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Abstract
The intestine is the home to a vast diversity of microbiota and a complex of mucosal immune
system. Multiple regulatory mechanisms control host immune responses to microbiota and
maintain intestinal immune homeostasis. This mini review will provide evidence indicating a Treg
cell-IgA axis and such axis playing a major role in maintenance of intestinal homeostasis.

The intestine harbors and is in constant contact with a vast diversity of microbiota, which
consists of about 1014 bacteria with hundreds of different strains (1). Despite this enormous
bacterial challenge, the host lives in harmony with the microbiota, in part due to the
interactions between some members of the microbiota and the host to maintain intestinal
homeostasis (2-4). Great progress has been made in recent years in our understanding of
how the host maintains tolerance to the microbiota yet can mount vigorous responses to
invading pathogens. To achieve tolerance to commensal flora, intestinal homeostasis relies
on a network of different regulatory components. Multiple strategies are present to confine
commensal bacteria to the intestinal lumen while preserving their number and composition
through combinations of physiological and immunological mechanisms including mucus,
lysozyme, lactoferrin, defensins, and induced specific immunity based on T cells and the
production of secretory immunoglobulin A (5-7). Both regulatory T (Treg) cells and
secretory IgA are enriched in the intestine, and play a crucial role in the maintenance of
immune homeostasis. In this brief review, we will discuss the evidence which supports a
major role for the Treg cell-IgA axis in controlling host responses to the microbiota.

Compartmentalization of mucosal immune responses to the microbiota
There is a significant immune response to the enteric microbiota, however, considering that
more than 500 commensal bacterial species and millions of microbial genes are present in
the intestinal environment, the immunological challenge represented by these microbes is
even greater (8-10). With this in mind, it is inconceivable that there is active immunity
against the entire span of microbiota antigens. It has been widely believed that the immune
system is immunologically tolerant to enteric bacterial antigens in normal hosts and there is
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a loss of such tolerance in chronic intestinal inflammation (11). However, this concept has
been challenged by recent studies.

Elegant work done by MacPherson's group (2) demonstrates that when delivered
intragastrically, Enterobacter cloacae (the main aerobic commensal in the Zürich colony of
specific pathogen-free (SPF) mice) could be detected in dendritic cells from Peyer's patches
and mesenteric lymph nodes (MLN), but not from the spleen, indicating that the MLN
excludes commensal bacteria from systemic immune system. Interestingly, strong
Enterobacter cloacae-specific IgA responses in the intestine were detected, however, there
were no serum IgG responses against Enterobacter cloacae antigens in unmanipulated mice.
Injection of bacteria into the tail vein induced a specific IgG response against Enterobacter
cloacae, indicating that this is ignorance rather than tolerance in the host response to
commensal bacterial antigens. The evidence highlights that the mucosal immune system
presents a strong IgA response to intestinal commensal bacteria, but that this is separate
from the systemic immune response (2).

To further define how the host responds to microbiota antigens, we randomly generated 20
recombinant intestinal bacterial proteins (rIB) from the intestinal microbiota of normal SPF
mice to probe in a systematic fashion the immune response in systemic and mucosal
compartments. Because these are random clones, they are likely to be from the most
abundant species among the microbiota. Neither serum IgG responses, nor splenic T cell
responses could be detected against any of these 20 antigens in normal SPF mice (12).
However, when mice were immunized with each rIB , both systemic B cell and T cell
responses to rIB were at a level comparable to their responses to OVA, a classic exogenous
antigen. Thus, each rIB is immunogenic yet does not stimulate any systemic immune
response in normal, nonimmunized mice. The lack of systemic B cell and T cell responses in
normal hosts to enteric bacteria is not a result of tolerance, rather, the systemic immune
system is naive or “innocent” to these antigens. In contrast, despite the lack of concomitant
serum IgG or splenic T cell responses, a strong intestinal IgA response to half of the rIB was
identified. All mice also demonstrated a strong intestinal IgA response to CBir1 and Fla-X
flagellins, immunodominant commensal bacterial antigens present in the intestinal lumen
(13). Intestinal IgA responses to these flagellins were detected in almost every individual
mouse, and at a higher titer compared with intestinal IgA responses to cloned rIB. However,
despite the strong mucosal immunogenicity and pathogenic potential of these flagellins,
there was still no detectable serum IgG or systemic T cell response to them in normal mice.
These data demonstrate that there is tight compartmentation of immune responses to
microbiota antigens, which is restricted to the mucosal but not systemic immune system in
normal mice. The systemic immune response remains naive to microbiota antigens rather
than immunologically tolerant.

Treg cells in host response to microbiota
Multiple levels of regulation exist to maintain the intestinal immune homeostasis and control
the compartmentation of immune responses to microbiota antigens. Among the multi-
mechanisms, CD25+CD4+Foxp3+ regulatory T (Treg) cells, along with Tr1 cells, play an
essential role in intestinal homeostasis (6,14). Treg cells constitutively express high levels of
the transcription factor Foxp3, which is considered to confer their development as well as
their regulatory activity (15,16). CD25+Foxp3+ Treg cells are not only generated in the
thymus (termed natural Treg cells) but also can be induced in periphery (termed induced
Treg cells) through antigen stimulation in the presence of TGF-β. Both natural and induced
Treg cells are present in intestinal lamina propria (14). As mucosal dendritic cells have been
shown as efficient for the conversion of Treg cells through a mechanism depending TGF-β
and retinoic acid (17,18), the intestine with its associated lymphoid tissue appears to be an
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important site for induction of CD25+Foxp3+ Treg cells from naive T cell precursors. The
induced Treg cells are thought as a strategy that reinforces intestinal homeostasis (19,20).

The mice with Foxp3 deficiency develop fatal multiorgan inflammation including chronic
intestinal inflammation that can be suppressed by adoptively transferred CD25+Foxp3+ Treg
cells (15,21). Intestinal inflammation, among other organs, often occurs in patients with
immune dysregulation, polyendocrinopathy, enteropathy, and X-linked (IPEX) syndrome
(22,23), which is caused by germline mutations in FOXP3, highlighting the importance of
Treg cells in maintaining intestinal homeostasis in human. Treg cells can regulate both T
cell responses and the activity of the innate immune system. Transfer of Treg cells not only
inhibits experimental colitis induced by adoptive transfer of CD4+CD45RBhi naive T cells
which react to the intestinal flora into immunodeficient mice or the colitis induced by innate
immune activation, but also cures the established colitis (7,14,24,25). Several independent
mechanisms have been demonstrated to mediate the regulatory activity of Treg cells. Mice
lacking anti-inflammatory cytokine IL-10 or TGF-β in T cells develop wasting disease and
colitis when they are housed with microflora (26-28). Although Treg cells of spleen or MLN
produce very little IL-10 under steady-state conditions, Treg cells in the colonic LP are the
main CD4+ T cell population producing IL-10, as about one-third of the IL-10-producing
CD4+ T cells are Foxp3+ (29). Treg cells produce TGF-β, and a T cell–specific deletion of
TGF-β in mice results in colitis after 4 months of age (26), indicating a key role of Treg cell
production of TGF-β in controlling intestinal homeostasis. It is currently unknown, however,
why T cell–produced TGF-β and IL-10 play such a decisive role when TGF-β and IL-10
produced by other sources are readily available in the intestinal environment. Among many
possibilities, TGF-β and IL-10 produced by Treg cells could function differently from that
produced by other sources or be activated differently based on the niche they are located.

Role of IgA in intestinal homeostasis and immune protection
It has been shown that IgA, the most abundant antibody isotype in our body, plays a key role
in intestinal immune protection in a noninflammatory manner (30,31). Over 75% of the total
immunoglobulin produced is IgA, and most IgA is secreted across mucosal membranes.
Although IgA has been shown to participate in host responses against infection, the major
role of IgA is to maintain a balance between the host and its microbiota, as SPF mice that
have no pathogen exposure have abundant IgA whereas the mice have highly reduced
intestinal IgA levels when they are housed under germ-free conditions (32,33). IgA provides
mucosal immune protection through interactions with the antibody transporter, polymeric Ig
receptor (pIgR), which is expressed on the basolateral surface of epithelial cells (34,35).
Through binding to pIgR, secreted IgA dimers translocate to the surface of epithelial cells,
thereby generating secretory IgA complexes that exhibit remarkable stability in the harsh
environment of the gastrointestinal tract. Secretory IgA has been shown to play multiple
protective roles (5) by promoting immune exclusion and downregulating the expression of
proinflammatory bacterial epitopes on commensal bacteria (36,37).

Although many studies on the functional importance of secretory IgA have been focused on
its role in protection against mucosal infection, there is evidence indicating that IgA has a
role in preventing commensal bacterial penetration or limiting the growth of bacteria and
their densities in the lumen of the intestine. In IgA−/− mice and other strains which have low
levels of IgA, there are serum IgG responses against commensal proteins, which does not
occur in wild-type mice unless the commensal bacteria or their antigens are injected
systemically, indicating that IgA is integral in limiting commensal bacterial penetration in
the intestinal lumen (2,31,38). When germ-free wild-type mice and germ-free antibody-
deficient JH−/− mice were colonized with commensal bacteria, both wild-type and JH−/−

mice acquired the commensal bacteria within days. Notably, JH−/− mice showed increased
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penetration of commensals compared to wild-type mice. IgA secretion can also affect the
composition of luminal bacteria, as supported by the overgrowth of anaerobic species in
activation-induced deaminase (AID)-deficient mice, which lack class-switching
recombination to IgA. Repletion of AID deficient animals with wild-type B cells, which are
capable of producing IgA, could restore the flora composition (39).

IgA is not only protective against penetration of luminal bacteria, but also regulates systemic
T cell responses to commensal bacterial antigens (38). Adoptively transferred CBir1 TCR
transgenic (CBir1 Tg) T cells, which are specific for the immunodominant commensal
bacterial antigen CBir1 flagellin, did not respond to CBir1 flagellin delivered mucosally, but
did respond to systemic CBir1 stimulation in wild-type mice. In contrast, OT II T cells
specific for OVA, which is not present in intestinal lumen, responded very well to gavaged
OVA. High levels of intestinal IgA but not systemic IgG responses against CBir1 flagellin
were detected in wild-type mice. When CFSE-labeled CBir1 Tg CD4+ T cells were
adoptively transferred into IgA−/− mice followed by oral CBir1 flagellin challenge, CBir1
Tg CD4+ T cells proliferated well in IgA−/− mice but not in control wild-type mice,
indicating that antigen-specific intestinal IgA plays a critical role in regulating CD4+ T cell
responses to commensal bacterial antigens (38).

Treg cell regulation of intestinal IgA response
Although secretory IgA is crucial in host responses to commensal bacteria and their
antigens, it is well known that selective IgA deficiency is extremely common in humans
with only mild phenotypes (40), and the phenotype of IgA−/− mice is also very mild (41),
suggesting that other levels of regulation exist for the prevention of inflammation in IgA−/−

humans and mice. Among various subsets of T cells in the intestine, Treg cells are enriched
in the intestinal lamina propria (6,29,42). Although both intestinal Treg cells and IgA are
involved in intestinal homeostasis, and considering speculation that TGF-ß production by
Treg cells might stimulate IgA responses, it is still largely unknown how Treg cell and
secretory IgA pathways interact in the intestine in regulation of the host response to
microbiota antigens.

Both T cell-dependent and independent IgA induction against commensal bacteria occurs in
the intestine (2,43). However, nude mice with very limited T cell numbers have reduced IgA
levels. In TCRβ×δ−/− mice lacking both αβ and γδ T cells, the total levels of secretory IgA,
as well as CBir1-specific intestinal IgA, are reduced to about one-fourth of the wild-type
levels, even though the same anti-commensal specificities are generated (2,38). These data
argue that the T cell-dependent IgA response is likely predominant in the intestine. Multiple
mechanisms regulate IgA production, including environmental factors, costimulation, and
cytokines (3,44). IL-2, IL-4, IL-5, IL-6 and IL-10 have been shown to make contributions to
IgA production in in vitro cell culture systems (3). TGF-β is probably the most important
cytokine that promotes IgA induction, as TGF-β−/− mice have low levels of IgA and there is
almost a complete absence of IgA in mice deficient for TGF-β receptor II (45,46). However,
the cellular resources of TGF-β in promotion of intestinal IgA production are unclear.

To determine whether there is a role for CD25+ Treg cells in intestinal IgA responses, we
depleted CD25+ Treg cells by injection of anti-CD25 monoclonal antibody (47). Depletion
of CD25+ Treg cells resulted in a decrease of lamina propria IgA+ B cells as well as total
commensal bacterial antigen-specific secretory IgA production, and anti-CBir1 flagellin-
specific IgA. Consequently, adoptively transferred CBir1 Tg CD4+ T cells proliferated in
response to gavaged CBir1 flagellin in mice administered with anti-CD25 mAb, which had
much lower levels of CBir1-specific intestinal IgA, but not in mice administered with
control antibody, which had normal levels of CBir1-specific IgA. Furthermore, adoptive
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transfer of CD25+ Treg cells or CD4+ Foxp3+ Treg cells restored CBir1-specific IgA
production in TCRβ×δ−/− mice, which otherwise have low levels of intestinal IgA (38).
These data indicate that CD25+ Treg cells promote intestinal IgA production, and both Treg
cells and IgA contribute to control host responses to microbiota antigens. To define the
mechanisms of how Treg cells promote intestinal IgA production, we cultured splenic IgD+

B cells with Foxp3+ Treg cells or Foxp3- T cells. Foxp3+ Treg cells stimulated IgA
production and expression of mRNA encoding AID, which were blocked by anti-TGF-ß
mAb. In contrast, culture of B cells with Foxp3− T cells only slightly upregulated B cell IgA
and AID expression unless TGF-ß was added to the cultures (38), indicating that Treg cells
promote B cell AID expression and IgA production through production of TGF-ß.

Concluding remarks
Recent studies demonstrate a tight compartmentation of immune responses to microbiota
antigens, specifically that the systemic immune response remains naive to microbiota
antigens rather than immunologically tolerant. Both Treg cells and IgA pathways regulate
host responses to microbiota antigens. However, intestinal memory IgA responses show
additive increases after each challenge but not a synergistic increase in strength (prime-boost
effect), which is different from systemic memory IgG responses (48,49). Intestinal IgA
responses require the help of Treg cells which are usually involved in the negative
regulation of other immune responses. The signals from Treg cells that help intestinal B cell
IgA production may be qualitatively different from those signals delivered by helper T cells
to B cells in nonintestinal follicles during systemic IgG responses. Therefore, the Treg cell-
IgA axis could play a unique role in the maintenance of intestinal immune homeostasis.
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Figure 1. Treg cell-IgA axis maintains intestinal homeostasis to microbiota and protect the mice
from intestinal inflammation
Upon activation, Treg cells produce TGF-β which promotes B cell IgA class switching and
IgA production in mucosa. IgA then binds polymeric Ig receptor (pIgR) on epithelial cells to
be transported into intestinal lumen. The major role of IgA is to maintain a balance between
the host and its microbiota.
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