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A T cell receptor transgenic mouse line reactive to a microbiota
flagellin, CBir1, was used to define mechanisms of host microbiota
homeostasis. Intestinal IgA, but not serum IgA, was found to block
mucosal flagellin uptake and systemic T cell activation in mice.
Depletion of CD4�CD25� Tregs decreased IgA� B cells, total IgA,
and CBir1-specific IgA in gut within days. Repletion of T cell-
deficient mice with either CD4�CD25� or CD4�foxp3� Tregs re-
stored intestinal IgA to a much greater extent than their reciprocal
CD4� subsets, indicating that Tregs are the major helper cells for
IgA responses to microbiota antigens such as flagellin. We propose
that the major role of this coordinated Treg-IgA response is to
maintain commensalism with the microbiota.

T cells � TGF-beta � Tregs

The intestine harbors and is in constant contact with a microbiota
consisting of some 100 trillion microbes spread among at least

15,000 strains in humans (1, 2). This microbiota has a major impact
on many host systems, particularly on the development of the
intestine and of the immune system. Despite this enormous bacte-
rial challenge, the intestine lives in harmony with the microbiota, in
part due to interactions of some members of the microbiota with the
host to maintain intestinal homeostasis (3, 4). There are many host
mechanisms that have evolved to regulate this relationship, and
among these, one of the most important is Ig A (IgA). IgA regulates
the microbiota, and bacteria in turn adapt to IgA by altering their
gene expression patterns (5, 6). Although IgA also plays a role in
host resistance to infection, specific pathogen free mice that have
no pathogen exposure have abundant IgA whereas germ-free
animals do not, arguing that the major role of IgA is in maintaining
the balance between the host and its microbiota. IgA provides its
functions through both high- and low-affinity binding systems.
Low-affinity, polyspecific IgA blocks the adhesion of commensal
bacteria to epithelial cells, whereas high affinity monospecific IgA
neutralizes toxins and pathogens. The low affinity, B1 B cell
pathway can be stimulated by DC-B cell or epithelial cell-B cell
interactions (7–10), whereas the high affinity, B2 B cell pathway
requires T cell help and a number of cytokines including TGF�,
IL-5, IL-6, and IL-10 (11–13). Although TGF� has been shown to
be required for Ig switching to IgA in vitro, and TGF�-deficient
mice are deficient in IgA in vivo (11, 12), the cellular source of the
TGF� needed for IgA switching in vivo is unknown.

T regulatory cells (Tregs) that respond to microbiota antigens are
present in the gut and contribute to mucosal homeostasis. Both
natural CD4�CD25�foxp3� Treg cells that produce TGFß and
bacterial antigen-specific Tr1 cells that produce IL-10 are present
in normal mouse intestinal lamina propria (LP) (14–16). Although
both intestinal Treg cells and IgA play a role in intestinal homeosta-
sis, and there has been speculation that TGF� production by Tregs
might stimulate IgA responses (17, 18), there is sparse data that
addresses how each of these systems responds to antigens of the
microbiota, or whether these two systems interact in that effort.

We have recently identified flagellins as immunodominant an-
tigens of the microbiota, using serologic expression cloning (19).
Flagellin is both a potent antigen for an adaptive response and is
also able to stimulate innate response through binding its receptor,
TLR5, on innate cells (20). These microbiota flagellin antigens

provide an opportunity to study the host immune response to its
microbiota and the role of antigen-specific IgA on intestinal im-
mune homeostasis. To this end, we have generated T cell receptor
transgenic (Tg) mice specific for one of these flagellins, denoted
CBir1 (19). We present data here that shows that intestinal IgA
regulates the activation of peripheral, flagellin-specific CD4� T
cells. Moreover, Tregs control such intestinal IgA B cell responses
in an antigen-specific manner, via production of TGF�, and in an
unexpectedly dynamic fashion; that is, depletion of CD4�CD25�

Tregs substantially reduced intestinal IgA levels within days, in part
due to interruption of survival signals to LP IgA B cells provided
by Tregs. These data are consistent with Tregs being the major
helper T cells for induction and maintenance of intestinal IgA B cell
responses.

Results
Generation of TCR Tg Mice Specific for CBir1 Flagellin. To study the
host immune response to defined commensal bacterial antigen, a
TCR transgenic mouse line specific for CBir1 flagellin, one of the
immunodominant commensal bacterial antigens (19), was gener-
ated (see Materials and Methods). TCR transgenic mice were
detected by PCR amplification of tail DNA using the appropriate
TCR-specific primers (Fig. S1A). Most peripheral CD4� T cells
from CBir1 TCR Tg mice expressed Vß 8.3 (Fig. S1B). Blood CD4�

T cells from CBir1 Tg mice responded in vitro by proliferation to
relevant CBir1 peptide (456–475), to purified CBir1 flagellin, as
well as to a cluster of CBir1-like flagellins that share the same
epitope, but not to an irrelevant CBir1 peptide (p56–75), or
flagellins of Salmonella, E. coli, or H. pylori (Fig. S1C), indicating
this transgenic TCR can serve as a ‘‘reporter’’ for T cell response
to this cluster of commensal flagellins. As in normal B6 mice (9),
there was no serum IgG response against CBir1 but there was a high
level of CBir1 flagellin-specific secretory IgA in the intestinal lumen
in B6.CBir1/TCR Tg mice (Fig. S2 A and B). CBir1 flagellin was
detected in the luminal content of both normal B6 mice and
B6.CBir1 TCR Tg mice (Fig. S2C). Because adoptive transfer of a
CBir1 flagellin-specific CD4� T cell line into immunodeficient mice
induced colitis in the recipients (19), we expected that CBir1 Tg
mice would spontaneously develop colitis over time. Surprisingly,
there was no inflammation observed in intestinal tissues even in
mice older than 8 months (Fig. S2D).

Blockade of CBir1 Tg T Cell Response to Mucosally Delivered Antigen
by Intestinal IgA. To investigate the CBir1 Tg CD4� T cell response
to CBir1 flagellin challenge in vivo, CFSE-labeled Thy1.2� CBir1
Tg CD4� T cells (TCRV�8.3�) were adoptively transferred i.v. into
B6 mice. CFSE-labeled Thy1.1 OT II CD4� T cells (TCRV�5.1�)
specific for ovalbumin (OVA) were adoptively transferred into the

Author contributions: Y.C. and C.O.E. designed research; Y.C. and T.F. performed research;
K.F. and T.R.S. contributed new reagents/analytic tools; Y.C. and C.O.E. analyzed data; and
Y.C. and C.O.E. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

1To whom correspondence should be addressed. E-mail: ycong@uab.edu or coelson@uab.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0812681106/DCSupplemental.

19256–19261 � PNAS � November 17, 2009 � vol. 106 � no. 46 www.pnas.org�cgi�doi�10.1073�pnas.0812681106

http://www.pnas.org/cgi/data/0812681106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812681106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812681106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812681106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0812681106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0812681106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/content/full/0812681106/DCSupplemental
http://www.pnas.org/cgi/content/full/0812681106/DCSupplemental


same B6 recipient mice as a control. Adoptive recipients were then
challenged 24 h later with CBir1 flagellin and OVA i.p. or orally,
and the proliferation of CBir1 Tg T cells and OT II T cells in spleen
and MLN were determined by flow cytometry 48 h (for i.p.
immunization) and 72 h (for oral immunization) later. Both CBir1
Tg T cells and OT II T cells proliferated well in response to i.p.
challenge of CBir1 flagellin and OVA, respectively (Fig. 1A). OT
II T cells responded very well to gavaged OVA, however, CBir1 Tg
T cells did not proliferate in response to gavaged CBir1 flagellin in
either spleen or in MLN (Fig. 1A).

To exclude that CBir1 flagellin, which is normally present in
intestinal lumen, was inducing CBir1 Tg T cell anergy to mucosal
CBir1 stimulation, CFSE-labeled CBir1 Tg CD4� T cells were
adoptively transferred into B6 mice and the recipients were gavaged
24 h later with CBir1 flagellin. Splenic CD4� T cells were re-
isolated 72 h later. When re-stimulated in vitro with CBir1 flagellin,
these recovered CBir1 Tg CD4� T cells proliferated well (Fig. S3),
and produced IL-2, IL-10, and IFN�, but not IL-4, a cytokine
profile typical of naive CD4� T cells, indicating that these CBir1 Tg
CD4� T cells were not anergic. Instead, the naive CD4� T cell
cytokine profile indicated that splenic CBir1 Tg CD4� TCR was not
activated by CBir1 flagellin in vivo despite the gavage of a large
amount of CBir1 flagellin. Consistent with these results MLN DCs
recovered from B6 mice after gavage with OVA and CBir1 flagellin
stimulated OTII T cells, but not CBir1 Tg T cells (Fig. S4).

Because IgA specific for CBir1 flagellin was present in the
intestinal lumen in B6 mice, CFSE-labeled CBir1 Tg CD4� T cells
were adoptively transferred into B6.IgA�/� mice, and into control
wild-type B6 mice, which were gavaged with CBir1 flagellin 24 h
later. As shown in Fig. 1 B, C, and H, CBir1 Tg CD4� T cells
proliferated in B6.IgA�/� mice but not in control B6 mice. CFSE-
labeled CBir1 Tg CD4� T cells also proliferated in response to
gavaged CBir1 f lagellin when adoptively transferred into
B6.pIgR�/� mice (which have normal systemic IgA and IgM but no
secretory IgA or IgM (Fig. 1 D, E, and H), or into TCR����/�

mice, which only have low levels of CBir1 specific secretory IgA
production (Fig. 1 F–H). Collectively, these data show that antigen-
specific intestinal IgA plays a critical role in regulation of CD4� T
cell response to commensal bacterial antigens.

Because both natural (polyspecific) and antigen-specific secre-
tory IgA are present in the intestinal lumen, the question arose as
to whether IgA exclusion of flagellin required antigen-specific
secretory IgA. We used B6 mice gnotobiotic for altered Schaedler’s
flora (ASF), which is comprised of eight defined commensal
bacterial strains, to address this question. B6 ASF mice had normal
total secretory IgA, but lacked intestinal IgA anti-CBir1 flagellin
(Fig. S5). CBir1 Tg T cells adoptively transferred to ASF mice
responded strongly to mucosal CBir1 flagellin challenge indicating
that IgA exclusion of commensal bacterial flagellin was antigen-
specific, and not due to polyspecific, or natural IgA (Fig. S5).

Depletion of CD4�CD25� Treg Cells Decreased Intestinal IgA Re-
sponses. Tregs are abundant in the intestine and produce cyto-
kines important in IgA production. To determine the role of
CD25� Treg cells in intestinal IgA responses, B6 mice were
injected with anti-CD25 mAb or control antibody i.p. at days 0
and 3 to deplete CD25� Treg cells. At days 5 and 7, CD25� T
cells were depleted almost completely in mice receiving anti-
CD25 mAb but not control antibody (Fig. 2A). Depletion of
CD25� Treg cells resulted in decrease of LP B220�IgA� B cells
(IgA� plasma cells), but not B220�IgA� B cells (postclass-switch
recombination IgA� B cells) (Fig. 2 B and C). B-1 cells have been
implicated as major resources of T cell-independent intestinal
IgA production. Interestingly, depletion of CD25� Treg cells
decreased CD5�IgA� B cells (B-2 cells) but had no effect on
CD5�IgA� B-1 cells (Fig. S6), indicating that depletion of
CD25� Treg cells affected mucosal IgA� B-2 cells but not IgA�

B-1 B cells. To determine the effect of depletion of CD25� Treg
cells on commensal bacterial antigen specific secretory IgA
production, as described above, stool pellet IgA anti-CBir1
flagellin and total IgA were assessed by ELISA before and after
depletion. Depletion of CD25� Treg cells significantly decreased
total intestinal IgA and CBir1-specific IgA production by 5 days
after anti-CD25 mAb injection (Fig. 2 D and E) with no change
after control antibody injection. To determine the effect of such
decreased CBir1-specific secretory IgA in vivo, CFSE-labeled
CD4� T cells from CBir1 Tg mice were transferred into CD25�

depleted or control B6 mice at day 3, the same day when

Fig. 1. CBir1TgTcellsproliferated inresponsetosystemic
stimulation, but not to mucosal stimulation with CBir1
flagellin in B6.WT mice (A). CFSE-labeled CD4� T cells (1 �
106) from Thy1.2. CBir1 Tg mice and 1 � 106 CFSE-labeled
CD4� T cells from Thy1.1. OT-II mice were co-transferred
into wild-type Thy1.2. B6 mice. The recipient mice were
injected i.p. with 50 �g CBir1 and 100 �g OVA or gavaged
with 100 �g CBir1 and 100 �g OVA the next day respec-
tively. Spleen CD4� T cell proliferation was analyzed 48 h
laterfromthei.p. injectedrecipientsand72hlaterfromthe
gavagedrecipientmice.ThepercentageofdividedThy1.1�

OT II T cells and Thy1.1� CBir1 Tg T cells was calculated by
flow cytometry by gating on Thy1.1� and Thy1.1� cells. *,
P � 0.01 compared to divided CBir1 Tg T cells in response to
CBir1 flagellin given i.p. (B and C) CFSE-labeled CD45.1�

CBir1 Tg T cells (1 � 106) were transferred into wild-type B6
or B6.IgA KO mice. (D and E) CFSE-labeled TCRVß8.3� CBir1
Tg T cells (1 � 106) were transferred into wild-type B6 or
B6.pIgR KO mice. (F and G) CFSE-labeled TCRVß8.3� CBir1
Tg T cells (1 � 106) were transferred into wild-type B6 or
and B6.TCR��� KO mice. The recipient mice were gavaged
with CBir1 the next day. Splenic CD4� T cell proliferation
wasanalyzed72hlater.CFSE-CBir1TgTcellsproliferated in
response to gavaged CBir1 Flagellin in B6.IgA KO mice (C),
B6.pIgR KO mice (E), and B6.TCR�x� KO mice (G), but not in
WT B6 mice (B, D, and F). Representative data of three
experiments is shown. (H) The percentage of divided CBir1
Tg T cells from six recipient mice of each group was shown
as mean � SE. *, P � 0.01 compared to divided cells in B6
recipients.
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recipient mice were administered the second antibody injection.
Recipient mice were then gavaged with CBir1 flagellin the next
day (day 4) and CBir1 Tg CD4� T cell proliferation was
determined 3 days later (day 7). As shown in Fig. 2F, CBir1 Tg
CD4� T cells proliferated in response to gavaged CBir1 flagellin
in the mice administered anti-CD25 mAb, which had much lower
levels of CBir1-specific intestinal IgA, but not in mice adminis-
tered control antibody, which had normal levels of CBir1-specific
intestinal IgA.

Repletion of CD25� foxp3� Tregs Promotes Intestinal IgA B Cells and
IgA Anti-CBir1 Flagellin in TCR�x��/� Mice. We next asked whether
adoptive transfer of CD25� Treg cells could restore CBir1 specific
intestinal IgA production in TCR����/� mice, which have only low
levels of intestinal IgA anti-CBir1 flagellin (Fig. S5C). CD4�

CD25� Treg cells were sorted from B6 mice by flow cytometry and
transferred into B6.TCR����/� mice at 1 � 106/mouse.
CD4�CD25� T cells were transferred also for comparison. Stool
pellets were collected at days 0, 4, 7, 14, and 21, and CBir1-specific
IgA and total IgA were determined by ELISA. Adoptive transfer
of CD4�CD25� Treg cells greatly increased CBir1 specific secre-
tory IgA as well as total intestinal IgA production in pellets,
whereas transfer of CD4�CD25� T cells only modestly increased
such IgA production (Fig. S7A). Because CD25 is not the sole
marker of Treg cells and memory CD4� T cells can also express
CD25, CD4�foxp3� Treg cells were sorted from B6.GFP-foxp3
reporter mice by flow cytometry and transferred into B6.
TCR����/� mice in a similar fashion. CD4� foxp3� T cells were
transferred as a control. As shown in Fig. 3 A and B, transfer of

CD4�foxp3� Treg cells or CD4�foxp3� T cells did not affect IgA�

B cells in spleen. Adoptive transfer of CD4� foxp3� T cells had no
significant effects on LP B220�IgA� B cells or B220�IgA� B cells.
In contrast, adoptive transfer of CD4�foxp3� Treg cells signifi-
cantly increased LP B220�IgA� B cells and B220�IgA� B cells.
Adoptive transfer of CD4�foxp3� Treg cells increased total and
CBir1-specific IgA in stool pellets to a much greater extent than did
transfer of CD4�foxp3� T cells (Fig. 3 C and D). Consistent with
these results, transfer of WT B6 spleen B cells into B6.IgA�/� mice
restored intestinal IgA responses, and depletion of CD25� T cells
in the recipients reduced such repletion (Fig. S7B).

CD4�foxp3� Treg Cells Provided Help to IgA B Cells via TGF� and
Promoted Survival of Lamina Propria IgA� B Cells. TGF� is known
to induce IgA class switch recombination and maturation. To
determine whether TGF� was involved in Treg stimulation of B
cell production of IgA, splenic IgD� B cells were cultured with
flow sorted CD4�foxp3� Treg cells or CD4�foxp3� T cells in the
presence of �CD3 and �CD28 mAbs. CD4�foxp3� Treg cells
stimulated IgA production, and this increase in B cell IgA
production was blocked by anti-TGFß (Fig. 4A). B cells that were
cultured with CD4�foxp3� Treg cells in the absence of �CD3,
and anti-CD28 mAbs did not produce IgA. CD4�foxp3� T cells
increased B cell IgA production slightly, but addition of TGF�
greatly enhanced B cell IgA production in such co-cultures.
Expression of mRNA encoding activation-induced cytidine
deaminase (AID), an enzyme essential for class-switch recom-
bination, was up-regulated in B cells cultured with CD4�foxp3�

Treg cells plus anti-CD3/CD28, and such enhanced B cell AID

Fig. 2. Depletion of CD4�CD25� Treg
cells decreased intestinal IgA re-
sponses. B6 mice were injected with
100 �g anti-CD25 mAb twice at days 0
and 3. Stool pellets were collected at
days �3, 0, 3, 5, and 7. LP IgA B cells
were determined by flow cytometry at
days 5 and 7. (A) CD4�CD25� T cells
were depleted in LP of the mice treated
with anti-CD25 but not control mAb.
(B) IgA� B220� B cells were decreased
in LP of the mice treated with anti-
CD25 but not control mAb. (C) B cell
numbers from four mice of each group.

*, P � 0.05 compared to control mAb
treated mice. (D) Total pellet IgA pro-
duction, assessed by ELISA. (E) Pellet
anti-CBir1 IgA production, assessed by
ELISA. *, P � 0.05 compared to control
Ab-treated group. (F) CFSE-labeled
CD4� T cells (1 � 106) from CBir1 Tg
mice were transferred into CD25-de-
pleted or control B6 mice at day 3, the
same day that recipient mice were ad-
ministered the second mAb injection.
Recipient mice were gavaged with
CBir1 flagellin the next day (day 4) and
CBir1 Tg CD4� T cell proliferation was
determined 3 days later (day 7). One
representative of three experiments is
shown.
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expression was inhibited by blockade of TGF� (Fig. 4B). In
contrast, culture of B cells with CD4�foxp3� T cells only slightly
up-regulated B cell AID expression unless TGF� was added to
cultures. Collectively, these data indicate that Treg cells pro-
moted B cell AID expression and IgA production through
production of TGF�.

The rapidity of the depletion of LP B220�IgA� B cells after
CD25� T cell depletion suggested that CD25� Tregs might provide
survival signals for them. This possibility was confirmed by Annexin
V staining of LP IgA� B cells after anti-CD25 treatment that found
significantly increased apoptosis of these LP B cells compared to
control antibody-treated mice (Fig. S8).

Treg Cells Promoted B Cell IgA Production in an Antigen-Specific
Manner. Peyer’s patches B cells were cultured with MLN
CD4�foxp3� Treg cells in the presence of bone-marrow-derived
dendritic cells (BMDCs) that had been pulsed with a recombinant
intestinal bacterial antigen (9), either with rIB9 or CBir1 flagellin.
Antigen-specific IgA in supernatants was measured by ELISA. As
shown in Fig. 5A, when cultured with CBir1-pulsed BMDCs alone,
PP B cells produced IgA specific for CBir1 flagellin but not IgA
anti-rIB9. CD4�foxp3� Treg cells enhanced PP B cell production
of IgA anti-CBir1 flagellin but not IgA anti-rIB9 in the culture with
CBir1-pulsed BMDCs. In a similar fashion, PP B cells cultured with
rIB9-pulsed BMDCs produced IgA specific for rIB9 but not for
CBir1 flagellin, and CD4� foxp3� Treg cells enhanced PP B cell
production of IgA anti-rIB9 but not IgA anti-CBir1 flagellin in
these cultures. Notably, there was no IgA induced in co-cultures of
Tregs plus B cells plus antigen in the absence of BMDCs. Collec-
tively, these data demonstrated that promotion of B cell IgA
production required B cell and Treg cell activation in an antigen-
specific manner.

To further examine whether Treg cell help for IgA production
was antigen-specific, we tested flow sorted CBir1 Tg CD4�CD25�

Treg cells in a similar fashion. As shown above, when cultured with
antigen-pulsed BMDCs, PP B cells produced a low level of IgA only
to the BMDC-pulsed antigen. CBir1 Tg CD4�CD25� Treg cells
enhanced PP B cell production of IgA specific for CBir1 flagellin
but not for rIB9 in cultures with CBir1-pulsed BMDCs. When
cultured with BMDCs that were pulsed with both antigens, CBir1
Tg CD25� Treg cells enhanced mainly IgA anti-CBir1 flagellin, and
to a lesser extent, IgA anti-rIB9 (Fig. 5B). Collectively, these data
demonstrated that Treg cell helper activity required antigen-
specific stimulation via TCR. Once activated, Treg cells promoted
B cell IgA production specific for the relevant antigen but could also
provide bystander help for an unrelated commensal bacterial
antigen. Confirming these in vitro data, CBir1 Tg CD25� cells
induced predominately IgA anti-CBir1 in vivo, after transfer to
B6.TCRß���/� recipients (Fig. S9).

Discussion
An understanding of the mechanisms by which the host immune
system lives in relative peace with its microbiota is just emerging.
Of particular interest is how T cell responses to the microbiota
are controlled, in that unrestrained effector CD4� T cell re-
sponses to the microbiota result in intestinal inflammation and
tissue damage. To this end, we generated a CD4� T cell receptor
transgenic mice line specific for a microbiota flagellin, CBir1,
which is a dominant commensal bacterial antigen in experimen-
tal colitis and in patients with Crohn’s disease (19). We dem-
onstrated in this report that flagellin-specific secretory IgA
played a key role in control of systemic CD4� T cell responses
by immune exclusion. Importantly, such IgA production was
regulated by T regulatory cells in an antigen-specific manner.
Thus, the Treg-IgA axis plays an important role in maintenance
of intestinal immune homeostasis to commensal bacteria.

Although intestinal IgA can be produced by both T cell-
dependent and T cell-independent pathways, the former pathway is
dominant in that T cell-deficient TCR����/� mice have much
lower levels of intestinal total IgA and antigen-specific IgA. Den-
dritic cells interact with both T cells and B cells to induce IgA
responses and this plays an important role in intestinal homeostasis.
There are many mucosal DC subsets and these vary among PP, LP,
and MLN sites (21–23). Mucosal DCs have distinctive properties,
particularly the production of retinoic acid, which has many biologic
effects that include stimulation of Tregs in concert with TGFß (22,
23), and induction of gut homing receptors �4ß7 and CCR9 on B
cells and T cells (24, 25). Antigen-pulsed DCs can interact with B
cells directly to stimulate IgA responses (26, 27). This has been
demonstrated mainly with B1 B cells, but the present studies
demonstrate that DCs can stimulate B2 B cell production of IgA as

Fig. 3. Adoptive transfer of CD4�foxp3� Treg cells restored intestinal IgA in
B6.TCR����/� mice. CD4� foxp3� Treg cells and CD4� foxp3� T cells from B6.GFP-
foxp3 mice were transferred into B6.TCR����/� mice at 1 � 106/mouse. (A) LP
IgA� B cells were analyzed by flow cytometry at day 21. (B) B cell numbers from
four mice of each group. *, P � 0.05 compared to the recipient mice of CD4�

foxp3� Tcells. (CandD)Stoolpelletswerecollectedatdays0,4,7,14,and21.Total
IgA (C) and anti-CBir1 IgA (D) were assessed by ELISA. *, P � 0.05 compared to
foxp3� T cell group.
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well. Two DC subsets have been linked to mucosal IgA responses.
An iNOS�, TNF�� DC subset regulates expression of the TGFß-
RII on B cells that is required for IgA class switch recombination
(CSR). This subset induces expression of BAFF and APRIL, which
are needed for T cell-independent IgA CSR (28). A second mucosal
DC subset affecting IgA production is a CD11chiCD11bhiTLR5�

DC that increases B1 B cell IgA differentiation via RA production
(29). The BMDCs used in the present experiments do not express
TLR5 or iNOS and we can only speculate that mucosal DCs may
stimulate IgA anti-flagellin responses even more than did BMDCs.

TGFß has been well defined as crucial for IgA CSR (27). Thus,
B cells deficient in TGFßRII�/� do not make IgA (11, 30) and mice
deficient in SMAD2 and SMAD3 signaling factors downstream of
the TGFß-R also have deficient IgA responses (13, 31). Because
multiple cell types can produce TGFß, including epithelial cells,
dendritic cells, and non-regulatory helper T cells, which are all well
represented in the intestine, the cellular source of TGFß that is
needed for IgA CSR has been unclear. The intestine not only
contains abundant IgA, but also is home to large numbers of T
regulatory cells, including both foxp3�CD25� Treg and IL-10-
producing Tr1 cells (32, 33). CD25� natural Treg cells have been
shown to express large amounts of TGF�, and their inhibitory
function requires TGF� production (34, 35). These considerations
make Tregs prime candidates for the source of TGFß needed for
IgA CSR. This conclusion is supported by the repletion studies in
which either CD25� Tregs or foxp3� Tregs greatly increased IgA
anti-flagellin and total IgA responses in the gut of TCRß��/�

recipients, and the repletion provided by Tregs was substantially
better than that achieved by CD25� or foxp3�CD4� T cells
containing Th1, Th2, and other T cell subsets. The role of TGF� in
these CD4�CD25�- or foxp3�CD4�-T cell effects on IgA was
confirmed in in vitro studies in which blockade of TGF� inhibited
both CD4�CD25� and CD4�foxp3� Treg stimulation of IgA
production.

Activation of Treg cells via their TCR was required for their
stimulation of B cell IgA, in that CD4�CD25� and CD4�foxp3�

Treg cells promoted B cell IgA production only if activated via the
TCR. T cell-dependent IgA CSR is known to involve CD40-CD40L
interactions in addition to TGFß signals, and that is likely the case
with Tregs as well. In a similar fashion, CBir1 Tg CD25� T cells
increased B cell IgA production only after activation with CBir1
flagellin, but not in its absence. However, once activated, CBir1-
flagellin-specific Treg cells could provide bystander help for B cell
production of IgA for an unrelated commensal bacterial antigen.
Collectively, these data demonstrated that Treg cell helper activity
required antigen-specific stimulation.

These studies don’t address the ‘‘geography’’ of the Treg-IgA B
cell interaction; that is, whether it might be occurring in the Peyer’s
patches (PP), isolated lymphoid follicles (ILF), or in the LP,
because IgA B cells can be induced in all three sites (26). Induction
of T cell-dependent IgA responses is known to occur in PP and ILF
and require T cell CD40L–B cell CD40 interactions plus TGFß
(18). IgA CSR can occur by other mechanisms involving epitheli-
al-B cell or dendritic cell–B cell interactions plus TNF family
members BAFF and/or APRIL, mainly for T-independent antigens
(7, 10, 18, 36). The low level of IgA anti-flagellin in TCRß��/� mice
deficient in T cells indicates that this pathway is minor for antigens
such as flagellin. Foxp3� Tregs are present in both PP and LP (33).

The rapidity of the reduction of IgA� B cells in LP upon
CD4�CD25� Treg depletion suggested that Tregs may be provid-
ing a survival factor for IgA� B cells in the intestinal LP. Indeed,
we found that the proportion of LP IgA� B cells undergoing
apoptosis as measured by Annexin V staining was significantly
increased in mice receiving anti-CD25 compared to those receiving
control mAb. Taken together, these data indicate that Tregs have
a dual effect on intestinal IgA B cell responses, one being the on
induction of B cell CSR and the second the provision of a survival
signal for IgA� B cells in the LP. Whether the latter is a direct or

Fig. 4. CD25� foxp3� Treg cells provided help to IgA B
cells via TGF�. Splenic IgD� B cells (2.5 � 106) from B6 mice
were cultured with 1 � 106 flow sorted CD4�foxp3� T cells
or 1 � 106 CD4�foxp3� T cells in the presence of 20 ng/mL
TGF� or 10 �g/mL anti-TGF� mAb in the plate coated with
5 �g/mL of anti-CD3 and 10 �g/mL soluble anti-CD28 mAb.
B cells were stimulated only by the activated T cells. (A)
Supernatant was collected at day 5 and IgA was measured
by ELISA. (B) B cells were re-isolated at day 3 and RNA was
isolated from B cells for determination of AID using RT-
PCR. One representative of three experiments is shown.

Fig. 5. Treg cells promoted B cell IgA production in an
antigen-specific manner. (A) PP B220� B cells (2.5 � 106)
from B6 mice were cultured with 1 � 106 CD4�foxp3� T
cells in the presence of 1 � 106 CBir1-pulsed BMDCs or
rIB9-pulsed BMDCs. Culture supernatant was collected
at day 5 and IgA was measured by ELISA. (B) PP B220� B
cells (2.5 � 106) from B6 mice were cultured with 1 � 106

CD4�CD25� Treg cells from CBir1 Tg mice in the pres-
ence of 1 � 106 CBir1-pulsed BMDCs or rIB9-pulsed
BMDCs. Culture supernatant was collected at day 5 and
IgA was measured by ELISA. *, P � 0.05 compared to B
cells culturedwithantigen-pulsedDCalone;**,P�0.01
compared to B cells cultured with DCs without antigen.
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indirect effect of Tregs, and whether TGFß is involved, is presently
unknown.

These data have important implications for mucosal vaccine
development. Most vaccine candidates are of microbial origin and
are T cell-dependent antigens. The present results might explain
some of the difficulty experienced in the development of effective
mucosal vaccines in that the default pathway to antigen in the
intestine appears to be induction of Tregs that, in turn, stimulate
IgA responses. It is known that mucosally administered antigen can
induce both systemic tolerance (Tregs) and mucosal IgA responses,
but these outcomes have been thought to be parallel but indepen-
dent consequences, due to shared cytokine pathways (17). The
present data alter that concept by showing that Tregs and IgA are
not acting in parallel but in series, with Tregs functioning as helper
T cells for IgA B cells. Effective mucosal vaccines will require
subversion or bypass of the Treg response to get a systemic
response. This does happen during intestinal infections and with the
mucosal adjuvant, cholera toxin. The stimulation of this Treg-IgA
pathway might explain the transient nature of the IgA response
even with living vectors such as Salmonella, which provide an initial
response that wanes over ensuing weeks. Certainly presentation of
vaccine antigens by co-evolved commensal bacteria seems likely to
stimulate Tregs preferentially, rather than T effector cells, because
at least some of these bacteria are able to induce anti-inflammatory
pathways in the host (3, 37) that would likely favor the Treg-IgA
pathway.

The major function of IgA is usually presented in the context of
protection against pathogens. In this context, the induction of Tregs
that in turn stimulate IgA as a protective strategy against pathogens
seems counterintuitive. Instead, the present data support the idea
that the major purpose of IgA and Tregs in the intestine is the

maintenance of commensalisms with the microbiota, and the
restriction of gut inflammation that can perturb such commensal-
ism (2, 38). The microbiota provides very effective protection
against pathogens via colonization resistance. Thus, IgA, Tregs, and
the microbiota acting together as a unit would be protective against
pathogens, and may be more effective than IgA would be alone. We
speculate that Tregs evolved to be the major helper cells for IgA
rather than one of the other helper T cell subsets because intestinal
infections or inflammation alters the normal microbiota with a
decrease in beneficial anaerobes (and probably with a concomitant
decrease in colonization resistance). Thus, suppression of intestinal
inflammation by Tregs would serve to restore the resident micro-
biota and in turn restore normal pathogen resistance. This would be
a survival advantage that could provide selection during the co-
evolution with our microbiota.

Materials and Methods
See SI for methods used to generate TCR transgenic mice, isolate lamina
propria cells, generate dendritic cells, perform reverse transcription PCR,
assess intracellular cytokines by flow cytometry, and analyze histopathology.

Statistics. For immunologic assays such as T cell proliferation and cytokine
production, data were expressed as mean � SD of replicate measurements.
Statistical analysis used the non-parametric Mann Whitney U test.
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