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The microbiota regulates type 2 immunity
through RORyt' T cells
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Changes to the symbiotic microbiota early in life, or the absence of it, can
lead to exacerbated type 2 immunity and allergic inflammations. While it is
unclear how the microbiota regulates type 2 immunity, it is a strong
inducer of pro-inflammatory T helper (Th) 17 cells and regulatory T cells
(Tregs) in the intestine. Here, we report that microbiota-induced Tregs
express the nuclear hormone receptor RORyt and differentiate along a
pathway that also leads to Thl7 cells. In the absence of RORyt* Tregs, Th2-
driven defense against helminths is more efficient while Th2-associated
pathology is exacerbated. Thus, the microbiota regulates type 2 responses
through the induction of “type 3” RORyt* Tregs and Thl7 cells and acts as a
key factor in balancing immune responses at mucosal surfaces.

Allergic reactions are on the rise in industrialized nations,

adulthood (8), an effect also
found in mice that remain
germfree until weaning (9).

The mechanism by which the
microbiota regulates type 2 re-
sponses remains unclear. A di-
rect effect of microbiota on type
2 cells, such as T helper (Th)2
cells and innate lymphoid cells
(ILC)2, has not been document-
ed. In contrast, symbionts are
necessary for the differentiation
of Th17 cells that produce inter-
leukin (IL)-17 and IL-22 (10),
cytokines involved in homeosta-
sis and defense of mucosal sur-
faces, as well as of a subset of
intestinal Tregs (1I). Intriguing-
ly, the absence of extrathymically
generated Tregs leads to sponta-
neous type 2 pathologies at mu-
cosal sites (I2). As intestinal
Tregs recognize bacterial anti-
gens (II), the microbiota may
regulate type 2 responses
through the induction of ex-
trathymically generated Tregs.

The nuclear hormone recep-
tor RORyt is a key transcription
factor for the differentiation of
Th17 cells and ILC3s (13, 14). In
addition, a substantial fraction
of RORyt* T cells residing in the
lamina propria of the small in-
testine does not express IL-17,
but rather IL-10, the Treg mark-
er FoxP3 (a transcription factor)
and has regulatory functions
(15). Furthermore, the genera-
tion of such RORyt* Tregs re-
quires the microbiota (16). Using
reporter mice for the expression
of RORyt and Foxp3, we found
that a majority of RORyt* T cells

paralleling a decrease in the incidence of infectious diseases
(I, 2). The hygiene hypothesis proposes that exposure to
pathogens reduces the risk of allergy, a notion that may be
extended to exposure to the symbiotic microbiota. In sup-
port of this hypothesis, germfree mice, devoid of microor-
ganisms, develop increased susceptibility to allergy (3-6).
Furthermore, a developmental time window during child-
hood determines such susceptibility (7, 2). Mice treated early
with antibiotics, which deeply affect the microbiota, develop
an increased susceptibility to allergy (7) that can last into

in the colon of adult mice expressed Foxp3, and reciprocally,
a majority of colon Tregs expressed RORyt (Fig. 1A). The
frequency of RORyt* Tregs increased with age, representing
most intestinal Tregs in 1 year-old mice (fig. S1A). These
cells were not found in the thymus (fig. SIB) and did not
express Helios or Neuropilin-1, markers of thymically de-
rived Tregs (17, 18), in contrast to “conventional” RORvyt
Tregs (Fig. 1B and fig. S1C). In the colon, most Helios Tregs
were absent in RORyt-deficient mice (Fig. 1B). RORyt*
Tregs also expressed an activated CD44"s® CD62L°" pheno-
type, as well as increased levels of ICOS, CTLA-4, and of the
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nucleotidases CD39 and CD73 (fig. S1C), altogether indicat-
ing robust regulatory functions. Another major subset of
intestinal Tregs expresses Gata3, responds to IL-33, and is
involved in the regulation of effector T cells during inflam-
mation (19, 20). Gata3* Tregs were distinct from RORyt*
Tregs, expressed Helios, as well as lower levels of IL-10 (fig.
S2).

RORvyt" Tregs were profoundly reduced in germfree or
antibiotic-treated mice, whereas Helios® and Gata3* Tregs
were unaffected (Fig. 1C and fig. S3). Recolonization of
germfree mice with a specific pathogen free (SPF) microbio-
ta restored normal numbers of RORyt* Tregs (fig. S4). Fur-
thermore, a consortium of symbionts composed of 17
Clostridia species efficiently induces the generation of Tregs
expressing IL-10 in the colon (2I), the majority of which ex-
pressed RORvyt (Fig. 1D). The microbiota has been shown to
induce the generation of intestinal Tregs through short
chain fatty acids (SCFA) (22, 23) and antigen (11). We found
that the SCFA butyrate induced an increase mainly in
RORvyt* Tregs (fig S5). The generation of RORyt* Tregs was
dependent on dendritic cells and major histocompatibility
complex (MHC) class II (Fig. 1E), and induced by oral anti-
gen (ovalbumin) in transferred naive CD4* T cells express-
ing the OT-II transgenic T cell receptor (TCR) specific for
that antigen (Fig. 1F). Altogether, these data show that
RORvyt" Tregs are induced by microbiota and oral antigen,
and that microbiota-induced intestinal Tregs express
RORt.

Thi7 cells are efficiently induced by the pathobiont Seg-
mented Filamentous Bacteria (SFB) that forms colonies on
epithelial cells of the small intestine (24, 25), and by cyto-
kine signaling pathways involving the transcription factor
Stat3 (26). Surprisingly, RORyt* Tregs differentiated follow-
ing similar pathways. RORyt* Tregs were efficiently induced
by SFB in the small intestine, even though more Th17 cells
were induced in these conditions (Fig. 2A). Furthermore,
similar to Th17 cells, innate receptors of the Toll like recep-
tor and NOD-like receptor families were not involved (fig.
S6). In contrast, mice deficient for IL-6 or the p19 subunit of
IL-23 (encoded by Ii23a), both involved in the induction of
Th17 cells (27, 28), developed significantly less RORyt* Tregs
(Fig. 2B), whereas Gata3* Tregs were increased (fig. S7). In
accordance with the fact that both cytokines signal through
the transcription factor Stat3, similar results were obtained
in mice that lack expression of Stat3 in Tregs or RORyt*
cells (Fig. 2B).

If Thi17 cells and RORyt" Tregs are induced through
similar pathways, how then is the development to Th17 cells
or RORyt* Tregs regulated? In cell cultures, the vitamin A
metabolite retinoic acid (RA) promotes the generation of
Tregs (29) and of RORyt" Tregs (15) rather than of Thi7
cells. We now find that feeding mice with vitamin A-
deficient food, or treating mice with an inhibitor of the RA
receptor (RARi), prevented the development of RORyt*
Tregs, but not of Helios* Tregs or Th17 cells (Fig. 2C and fig.

S8). RA also promotes the expansion of ILC3s over ILC2s
(30) and the maturation of fetal ILC3s through RAR-
mediated regulation of the Rorc locus encoding RORvt (31).
Thus, vitamin A metabolism promotes the development of
RORvyt* cells and type 3 immunity, yet favors the develop-
ment of RORyt* Tregs over Thl7 cells, presumably to limit
the number of pro-inflammatory cells present in the healthy
intestine.

We next assessed whether RORyt* Tregs regulate type 2
responses. Mice that lack only RORyt* Tregs were generated
through a conditional knock-out of Rorc (which encodes
RORyt) in Foxp3* cells. Such Foap3©* x Rore(yt)™ mice de-
veloped increased frequencies of Gata3* T cells and Gata3*
Tregs (Fig. 3A), and as a consequence, T cells produced
higher amounts of the type 2 cytokines IL-4 and IL-5 (fig.
S9A). These mice developed a more severe and lethal form
of oxazolone-induced colitis, a model of ulcerative colitis
dependent on the type 2 cytokines IL-4 (32) and IL-13 (33),
as compared to their wild-type littermates (Fig. 3B). In con-
trast, they were more resistant to infection by the helminth
Heligmosomoides polygyrus, as they produced higher levels
of IL-4, IL-5 and IL-13 during the infection (Fig. 3C). Th17
cells contributed to the control of type 2 responses, as a
more pronounced increase in Th2 cells was observed in full
RORvt-deficient mice (fig. S9B). Furthermore, RORyt-
deficient mice expressed high levels of IgE (fig. S9C), a
hallmark of type 2 immunity, at levels sometimes similar to
those found in germfree mice (3). In contrast, Foxp3‘® x
Rore(yt)™ mice did not develop increased Th17 or Thl re-
sponses, even during acute intestinal inflammation induced
by sodium dextran sulfate (DSS) (fig. S10). These data are in
agreement with the spontaneous type 2 pathologies ob-
served in mice lacking extrathymically generated Tregs (12),
and indicate that microbiota regulate type 2 responses
through RORyt* Tregs, and more generally RORyt* T cells.

What are the mechanisms by which RORyt* Tregs regu-
late type 2 immunity? We find that both cell-intrinsic and
cell-extrinsic mechanisms of regulation are involved. Naive
OT-II* CD4" T cells developed into RORyt* Tregs when
transferred into mice fed ovalbumin (Fig. 1F), whereas a
majority of them developed into Gata3* Tregs when cells
deficient in RORyt were transferred (Fig. 4A and fig. S11A).
However, host Tregs were not affected, showing that a loss
in RORyt affects Tregs only through a cell-intrinsic path-
way. In contrast, the transfer of RORyt-deficient OT-II* cells
affected both the generation of donor and host Th2 cells,
but not Th17 cells, showing that RORvyt* Tregs regulate Th2
cells also through a cell-extrinsic pathway. Furthermore, in
RORvyt* Tregs that lacked Stat3, the expression of Gata3 was
deregulated and thus both transcription factors were co-
expressed (Fig. 4B). This is in accordance with earlier data
showing that IL-23 blocks the IL-33-mediated accumulation
of Gata3* Tregs (20), and conversely, that the absence of
Gata3 leads to the expansion of RORyt* Tregs (19, 34). This
cross-inhibition may act directly, as Foxp3 binds to Gata3,
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Stat3 (35) and RORyt (15, 36), and Gata3 binds to the Rorc
promoter (19).In contrast, the expression levels of Gata3
remained unchanged in Stat3-deficient Th17 cells (fig. S11B).

We next investigated the mechanisms of the cell-
extrinsic regulation of Th2 cells by RORyt* Tregs. As
RORyt* Tregs express high levels of IL-10 (Fig. 1D and fig.
S2B) (15), we assessed whether RORyt" Tregs regulate Th2
cells through IL-10, the receptor of which activates Stat3
(37). However, IL-10-deficient mice showed massive expan-
sion of Th17 cells but no expansion of Gata3* T cells (fig.
S12). RORyt* Tregs also express high levels of CTLA4 (fig.
S1C), shown to regulate the expression of CD80 and CD86
on DCs (38). As a consequence, the expression of both CD80
and CD86 by intestinal DCs was increased in Foxp3°®© x
Rorc(yt)™ mice (Fig. 4C). Furthermore, in mice that lack
CTLA4 expression in Tregs, Gata3* T cells were significantly
expanded in the intestine, whereas Th1 and Th17 cells were
not (Fig. 4D), and serum levels of IgE are increased (38).
These data indicate that RORyt* Tregs regulate co-activator
functions of DCs through CTLA4, and thereby regulate the
generation of Th2 cells in the intestine. Finally, RORyt*
Tregs express high levels of IRF4 (Fig. 4E), which endows
Tregs with the ability to suppress Th2 responses (39).

Type 2 responses are proposed to perform “house keep-
ing” repair functions co-opted for defense against large par-
asites (40). In germfree mice, type 2 immunity is
exacerbated (3-6), possibly as a consequence of deregulated
repair responses. In accordance with this view, expression of
the type 2 cytokine IL-33 by epithelial cells is increased in
germfree mice (Fig. 4F and fig. S11C). IL-33 promotes the
accumulation and function of microbiota-independent (fig.
S3) Gata3* Tregs, which express high levels of amphiregulin,
an EGFR ligand involved in tissue repair (20). In contrast,
the microbiota induces type 3 responses through cytokines
such as IL-6 and IL-23 (Fig. 4F), and thereby suppresses the
default type 2 responses (Fig. 3 and fig. S13).

A model of the immune system may therefore be pro-
posed where type 1, 2 and 3 responses, induced by intracel-
lular threats, tissue injury, and extracellular threats,
respectively, establish a healthy equilibrium. In that model,
Treg subsets are part of each type of responses and play an
essential role in balancing the number of effectors that are
generated during steady state, infection or injury. As we
have evolved and develop in the presence of microbes, an
absence of microbes leads to a loss in type 1 (4I) and type 3
responses, and therefore, to deregulated type 2 responses
associated with pro-fibrotic and pro-allergic pathologies
(42). A similar mechanism may account for the increase, in
industrialized nations, of autoimmune pathologies associat-
ed with type 3 immunity (7).

REFERENCES AND NOTES

1. J. F. Bach, The effect of infections on susceptibility to autoimmune and allergic
diseases. N. Engl. J.  Med 347, 911-920 (2002).__ Medline
doi:10.1056/NE JMra020100

2. G. Prioult, C. Nagler-Anderson, Mucosal immunity and allergic responses: Lack of
regulation and/or lack of microbial stimulation? Immunol. Rev. 206, 204-218
(2005). Medline doi:10.1111/}.0105-2896.2005.00277.x

3. J. Cahenzli, Y. Kéller, M. Wyss, M. B. Geuking, K. D. McCoy, Intestinal microbial
diversity during early-life colonization shapes Iong term IgE levels. Cell Host
Microbe 14, 559-570 (2013). Medline

4. K. D. McCoy, N. L. Harris, P. Diener, S. Hatak, B. Odermatt, L. Hangartner, B. M.
Senn, B. J. Marsland, M. B. Geuking, H. Hengartner, A. J. Macpherson, R. M.
Zinkernagel, Natural IgE production in the absence of MHC Class Il cognate help.
Immunity 24, 329-339 (2006). Medline doi:10.1016/j.immuni.2006.01.013

5. T. Herbst, A. Sichelstiel, C. Schar, K. Yadava, K. Burki, J. Cahenzli, K. McCoy, B. J.
Marsland, N. L. Harris, Dysregulation of allergic airway inflammation in the
absence of microbial colonization. Am. J. Respir. Crit. Care Med. 184, 198-205
(2011). Medline doi:10.1164/rccm.201010-15740C

6.D. A Hill, M. C. Siracusa, M. C. Abt, B. S. Kim, D. Kobuley, M. Kubo, T. Kambayashi,
D. F. Larosa, E. D. Renner, J. S. Orange, F. D. Bushman, D. Artis, Commensal
bacteria-derived signals regulate basophil hematopoiesis and allergic
inflammation. Nat. Med. 18, 538-546 (2012). Medline doi:10.1038/nm.2657

7. M. E. Bashir, S. Louie, H. N. Shi, C. Nagler-Anderson, Toll-like receptor 4 signaling
by intestinal microbes mfluences susceptlblllty to food allergy. J. Immunol. 172,
6978-6987 (2004). Medline

8. S. L. Russell, M. J. Gold, M. Hartmann, B. P. Willing, L. Thorson, M. Wlodarska, N.
Gill, M. R. Blanchet, W. W. Mohn, K. M. McNagny, B. B. Finlay, Early life antibiotic-
driven changes in microbiota enhance susceptibility to allergic asthma. EMBO
Rep. 13, 440-447 (2012). Medline doi:10.1038/embor.2012.32

9. T. Olszak, D. An, S. Zeissig, M. P. Vera, J. Richter, A. Franke, J. N. Glickman, R.
Siebert, R. M. Baron, D. L. Kasper, R. S. Blumberg, Microbial exposure during
early life has persistent effects on natural killer T cell function. Science 336,
489-493 (2012). Medline doi:10.1126/science.1219328

10. I. I Ivanov, R. L. Frutos, N. Manel, K. Yoshinaga, D. B. Rifkin, R. B. Sartor, B. B.
Finlay, D. R. Littman, Specific microbiota direct the differentiation of IL-17-
producing T-helper cells in the mucosa of the small intestine. Cell Host Microbe
4,337-349 (2008). Medline doi:10.1016/j.chom.2008.09.009

11. S. K. Lathrop, S. M. Bloom, S. M. Rao, K. Nutsch, C. W. Lio, N. Santacruz, D. A.
Peterson, T. S. Stappenbeck, C. S. Hsieh, Peripheral education of the immune
system by colonic commensal microbiota. Nature 478, 250-254 (2011). Medline
doi:10.1038/naturel0434

12. S. Z. Josefowicz, R. E. Niec, H. Y. Kim, P. Treuting, T. Chinen, Y. Zheng, D. T.
Umetsu, A. Y. Rudensky, Extrathymically generated regulatory T cells control
mucosal TH2 infllammation. Nature 482, 395-399 (2012). Medline
doi:10.1038/naturel0772

13. 1. I. lvanov, B. S. McKenzie, L. Zhou, C. E. Tadokoro, A. Lepelley, J. J. Lafaille, D. J.
Cua, D. R. Littman, The orphan nuclear receptor RORyt directs the
differentiation program of proinflammatory IL-17* T helper cells. Cell 126, 1121~
1133 (2006). Medline doi:10.1016/j.cell.2006.07.035

14. G. Eberl, S. Marmon, M. J. Sunshine, P. D. Rennert, Y. Choi, D. R. Littman, An
essential function for the nuclear receptor RORgamma(t) in the generation of
fetal lymphoid tissue inducer cells. Nat. Immunol. 5, 64-73 (2004). Medline

15. M. Lochner, L. Peduto, M. Cherrier, S. Sawa, F. Langa, R. Varona, D. Riethmacher,
M. Si-Tahar, J. P. Di Santo, G. Eberl, In vivo equilibrium of proinflammatory IL-17*
and regulatory IL-10* Foxp3+ RORyt* T cells. J. Exp. Med. 205, 1381-1393
(2008). Medline doi:10.1084/jem.20080034

16. M. Lochner, M. Bérard, S. Sawa, S. Hauer, V. Gaboriau-Routhiau, T. D. Fernandez,
J. Snel, P. Bousso, N. Cerf-Bensussan, G. Eberl, Restricted microbiota and
absence of cognate TCR antigen leads to an unbalanced generation of Th17 cells.
J. Immunol. 186, 1531-1537 (2011). Medline doi:10.4049/jimmunol.1001723

17. A. M. Thornton, P. E. Korty, D. Q. Tran, E. A. Wohlfert, P. E. Murray, Y. Belkaid, E.
M. Shevach, Expression of Helios, an Ikaros transcription factor family member,
differentiates thymic-derived from peripherally induced Foxp3+ T regulatory
cells. J. Immunol. 184, 3433-3441 (2010).  Medline

doi:10.4049/jimmunol.0904028

18. J. M. Weiss, A. M. Bilate, M. Gobert, Y. Ding, M. A. Curotto de Lafaille, C. N.
Parkhurst, H. Xiong, J. Dolpady, A. B. Frey, M. G. Ruocco, Y. Yang, S. Floess, J.
Huehn, S. Oh, M. O. Li, R. E. Niec, A. Y. Rudensky, M. L. Dustin, D. R. Littman, J. J.
Lafaille, Neuropilin 1 is expressed on thymus-derived natural regulatory T cells,
but not mucosa-generated induced Foxp3+ T reg cells. J. Exp. Med. 209, 1723~

1742, S1(2012). Medline doi:10.1084/jem.20120914

Sciencexpress/ sciencemag.org/content/early/recent / 9 July 2015 / Page 3 / 10.1126/science.aac4263



http://www.sciencemag.org/content/early/recent
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12239261&dopt=Abstract
http://dx.doi.org/10.1056/NEJMra020100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16048551&dopt=Abstract
http://dx.doi.org/10.1111/j.0105-2896.2005.00277.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24237701&dopt=Abstract
http://dx.doi.org/10.1016/j.chom.2013.10.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16546101&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2006.01.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21471101&dopt=Abstract
http://dx.doi.org/10.1164/rccm.201010-1574OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22447074&dopt=Abstract
http://dx.doi.org/10.1038/nm.2657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15153518&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.172.11.6978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22422004&dopt=Abstract
http://dx.doi.org/10.1038/embor.2012.32
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22442383&dopt=Abstract
http://dx.doi.org/10.1126/science.1219328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18854238&dopt=Abstract
http://dx.doi.org/10.1016/j.chom.2008.09.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21937990&dopt=Abstract
http://dx.doi.org/10.1038/nature10434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22318520&dopt=Abstract
http://dx.doi.org/10.1038/nature10772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16990136&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2006.07.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14691482&dopt=Abstract
http://dx.doi.org/10.1038/ni1022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18504307&dopt=Abstract
http://dx.doi.org/10.1084/jem.20080034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21178008&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1001723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20181882&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.0904028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22966001&dopt=Abstract
http://dx.doi.org/10.1084/jem.20120914

19. E. A. Wohlfert, J. R. Grainger, N. Bouladoux, J. E. Konkel, G. Oldenhove, C. H.
Ribeiro, J. A. Hall, R. Yagi, S. Naik, R. Bhairavabhotla, W. E. Paul, R. Bosselut, G.
Wei, K. Zhao, M. Oukka, J. Zhu, Y. Belkaid, GATA3 controls Foxp3* regulatory T
cell fate during inflammation in mice. J. Clin. Invest. 121, 4503-4515 (2011).

20. C. Schiering, T. Krausgruber, A. Chomka, A. Frohlich, K. Adelmann, E. A.
Wohlfert, J. Pott, T. Griseri, J. Bollrath, A. N. Hegazy, O. J. Harrison, B. M. Owens,
M. Léhning, Y. Belkaid, P. G. Fallon, F. Powrie, The alarmin IL-33 promotes
regulatory T-cell function in the intestine. Nature 513, 564-568 (2014). Medline
doi:10.1038/naturel3577

21. K. Atarashi, T. Tanoue, T. Shima, A. Imaoka, T. Kuwahara, Y. Momose, G. Cheng,
S. Yamasaki, T. Saito, Y. Ohba, T. Taniguchi, K. Takeda, S. Hori, I. I. lvanov, Y.
Umesaki, K. Itoh, K. Honda, Induction of colonic regulatory T cells by indigenous
Clostridium  species.  Science 331, 337-341  (2011).__ Medline

22. Y. Furusawa, Y. Obata, S. Fukuda, T. A. Endo, G. Nakato, D. Takahashi, Y.
Nakanishi, C. Uetake, K. Kato, T. Kato, M. Takahashi, N. N. Fukuda, S. Murakami,
E. Miyauchi, S. Hino, K. Atarashi, S. Onawa, Y. Fujimura, T. Lockett, J. M. Clarke,
D. L. Topping, M. Tomita, S. Hori, O. Ohara, T. Morita, H. Koseki, J. Kikuchi, K.
Honda, K. Hase, H. Ohno, Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells. Nature 504, 446-450 (2013).

23. P. M. Smith, M. R. Howitt, N. Panikov, M. Michaud, C. A. Gallini, M. Bohlooly-Y, J.
N. Glickman, W. S. Garrett, The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis. Science 341, 569-573 (2013)._Medline

24. V. Gaboriau-Routhiau, S. Rakotobe, E. Lécuyer, I. Mulder, A. Lan, C. Bridonneau,
V. Rochet, A. Pisi, M. De Paepe, G. Brandi, G. Eberl, J. Snel, D. Kelly, N. Cerf-
Bensussan, The key role of segmented filamentous bacteria in the coordinated
maturation of gut helper T cell responses. Immunity 31, 677-689 (2009).

25. 1. 1. Ivanov, K. Atarashi, N. Manel, E. L. Brodie, T. Shima, U. Karaoz, D. Wei, K. C.
Goldfarb, C. A. Santee, S. V. Lynch, T. Tanoue, A. Imaoka, K. Itoh, K. Takeda, Y.
Umesaki, K. Honda, D. R. Littman, Induction of intestinal Thl7 cells by
segmented filamentous bacteria. Cell 139, 485-498 (2009)._ Medline

doi:10.1016/j.cell.2009.09.033

26. C. T. Weaver, R. D. Hatton, P. R. Mangan, L. E. Harrington, IL-17 family cytokines
and the expanding diversity of effector T cell lineages. Annu. Rev. Immunol. 25,
821-852 (2007). Medline doi:10.1146/annurev.immunol.25.022106.141557

27. E. Bettelli, Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner, V. K.
Kuchroo, Reciprocal developmental pathways for the generation of pathogenic
effector TH17 and regulatory T cells. Nature 441, 235-238 (2006)._ Medline
doi:10.1038/nature04753

28. C. L. Langrish, Y. Chen, W. M. Blumenschein, J. Mattson, B. Basham, J. D.
Sedgwick, T. McClanahan, R. A. Kastelein, D. J. Cua, IL-23 drives a pathogenic T
cell population that induces autoimmune inflammation. J. Exp. Med. 201, 233-
240 (2005). Medline doi:10.1084/jem.20041257

29. D. Mucida, Y. Park, G. Kim, O. Turovskaya, . Scott, M. Kronenberg, H. Cheroutre,
Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid.
Science 317, 256-260 (2007). Medline doi:10.1126/science.1145697

30. S. P. Spencer, C. Wilhelm, Q. Yang, J. A. Hall, N. Bouladoux, A. Boyd, T. B.
Nutman, J. F. Urban Jr., J. Wang, T. R. Ramalingam, A. Bhandoola, T. A. Wynn, Y.
Belkaid, Adaptation of innate lymphoid cells to a micronutrient deficiency
promotes type 2 barrier immunity. Science 343, 432-437 (2014). Medline

31. S. A. van de Pavert, M. Ferreira, R. G. Domingues, H. Ribeiro, R. Molenaar, L.
Moreira-Santos, F. F. Almeida, S. Ibiza, I. Barbosa, G. Goverse, C. Labdo-Almeida,
C. Godinho-Silva, T. Konijn, D. Schooneman, T. O'Toole, M. R. Mizee, Y. Habani, E.
Haak, F. R. Santori, D. R. Littman, S. Schulte-Merker, E. Dzierzak, J. P. Simas, R.
E. Mebius, H. Veiga-Fernandes, Maternal retinoids control type 3 innate
lymphoid cells and set the offspring immunity. Nature 508, 123-127 (2014).

32. M. Boirivant, I. J. Fuss, A. Chu, W. Strober, Oxazolone colitis: A murine model of T
helper cell type 2 colitis treatable wrth antlbodres to interleukin 4. J. Exp. Med.
188, 1929-1939 (1998). Medline

33. F. Heller, I. J. Fuss, E. E. Nieuwenhuis, R. S. Blumberg, W. Strober, Oxazolone
colitis, a Th2 colitis model resembling ulcerative colitis, is mediated by IL-13-
producing  NK-T cells.  Immunity 17, 629-638 (2002).__ Medline

34. F. Yu, S. Sharma, J. Edwards, L. Feigenbaum, J. Zhu, Dynamic expression of
transcription factors T-bet and GATA-3 by regulatory T cells maintains
immunotolerance.  Nat.  Immunol. 16, 197-206 (2014)._ Medline

35. D. Rudra, P. deRoos, A. Chaudhry, R. E. Niec, A. Arvey, R. M. Samstein, C. Leslie,
S. A. Shaffer, D. R. Goodlett, A. Y. Rudensky, Transcription factor Foxp3 and its
protein partners form a complex regulatory network. Nat. Immunol. 13, 1010-
1019 (2012). Medline doi:10.1038/ni.2402

36. L. Zhou, J. E. Lopes, M. M. Chong, I. I. Ivanov, R. Min, G. D. Victora, Y. Shen, J. Du,
Y. P. Rubtsov, A. Y. Rudensky, S. F. Ziegler, D. R. Littman, TGF-beta-induced
Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgammat function.
Nature 453, 236-240 (2008). Medline doi:10.1038/nature06878

37. H. Yasukawa, M. Ohishi, H. Mori, M. Murakami, T. Chinen, D. Aki, T. Hanada, K.
Takeda, S. Akira, M. Hoshijima, T. Hirano, K. R. Chien, A. Yoshimura, IL-6 induces
an anti-inflammatory response in the absence of SOCS3 in macrophages. Nat.
Immunol. 4, 551-556 (2003). Medline doi:10.1038/ni938

38. K. Wing, Y. Onishi, P. Prieto-Martin, T. Yamaguchi, M. Miyara, Z. Fehervari, T.
Nomura, S. Sakaguchi, CTLA-4 control over Foxp3+ regulatory T cell function.
Science 322, 271-275 (2008). Medline doi:10.1126/science.1160062

39.Y. Zheng, A. Chaudhry, A. Kas, P. deRoos, J. M. Kim, T. T. Chu, L. Corcoran, P.
Treuting, U. Klein, A. Y. Rudensky, Regulatory T-cell suppressor program co-opts
transcription factor IRF4 to control T(H)2 responses. Nature 458, 351-356
(2009). Medline doi:10.1038/nature07674

40. J. E. Allen, T. E. Sutherland, Host protective roles of type 2 immunity: Parasite
killing and tissue repalr flip srdes of the same coin. Semin. Immunol. 26, 329-
340 (2014). Medline

41. E. Kernbauer, Y. Ding, K. Cadwell, An enteric virus can replace the beneficial
function of commensal bacteria. Nature 516, 94-98 (2014). Medline

42.T. A. Wynn, Cellular and molecular mechanisms of fibrosis. J. Pathol. 214, 199-
210 (2008). Medline doi:

43.Y. Y. Wan, R. A. Flavell, Identifying Foxp3-expressing suppressor T cells with a
bicistronic reporter. Proc. Natl. Acad. Sci. U.S.A. 102, 5126-5131 (2005). Medline

doi:10.1073/pnas.0501701102

44, C. Ohnmacht, A. Pullner, S. B. King, . Drexler, S. Meier, T. Brocker, D. Voehringer,
Constitutive ablation of dendritic cells breaks self-tolerance of CD4 T cells and
results in spontaneous fatal autoimmunity. J. Exp. Med. 206, 549-559 (2009).
Medline

45, H. Schorle, T. Holtschke, T. Hanig, A. Schimpl, I. Horak, Development and
function of T cells in mice rendered interleukin-2 deficient by gene targeting.
Nature 352, 621-624 (1991). Medline doi:10.1038/352621a0

46. R. Kihn, J. Lohler, D. Rennick, K. Rajewsky, W. Miiller, Interleukin-10-deficient
mice develop chronic enterocolitis. Cell 75, 263-274 (1993)._ Medline

doi:10.1016/0092-8674(93)80068-P

47. M. Kopf, H. Baumann, G. Freer, M. Freudenberg, M. Lamers, T. Kishimoto, R.
Zinkernagel, H. Bluethmann, G. Kohler, Impaired immune and acute-phase
responses in interleukin-6-deficient mice. Nature 368, 339-342 (1994). Medline
doi:10.1038/368339a0

48. P. Thakker, M. W. Leach, W. Kuang, S. E. Benoit, J. P. Leonard, S. Marusic, IL-23
is critical in the induction but not in the effector phase of experimental
autoimmune encephalomyelitis. J. Immunol. 178, 2589-2598 (2007). Medline

10,4049/ 78 4.2589

49. D. Grote, A. Souabni, M. Busslinger, M. Bouchard, Pax 2/8-regulated Gata 3
expression is necessary for morphogenesis and guidance of the nephric duct in
the developing kidney. Development 133, 53-61 (2006).  Medline
doi:10.1242/dev.02184

50. K. Takeda, B. E. Clausen, T. Kaisho, T. Tsujimura, N. Terada, |. Forster, S. Akira,
Enhanced Thl activity and development of chronic enterocolitis in mice devoid of
Stat3 in macrophages and neutrophrls Immunity 10, 39-49 (1999). Medline

51. G. Eberl, D. R. Littman, Thymic origin of intestinal o« T cells revealed by fate
mapping of RORvyt" cells. Science 305, 248-251 (2004)._ Medline

52. M. J. Barnden, J. Allison, W. R. Heath, F. R. Carbone, Defective TCR expression in
transgenic mice constructed using cDNA-based alpha- and beta-chain genes
under the control of heterologous regulatory elements. Immunol. Cell Biol. 76,
34-40 (1998). Medline

53. S. Sawa, M. Lochner, N. Satoh-Takayama, S. Dulauroy, M. Bérard, M. Kleinschek,
D. Cua, J. P. Di Santo, G. Eberl, RORyt+ innate lymphoid cells regulate intestinal

Sciencexpress/ sciencemag.org/content/early/recent / 9 July 2015 / Page 4 / 10.1126/science.aac4263



http://www.sciencemag.org/content/early/recent
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21965331&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21965331&dopt=Abstract
http://dx.doi.org/10.1172/JCI57456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25043027&dopt=Abstract
http://dx.doi.org/10.1038/nature13577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21205640&dopt=Abstract
http://dx.doi.org/10.1126/science.1198469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24226770&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24226770&dopt=Abstract
http://dx.doi.org/10.1038/nature12721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23828891&dopt=Abstract
http://dx.doi.org/10.1126/science.1241165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19833089&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19833089&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2009.08.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19836068&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2009.09.033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17201677&dopt=Abstract
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16648838&dopt=Abstract
http://dx.doi.org/10.1038/nature04753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15657292&dopt=Abstract
http://dx.doi.org/10.1084/jem.20041257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17569825&dopt=Abstract
http://dx.doi.org/10.1126/science.1145697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24458645&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24670648&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24670648&dopt=Abstract
http://dx.doi.org/10.1038/nature13158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9815270&dopt=Abstract
http://dx.doi.org/10.1084/jem.188.10.1929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12433369&dopt=Abstract
http://dx.doi.org/10.1016/S1074-7613(02)00453-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25501630&dopt=Abstract
http://dx.doi.org/10.1038/ni.3053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22922362&dopt=Abstract
http://dx.doi.org/10.1038/ni.2402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18368049&dopt=Abstract
http://dx.doi.org/10.1038/nature06878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12754507&dopt=Abstract
http://dx.doi.org/10.1038/ni938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18845758&dopt=Abstract
http://dx.doi.org/10.1126/science.1160062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19182775&dopt=Abstract
http://dx.doi.org/10.1038/nature07674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25028340&dopt=Abstract
http://dx.doi.org/10.1016/j.smim.2014.06.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25409145&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18161745&dopt=Abstract
http://dx.doi.org/10.1002/path.2277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15795373&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0501701102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19237601&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19237601&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1830926&dopt=Abstract
http://dx.doi.org/10.1038/352621a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8402911&dopt=Abstract
http://dx.doi.org/10.1016/0092-8674(93)80068-P
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8127368&dopt=Abstract
http://dx.doi.org/10.1038/368339a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17277169&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.178.4.2589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16319112&dopt=Abstract
http://dx.doi.org/10.1242/dev.02184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10023769&dopt=Abstract
http://dx.doi.org/10.1016/S1074-7613(00)80005-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15247480&dopt=Abstract
http://dx.doi.org/10.1126/science.1096472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9553774&dopt=Abstract
http://dx.doi.org/10.1046/j.1440-1711.1998.00709.x

homeostasis by integrating negative signals from the symbiotic microbiota. Nat.
Immunol. 12, 320-326 (2011). Medline doi:10.1038/ni.2002

ACKNOWLEDGMENTS

We thank B. Ryffel for providing the /l23a~~ mice, |. Férster for the Stat3™" mice,
and C. Leclerc for /1107~ mice. We thank L. Polomack for technical assistance,
and the members of the Microenvironment and Immunity Unit for discussion and
support. The data presented in this manuscript are tabulated in the main paper
and in the supplementary materials. This work was supported by the Institut
Pasteur, grants from the Agence Nationale de la Recherche (ANR 11 BSV3 020
01), the Fondation de la Recherche Medicale (DEq. 2010318246), the Fondation
Simone e Cino Del Duca from the Institut de France, and an Excellence Grant
from the European Commission (MEXT-CT-2006-042374). This study has
received funding from the French Government's Investissement d'Avenir
program, Laboratoire d'Excellence “Integrative Biology of Emerging Infectious
Diseases” (grant no. ANR-10-LABX-62-IBEID). C.0. was supported by an EMBO
fellowship, S.C. by a Marie Curie intra-European fellowship from the European
Union, and J.B.W. is supported by JSPS Young scientist B grant 15K19129

SUPPLEMENTARY MATERIALS
www.sciencemag.org/cgi/content/full/science.aac4263/DC1
Materials and Methods

Figs S1to S13

References (43-53)

16 January 2015; accepted 23 June 2015

Published online 9 July 2015
10.1126/science.aac4263

Sciencexpress/ sciencemag.org/content/early/recent / 9 July 2015 / Page 5 / 10.1126/science.aac4263



http://www.sciencemag.org/content/early/recent
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21336274&dopt=Abstract
http://dx.doi.org/10.1038/ni.2002

A B  RORyt*  RORyt-
% , !
Thymus Spleen SI-LPL Co-LPL 2 Spleen .
0.8 7.2 151 J69 17.9§ ‘ Helios Tregs
o™ ot
o P o 100
é T ; g F‘# w 8o
w v - 03 o
167 "{s#m' 65 D e
Il @ W e e -
> RORyt Colon 5
O\o 20-
90 0 ./
> Helios Ctr RORyt
c + i + -+ D
i o RORyt" Tregs Helios* Tregs RORyt*" Tregs GF+ 17- RORyt* Tregs
%‘ . 7 o * ¥k | XX . XX Clostridia mix o kR
o gi? n o % 8 80 0 ®
“’: 195, o 296, '9_3’ 4 6 _:E 60 % :)T 30 *
" 12a.4w, - Wo.ei ‘S 2 4 %— “0 % % 20
- X 1 o;:ﬂ 2 B S X 1 ¥
7 GF o 0
SPF GF SPF GF  SPF ABX Co-LPL
e L O GF @ GF+17-
Helios Clostridia mix
E RORyt* Tregs F RORyt* Tregs
Control ADC - o Host Donor o wrn DA
7)) . w 1 [}
Do % = oo . , %a if, . %
o L. £ o
° zc. ‘ R R '
o o 0 e —— T[T 0 !
Ctr ADC  Ctr MHC-II"- SI-LPL Co-LPL

@ Host (CD45.1)
O Donor (CD45.2)

Fig. 1. A majority of colon RORy* T cells are microbiota-induced RORyt* Tregs. (A) Expression of Foxp3 and
RORyt by CD4* T cells in double reporter mice. Sl, small intestine; Co, colon; LPL, lamina propria lymphocytes.
(B) Expression of Helios and RORvyt by Tregs (FoxP3* CD4* T cells) from spleen and colon lamina propria of
littermate control (left) and RORyt-deficient mice (right). Right, frequency of colon Helios® Tregs. n = 4.
(C) Expression of RORyt and Helios by Tregs in the colon of SPF or germfree (GF) mice, and frequencies of RORyt*
Helios™ Tregs (left) and Helios* Tregs (middle) in SPF and germfree mice, n = 4. Right, frequency of RORyt* Tregs in
the colon of SPF mice or mice treated from birth with a cocktail of antibiotics, n = 4. (D) Expression of RORyt and
IL-10 by Tregs, and frequency of RORvyt* Tregs in the colon of germfree mice (left) or mice recolonized for 3 weeks
with a consortium of 17 strains of Clostridia (right), n = 4. (E) Expression of RORyt and Helios by colonic Tregs (left)
and frequency of RORyt* Tregs (middle) in Cdllct x Rosa26P® (ADC) and littermate control mice, n = 3. Right,
frequencies of RORyt* Tregs in colon of control or MHC class II-deficient mice, n = 4. (F) Naive CD4* T cells were
isolated from CD45.2* OT-1l Rag2~/~ mice and adoptively transferred into CD45.1* congenic mice, subsequently fed
for 7 days with 1.5% chicken ovalbumin in the drinking water. Expression of RORyt and Helios in small intestine Tregs
(left) and frequency of RORyt* Tregs in small intestine and colon (right) in host (CD45.1) and donor (CD45.2) cells,
n =5. Data are representative of at least two independent experiments. Error bars, s.d.; ns, not significant, *P < 0.05,
**P < 0.01, ¥**P < 0.001, as calculated by Student's t test.
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and ratio of Thl7 cells versus RORvt* Tregs in colon of mice fed a control
diet or a vitamin A-deficient from birth for 10 weeks, n = 3. Data are
representative of at least two independent experiments. Error bars, s.d.;
*P < 0.05, ***P < 0.001, as calculated by Student’s t test.
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Fig. 3. RORyt* Tregs regulate type 2 immune responses. (A) Expression of
Foxp3 and Gata3 by small intestine CD4* T cells (left), and frequency of
Gata3* Tregs (middle) and Gata3* non-Tregs CD4* T cells (right) in Foxp3°©® x
Rorc(yt)™*© mice, n = 7. (B) Survival curve (left) of littermate control mice
(straight line) or Foxp3°® x Rorc(yt)™™ mice (hatched line) treated with
oxazolone, n = 7. Periodic acid-Schiff staining of colons from the
corresponding mice and ratio of mice with ulcers (middle), and length of
colons 3 days after oxazolone challenge (right). (C) Egg burden 14, 24 and 31
days after infection with H. polygyrus, and production of type 2 cytokines by
T cells isolated from mesenteric lymph nodes 21 days after infection in
control mice (filled symbols) or Foxp3°© x Rorc(yt)f mice (open symbols),
n = 5. Data are representative of at least two independent experiments. Error
bars, s.d.; ns, not significant, *P < 0.05, **P < 0.01, ****P < 0.0001, as
calculated by Student's t test or Mann-Whitney test.
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Fig. 4. Mechanisms of regulation by RORyt* Tregs. (A) Naive CD4* T cells were isolated from
CD45.2* OT-Il wild-type or CD45.2* OT-Il RORyt ~~ mice and adoptively transferred into CD45.1*
congenic mice, subsequently fed for 7 days with 1.5% chicken ovalbumin. Frequency of Gata3* Tregs
and Th2 cells in the small intestine in host (CD45.1) and donor (CD45.2) cells, n = 3. (B) Expression of
RORyt and Gata3 by Tregs in colon of littermate control mice and of Foxp3°® x Stat3™f' mice.
(C) Mean fluorescence intensity (MFI) of CD80 and CD86 on colon DCs, n = 5. (D) Frequency of
Gata3*, RORyt* or T-bet* (a marker for Thl cells) non-Treg CD4* T cells in littermate control mice
(filled symbols) or Foxp3°® x CTLA-47F mice (open symbols), n = 6. (E) Expression of IRF4 protein
and transcripts by RORyt* Tregs and RORyt Tregs (grey filled histogram represents effector T cells),
n = 3. (F) Expression of transcripts for IL33, IL6 and IL23 in the ileum of SPF and germfree mice, as
determined by gRT-PCR, n = 3. Data are representative of at least two independent experiments.
Error bars, s.d.; ns, not significant, *P < 0.05 (0.06 in A), **P < 0.01, as calculated by Student’s t test
or Mann-Whitney test.
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