cells

are gut specific due to interactions with local antigens. Consistent with this, TCR repertoire

studies suggest that the colon Treg TCR repertoire both varies with anatomic location and is

markedly affected by antibiotics (29, 45). However, a number of studies have suggested that

commensal bacteria may affect the immune system more globally and impact immune

responses outside of the intestine. For example, the presence of commensal bacteria

facilitates murine EAE, a model for human MS (12). Similarly, the murine K/B×N model

for inflammatory arthritis was greatly attenuated in the absence of commensal bacteria (13).
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Interestingly, reconstitution of germ-free mice with a single bacteria strain, SFB, which is

known for its ability to induce proinflammatory Th17 cells, was sufficient to generate

arthritis with similar kinetics to conventionally housed SPF mice. As another example,

Clostridium inoculated mice are resistant to colitis and systemic IgE responses (33). Thus,

an increasing body of evidence suggests that microbiota can potentially both stimulate as

well as inhibit immune responses beyond the intestinal compartment.

An important future goal involves defining the mechanism by which microbiota affect the

‘global’ immune system. Perhaps commensal organisms serve as a source of steady-state

TLR ligands and other immunogenic bacterial products that stimulate effector or Treg cells

either directly or indirectly via cytokines from innate cells. For instance, commensal-derived

SCFAs have been shown to increase systemic Treg cell numbers when administered

exogenously (37, 38). However, it is less clear whether microbiota produced SCFAs can

cause global effects on Treg cell number or function. Interestingly, it was reported that

spontaneous type 1 diabetes in the NOD model is inhibited by MyD88-deficiency, which is

consistent with the notion that microbiota may stimulate the immune system through TLR

signaling (128). However, re-derivation of MyD88−/− NOD mice under germ-free

conditions restored susceptibility to diabetes, suggesting a complex pro- and anti-

inflammatory role for the microbiota. Nonetheless, the idea is appealing that commensal

bacteria provide factors which optimally condition the host immune system in its entirety as

a byproduct of their co-evolution.

Alternatively, the microbiota might exert systemic effects by influencing the activation or

differentiation of local T cells, which subsequently traffic to other anatomical locations. This

may occur in response to ubiquitous self-antigens or tissue-restricted antigens that are also

found in the intestine such as MBP (12). Encounter of self-antigen in the appropriate

microbial microenvironment could result in the development of autoreactive Th17 cells.

This may explain why the K/B×N model of arthritis is influenced by commensal microbiota

(13) even though the TCR transgenic cells in this model recognize an antigen found in the

serum (129). One question is whether a wildtype polyclonal T-cell population generates a

different immune environment in the intestine in comparison with a TCR transgenic

population. Polyclonal T cells would be able to generate Th17 effector responses specific to

bacteria such as SFB and compete for a Th17 developmental or survival ‘niche’.

Additionally, the generation of polyclonal Treg cells to commensal bacteria may provide a

more tolerogenic environment. Thus, future studies are required to determine the mechanism

by which the microbiota affects immune responses beyond the intestine.

T-cell selection to commensal bacteria and IBD

Both the Powrie transfer model and TNBS model suggest that excessive effector T-cell

responses to commensal bacteria can induce chronic colitis that resembles human

inflammatory bowel disease (IBD). As Treg cells can ameliorate colitis in these models,

perturbation of the balance between effector and Treg cells that recognize commensal

bacteria may contribute to IBD. Consistent with this notion, stool samples obtained from CD

and UC patients were found to have deficiencies in members of the Firmicutes and

Bacteroidetes phyla (130), which have been shown to impact Treg differentiation and
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function in murine studies (31, 36). Thus, a chronic lack of tolerogenic factors produced by

bacteria such as SCFAs or PSA may tip the balance in favor of effector rather than Treg cell

differentiation and expansion in response to commensal bacteria.

A primary defect in effector or Treg cells may not be an initiating factor for IBD. Genetic

defects in Treg cell specific genes are most associated with IPEX syndrome (20). By

contrast, genetic studies of IBD have revealed defects in genes associated with epithelial

function such as autophagy (131), or genes associated with innate, rather than adaptive,

immune components such as innate cytokine production and microbial sensing. For

example, polymorphisms in the intracellular bacterial sensor NOD2 are clearly associated

with IBD (132, 133). One hypothesis is that epithelial and innate immune defects may result

in mild barrier breaches or slightly less efficient clearance of bacteria that penetrate the

mucosa, leading to excess antigen presentation to adaptive immune cells. Over years, this

may result in an imbalance between effector and Treg cells that results in inflammation

sufficient to alter mucosal barrier function, eventually leading to a feed-forward loop where

more and more commensal antigens are exposed to the immune system (125). Thus, defects

in innate immune cells may result in immunopathology caused or perpetuated by an adaptive

immune system with an imbalance between effector and Treg cells.

Although it may not be easy to reverse the genetic defects that promote IBD, it may be

possible to alter the microbiota to eliminate or minimize the bacterial species that are

particularly immunostimulatory. This could occur with antibiotic treatment, transplants of

‘designer microbiota’ (36), or direct administration of immunomodulatory factors such as

SCFAs (34, 37, 38) or PSA (134). Alternative approaches could involve therapeutics aimed

at increasing Treg cell numbers such as low dose IL-2 (135) or by ex vivo expansion of

autologous Treg cells (136, 137). Of course, with any manipulation that promotes tolerance,

susceptibility to infection may increase. However, historical experience using

immunosuppression with IBD and other autoimmune diseases suggests that this may not be

a prohibitive factor. In the future, it may be possible to expand bacterial antigen-specific

Treg cells. While issues of cost, Treg cell antigen-specificity, persistence, phenotypic

stability, and homing remain important challenges to personalized medicine with antigen-

specific Treg cells, such an approach has the potential to provide prolonged periods of

remission from IBD without systemic immunosuppression.
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Fig. 1. Different microenvironments in the gut allow for antagonistic T-cell differentiation
despite a tolerogenic macroenvironment
The macroenvironment of the intestines is enriched with SCFAs which have been reported

to induce tolerogenic factors including TGFβ. Antigens may be delivered to CD103+ DCs in

the lamina propria via GAPs and muc2, or they may reside within the epithelium and

acquire bacteria via intraepithelial dendrites. Muc2 and SCFAs may stimulate these DCs to

secrete TGFβ, retinoic acid, and IDO, creating a microenvironment that directs pTreg cell

differentiation. CX3CR1+CD103−DCs may acquire antigens via transepithelial dendrites

during inflammation, and secrete cytokines enriched with pro-inflammatory factors such as

IL-6. Thus, the microenvironment in which a naive T-cell encounters their antigen may

direct whether they adopt a tolerogenic or effector fate. Note that although this figure

illustrates naive T-cell encounter with APCs in the intestinal lamina propria, this

phenomenon may first occur in the mesenteric lymph node and involve migratory DCs (90–

93, 138).
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Fig. 2. The myriad of immune responses to commensal bacteria
Recent studies have demonstrated a clear relationship between specific commensal species,

APCs, and T-cell fates. Many studies report the total numbers of Treg and effector cells that

arise from interaction with commensal bacteria, but the mechanisms behind these

interactions remain unclear. For example, which commensal bacterial species elicit Treg,

Th1, and Th17 cells? How is the antigen taken up, and by which APCs? Do they induce

subsets of Treg cells expressing effector transcription factors like RORγt? Interestingly, like

Treg cells, Th17 cells have recently been suggested to be comprised of subsets with different

pathogenicity and developmental requirements (139, 140). Could these subsets of Th17 cells

be related to Treg cells by transcription factors or TCR specificities? Thus, this diagram

illustrates the complex relationships that exist between commensal bacteria and the T cell

immune system as well as the myriad of factors that should be investigated in future

experiments.
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Fig. 3. Effector and Treg cell responses to pathogenic and commensal bacteria
(A). Effector response to gut bacteria. Under homeostatic conditions, gut resident effector T

cells (red) mediate sub-clinical immune response toward commensal bacteria (blue), limiting

lamina propria invasion. This subclinical response may also provide protection against

pathogenic bacteria (red). During infection, invasive pathogens promote a robust effector T-

cell response, leading to their eventual clearance. Simultaneous presentation of commensal

antigens during this inflammation can lead to the expansion of commensal-specific effector

T cells. Sustained inflammation may lead to feed-forward loop (right) where commensal-T

cells alone can maintain inflammation and promote immune response toward additional

commensal bacteria and, eventually, overt colitis. (B). Regulatory response to gut bacteria.

Under homeostatic conditions, commensal bacteria (orange) drive peripheral conversion of

naïve T cells to a regulatory phenotype via the action of tolerogenic dendritic cells (DCs)

(green). Pathogens (red) may be able to subvert this process to prevent their elimination by

effector cells, potentially leading to the sustained inflammation described in (A). Pathogens

that gain access to tolerogenic DCs may lead to generation of Treg rather than effector T

cells. Pathogens that share epitopes (yellow star) with commensal bacteria may be protected

by commensal-specific regulatory responses.
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