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Introduc+on	  

•  Treg	  (CD4+CD25+Foxp3+)are	  indispensable	  for	  immune	  homeostasis.	  

•  Muta+ons	  in	  Foxp3	  gene	  leads	  to	  fatal	  autoimmune	  disorder.	  

•  Condi+onal	  dele+on	  of	  Foxp3	  reprograms	  Treg	  cells	  into	  pathogenic	  Th	  

cells.	  

•  Tregs	  are	  capable	  of	  maintaining	  stable	  Foxp3	  expression.	  This	  is	  mediated	  

by	  demethyla+on	  of	  Treg	  cell	  specific	  demethyla+on	  region	  (TSDR).	  

•  Recent	  studies	  however	  suggest	  Treg	  may	  lose	  Foxp3	  expression	  and	  be	  “	  

reprogrammed”	  to	  effector	  Th	  cells.	  

•  These	  exFoxp3	  are	  induced	  in	  inflammatory	  cytokine	  milieus.	  

•  Gene+c	  fate	  mapping	  approach:	  10-‐20	  %	  of	  are	  Foxp3-‐.	  

•  Do	  T	  cells	  that	  transiently	  express	  Foxp3	  acquire	  Treg	  func+on	  ?	  	  
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Gene+c	  fate	  mapping	  
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They	  hypothesized	  that	  exFoxp3	  T	  cells	  do	  not	  reflect	  reprogramming	  of	  commi]ed	  
Tregs	  cells	  but	  rather	  a	  minor	  popula+on	  of	  uncommi]ed	  Foxp3+	  T	  cells	  
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Genera+on	  and	  accumula+on	  of	  exFoxp3	  T	  cells	  during	  ontogeny	  

Foxp3-‐RPF+	  T	  cells	  results	  from	  downregula+on	  of	  Foxp3	  expression	  in	  Foxp3+	  T	  cells	  and	  
lymphopenia	  driven	  prolifera+on	  promotes	  accumula+on	  of	  exFoxp3	  T	  cells	  

CD62L,	  
CD69	  and	  
CCR7	  

5	  to	  6	  weeks	  old	  mice	  
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Foxp3	  expression	  in	  ac+vated	  T	  cells	  

Naïve	  T	  cells	  can	  exhibit	  promiscuous	  Foxp3	  expression	  upon	  ac+va+on	  

peripherally induced Foxp3+ T cells in normal lymphoreplete
mice, we adoptively transferred Foxp3!CD4+ T cells sorted
from Ly5.1 Foxp3hCD2 mice into Ly5.2 Foxp3hCD2 mice (Fig-
ure 3A). As reported previously (Lathrop et al., 2008), a small
fraction of Ly5.1 Foxp3! donor cells upregulated Foxp3 (Fig-
ure S3A); the frequency of Ly5.1 cells among peripheral
Foxp3+ T cells peaked at 2 weeks after transfer and gradually
decreased thereafter (Figure S3B), whereas the levels of induced
Foxp3 increased over time (Figure S3C).
We sorted total peripheral Foxp3+CD4+ T cells consisting of

Ly5.2 endogenous cells and Ly5.1 cells that had upregulated
Foxp3 during 2 weeks of residence in replete mice and trans-
ferred them into Rag1!/! mice (Figure 3A). When analyzed
4 weeks later, most of Ly5.1, but only half of Ly5.2, CD4+

T cells were found to be Foxp3! (Figures 3B and 3C). Moreover,

Ly5.1 cells that had lost Foxp3 expression (Foxp3+ / ! cells)
increased their frequency extensively, whereas Ly5.1 cells that
had maintained Foxp3 expression (Foxp3+ / + cells) decreased
their frequency (Figures 3B and 3D). In contrast, Ly5.1 cells that
had upregulated and maintained Foxp3 expression during
8 weeks of residence in replete mice showed more stable
Foxp3 expression than those that had done so during 2 weeks
(Figures 3B and 3C), primarily as a result of reduced population
expansion of Ly5.1 Foxp3+ / ! cells (Figure 3D). Ly5.1 cells that
had become Foxp3+ during 4 weeks of residence in replete mice
gave intermediate results (see Figures S3D–S3F).
These results indicate that peripherally induced Foxp3+ T cells

contain both unstable and stable cells, the relative abundance
of each changing over time; unstable cells are more prevalent
early after Foxp3 induction, whereas stable cells gradually

Figure 2. Promiscuous and Unstable Foxp3 Expression in Activated T Cells
Naive hCD2!CD44loCD62Lhi T (Tn) and hCD2+CD4+ T (Treg) cells sorted from Foxp3hCD2 mice were stimulated with anti-CD3 and anti-CD28 plus IL-2 for 4 (A, B)

or 7 (C–E) days. Tn cells were also stimulated in the presence of TGF-b1 (D, E).

(A) Foxp3 and hCD2 expression.

(B) Microarray analysis of hCD2+ (Act hCD2+) and hCD2! (Act hCD2!) cells sorted from activated Tn cells. Mean expression values (n = 2) of Treg cell signature

probes (Hill et al., 2007) up- or downregulated in Treg cells are plotted.

(C) CD25, IL-2, and Helios expression.

(D) Suppressive activity and stability of Foxp3 expression. CFSE-labeled Ly5.2 responder T cells were stimulated alone or together with sorted Ly5.1 Act hCD2!,

Act hCD2+, TGF-b-induced hCD2+, or activated Treg cells. Histograms show CFSE dilution in Ly5.1!Ly5.2+CD4+ cells (left) and hCD2 expression on Ly5.1+

Ly5.2!CD4+ cells (right).

(E) Methylation status of the Foxp3 promoter and TSDR. The degree of methylation at each CpG motif is represented according to the color code.

Results are representative of two (E) or more than three independent experiments.
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Naïve	   T	   cells	   from	   lymph	   node	   or	   spleen	  
s+mulated	   with	   αCD3,	   αCD28	   and	   IL-‐2	   for	   4	  
days	  and	  (with	  TGFβ)	  

S+mula+on	  of	  CFSE	  
labeled	  CD4+	  T	  cells	  
for	  3	  days	  with	  
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Methyla+on	  status	  in	  different	  popula+ons	  

Ac+vity	  and	  stability	  of	  Foxp3	  transcrip+on	  is	  differen+ally	  associated	  with	  demethyla+on	  of	  the	  
TSDR	  
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Genera+on	  of	  exFoxp3	  T	  cells	  in	  lymphopenic	  environment	  

predominate. Thus, unstable cells appear to develop transiently
in the course of peripheral induction of Foxp3+ T cells. These
results also suggest that, in lymphopenic environments,
exFoxp3 (Foxp3+ / !) T cells are generated and accumulate
predominantly from transiently induced, unstable Foxp3+ cells
through selective population expansion.

As shown previously (Komatsu et al., 2009), "90% of Foxp3+

donor T cells maintained Foxp3 expression inRag1!/! recipients
when cotransferred with Foxp3! T cells (Figure S3D). In such co-
transferred recipients, themarked population expansion of Ly5.1
Foxp3+ / ! cells was inhibited (Figures S3D and S3E). In addi-
tion, although absolute numbers of total Foxp3+ / ! cells were

Figure 3. Origin of exFoxp3 T Cells Generated in Lymphopenic Environments
(A) Schema of the serial transfer experiment. No line feed.

(B–G) Peripheral hCD2!CD4+ T cells (B–D) or hCD2+CD24lo or intCD4+CD8! thymocytes (E–G) sorted from Ly5.1 Foxp3hCD2 mice were transferred into Ly5.2

Foxp3hCD2mice. After 2 or 8 weeks, total hCD2+CD4+ T cells were sorted and transferred intoRag1!/! recipients. Four weeks after the secondary transfer, pooled

LN and spleen cells were analyzed.

(B and E) Foxp3 expression and population composition before and after transfer into Rag1!/! mice. Numbers in parentheses indicate fold-increase in the

percentage of Ly5.1 (Ly5.1+) or Ly5.2 (Ly5.1!) hCD2+ / + or hCD2+ / ! population, calculated by dividing the percentage of each population after transfer by the

percentage of the respective donor population before transfer.

(C and F) Percentages of hCD2+ cells in Ly5.1 and Ly5.2 donor cells after transfer.

(D and G) Change in population composition after transfer. Fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ / ! population is plotted.

Each symbol represents individual Rag1!/! mouse, and the horizontal line indicates the mean of each group. Results are pooled from two independent

experiments per group.

Immunity

Origin of exFoxp3 T Cells

266 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.

iTreg	  

nTreg	  

predominate. Thus, unstable cells appear to develop transiently
in the course of peripheral induction of Foxp3+ T cells. These
results also suggest that, in lymphopenic environments,
exFoxp3 (Foxp3+ / !) T cells are generated and accumulate
predominantly from transiently induced, unstable Foxp3+ cells
through selective population expansion.

As shown previously (Komatsu et al., 2009), "90% of Foxp3+

donor T cells maintained Foxp3 expression inRag1!/! recipients
when cotransferred with Foxp3! T cells (Figure S3D). In such co-
transferred recipients, themarked population expansion of Ly5.1
Foxp3+ / ! cells was inhibited (Figures S3D and S3E). In addi-
tion, although absolute numbers of total Foxp3+ / ! cells were

Figure 3. Origin of exFoxp3 T Cells Generated in Lymphopenic Environments
(A) Schema of the serial transfer experiment. No line feed.

(B–G) Peripheral hCD2!CD4+ T cells (B–D) or hCD2+CD24lo or intCD4+CD8! thymocytes (E–G) sorted from Ly5.1 Foxp3hCD2 mice were transferred into Ly5.2

Foxp3hCD2mice. After 2 or 8 weeks, total hCD2+CD4+ T cells were sorted and transferred intoRag1!/! recipients. Four weeks after the secondary transfer, pooled

LN and spleen cells were analyzed.

(B and E) Foxp3 expression and population composition before and after transfer into Rag1!/! mice. Numbers in parentheses indicate fold-increase in the

percentage of Ly5.1 (Ly5.1+) or Ly5.2 (Ly5.1!) hCD2+ / + or hCD2+ / ! population, calculated by dividing the percentage of each population after transfer by the

percentage of the respective donor population before transfer.

(C and F) Percentages of hCD2+ cells in Ly5.1 and Ly5.2 donor cells after transfer.

(D and G) Change in population composition after transfer. Fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ / ! population is plotted.

Each symbol represents individual Rag1!/! mouse, and the horizontal line indicates the mean of each group. Results are pooled from two independent

experiments per group.

Immunity

Origin of exFoxp3 T Cells

266 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.

predominate. Thus, unstable cells appear to develop transiently
in the course of peripheral induction of Foxp3+ T cells. These
results also suggest that, in lymphopenic environments,
exFoxp3 (Foxp3+ / !) T cells are generated and accumulate
predominantly from transiently induced, unstable Foxp3+ cells
through selective population expansion.

As shown previously (Komatsu et al., 2009), "90% of Foxp3+

donor T cells maintained Foxp3 expression inRag1!/! recipients
when cotransferred with Foxp3! T cells (Figure S3D). In such co-
transferred recipients, themarked population expansion of Ly5.1
Foxp3+ / ! cells was inhibited (Figures S3D and S3E). In addi-
tion, although absolute numbers of total Foxp3+ / ! cells were

Figure 3. Origin of exFoxp3 T Cells Generated in Lymphopenic Environments
(A) Schema of the serial transfer experiment. No line feed.

(B–G) Peripheral hCD2!CD4+ T cells (B–D) or hCD2+CD24lo or intCD4+CD8! thymocytes (E–G) sorted from Ly5.1 Foxp3hCD2 mice were transferred into Ly5.2

Foxp3hCD2mice. After 2 or 8 weeks, total hCD2+CD4+ T cells were sorted and transferred intoRag1!/! recipients. Four weeks after the secondary transfer, pooled

LN and spleen cells were analyzed.

(B and E) Foxp3 expression and population composition before and after transfer into Rag1!/! mice. Numbers in parentheses indicate fold-increase in the

percentage of Ly5.1 (Ly5.1+) or Ly5.2 (Ly5.1!) hCD2+ / + or hCD2+ / ! population, calculated by dividing the percentage of each population after transfer by the

percentage of the respective donor population before transfer.

(C and F) Percentages of hCD2+ cells in Ly5.1 and Ly5.2 donor cells after transfer.

(D and G) Change in population composition after transfer. Fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ / ! population is plotted.

Each symbol represents individual Rag1!/! mouse, and the horizontal line indicates the mean of each group. Results are pooled from two independent

experiments per group.

Immunity

Origin of exFoxp3 T Cells

266 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.

iTreg	   nTreg	  

predominate. Thus, unstable cells appear to develop transiently
in the course of peripheral induction of Foxp3+ T cells. These
results also suggest that, in lymphopenic environments,
exFoxp3 (Foxp3+ / !) T cells are generated and accumulate
predominantly from transiently induced, unstable Foxp3+ cells
through selective population expansion.

As shown previously (Komatsu et al., 2009), "90% of Foxp3+

donor T cells maintained Foxp3 expression inRag1!/! recipients
when cotransferred with Foxp3! T cells (Figure S3D). In such co-
transferred recipients, themarked population expansion of Ly5.1
Foxp3+ / ! cells was inhibited (Figures S3D and S3E). In addi-
tion, although absolute numbers of total Foxp3+ / ! cells were

Figure 3. Origin of exFoxp3 T Cells Generated in Lymphopenic Environments
(A) Schema of the serial transfer experiment. No line feed.

(B–G) Peripheral hCD2!CD4+ T cells (B–D) or hCD2+CD24lo or intCD4+CD8! thymocytes (E–G) sorted from Ly5.1 Foxp3hCD2 mice were transferred into Ly5.2

Foxp3hCD2mice. After 2 or 8 weeks, total hCD2+CD4+ T cells were sorted and transferred intoRag1!/! recipients. Four weeks after the secondary transfer, pooled

LN and spleen cells were analyzed.

(B and E) Foxp3 expression and population composition before and after transfer into Rag1!/! mice. Numbers in parentheses indicate fold-increase in the

percentage of Ly5.1 (Ly5.1+) or Ly5.2 (Ly5.1!) hCD2+ / + or hCD2+ / ! population, calculated by dividing the percentage of each population after transfer by the

percentage of the respective donor population before transfer.

(C and F) Percentages of hCD2+ cells in Ly5.1 and Ly5.2 donor cells after transfer.

(D and G) Change in population composition after transfer. Fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ / ! population is plotted.

Each symbol represents individual Rag1!/! mouse, and the horizontal line indicates the mean of each group. Results are pooled from two independent

experiments per group.

Immunity

Origin of exFoxp3 T Cells

266 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.

predominate. Thus, unstable cells appear to develop transiently
in the course of peripheral induction of Foxp3+ T cells. These
results also suggest that, in lymphopenic environments,
exFoxp3 (Foxp3+ / !) T cells are generated and accumulate
predominantly from transiently induced, unstable Foxp3+ cells
through selective population expansion.

As shown previously (Komatsu et al., 2009), "90% of Foxp3+

donor T cells maintained Foxp3 expression inRag1!/! recipients
when cotransferred with Foxp3! T cells (Figure S3D). In such co-
transferred recipients, themarked population expansion of Ly5.1
Foxp3+ / ! cells was inhibited (Figures S3D and S3E). In addi-
tion, although absolute numbers of total Foxp3+ / ! cells were

Figure 3. Origin of exFoxp3 T Cells Generated in Lymphopenic Environments
(A) Schema of the serial transfer experiment. No line feed.

(B–G) Peripheral hCD2!CD4+ T cells (B–D) or hCD2+CD24lo or intCD4+CD8! thymocytes (E–G) sorted from Ly5.1 Foxp3hCD2 mice were transferred into Ly5.2

Foxp3hCD2mice. After 2 or 8 weeks, total hCD2+CD4+ T cells were sorted and transferred intoRag1!/! recipients. Four weeks after the secondary transfer, pooled

LN and spleen cells were analyzed.

(B and E) Foxp3 expression and population composition before and after transfer into Rag1!/! mice. Numbers in parentheses indicate fold-increase in the

percentage of Ly5.1 (Ly5.1+) or Ly5.2 (Ly5.1!) hCD2+ / + or hCD2+ / ! population, calculated by dividing the percentage of each population after transfer by the

percentage of the respective donor population before transfer.

(C and F) Percentages of hCD2+ cells in Ly5.1 and Ly5.2 donor cells after transfer.

(D and G) Change in population composition after transfer. Fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ / ! population is plotted.

Each symbol represents individual Rag1!/! mouse, and the horizontal line indicates the mean of each group. Results are pooled from two independent

experiments per group.
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Genera+on	  of	  exFoxp3	  in	  inflammatory	  condi+ons	  in	  vitro	  	  

Peripherally	  induced	  Foxp3+	  T	  cells	  differen+ate	  into	  Foxp3-‐	  Th	  cells	  under	  inflammatory	  condi+ons	  

Development of Nonregulatory Unstable Foxp3+ T Cells
in Normal Mice
We then sought to establish, without relying on adoptive trans-
fers, that Foxp3+ T cells exhibiting unstable and transient
Foxp3 expression develop in normal mice and to determine their
phenotype and function. We took advantage of Foxp3GFPCre

ROSA26RFP mice, which allow us to distinguish RFP! or lo newly
developed Foxp3+ T cells from RFPhi resident Foxp3+ T cells in
adult mice. Peripheral Foxp3+RFP! or lo cells showed lower
CD24 and higher Qa2 expression than did their thymic counter-
parts (Figure S5), suggesting that many of them acquired Foxp3
expression in the periphery. We reasoned that if some Foxp3+

T cells express Foxp3 only transiently, they should be enriched
among RFP! or lo cells and become rare among RFPhi cells.
Indeed, when stimulated in the presence of IL-4 (not shown),
IL-6, or aTGF-b, or when adoptively transferred into Rag1!/!

mice together with naive T cells, half of Foxp3+RFP! or lo cells
lost, whereas most of Foxp3+RFPhi cells maintained, Foxp3
expression (Figures 6A and 6B). Notably, the majority of the
Foxp3! cells were RFP+, indicating their Foxp3+ T cell origin.
Peripheral and thymic Foxp3+RFP! or lo cells consisted of

CD25! or lo and CD25hi cells (Figures 6C and S5), indicating
that Foxp3+ T cells develop as either CD25! or lo or CD25hi.
BothCD25! or lo andCD25hi RFP! or loFoxp3+ cells showed lower
Helios expression than did RFPhiFoxp3+ cells, a finding support-
ing the idea that peripherally induced Treg (iTreg) cells are
Helioslo (Figure 6C; Thornton et al., 2010). Whereas peripheral
RFP! or loCD25hi, RFPhiCD25! or lo, and RFPhiCD25hi Foxp3+

T cells contained CD103+ cells and were CD122hiOX40hiGITRhi,
RFP! or loCD25! or loFoxp3+ cells were Foxp3loCD103!

CD122loOX40loGITRlo and thus lacked a typical Treg cell pheno-
type (Figure 6C). We also found that RFPhi cells, particularly

Figure 4. Origin of exFoxp3 Th Cells Generated in Response to Inflammatory Cytokine Signals In Vitro
Ly5.1 peripheral hCD2!CD4+ T cells (13 107) or hCD2+CD24lo or intCD4+CD8! thymocytes (13 106) were transferred into Ly5.2 Foxp3hCD2mice. Twoweeks later,

total peripheral hCD2+CD4+ T cells were sorted and stimulated for 4 days with anti-CD3 and anti-CD28 plus IL-2 in the presence or absence (none) of IL-4, IL-6, or

TGF-b mAb plus TGF-bRII-Fc (aTGF-b) (A) or in the presence of IL-1b plus IL-6 (Th17 polarization) or IL-4 (Th2 polarization) (B).

(A) Representative flow cytometric profiles before and after stimulation in the presence of IL-6, and percentages of hCD2+ cells in Ly5.1 and Ly5.2 cells (mean ±

SEM, n = 2–4). Numbers in parentheses indicate fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ / ! cells.

(B) IL-17 or IL-4 production in in-vitro-polarized hCD2+ cells. Results are representative of three independent experiments.
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Promiscuous	  and	  unstable	  Foxp3	  expression	  in	  normal	  mice	  

RPF-‐CD25-‐Foxp3+	  T	  cells	  showed	  promiscuous	  and	  unstable	  Foxp3	  expression	  

ExTreg	   Treg	  
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Treg	  
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Figure 6. A Minor Foxp3+ T Cell Population Exhibiting Promiscuous and Unstable Foxp3 Expression in Normal Mice
(A) RFPhi and RFP! or lo GFP+CD4+ T cells were sorted from Foxp3GFPCreROSA26RFP mice and stimulated for 4 days with anti-CD3 and anti-CD28 plus IL-2 in the

presence or absence of other reagents.

(B) RFPhi and RFP! or lo GFP+CD4+ T cells (1 3 105) were transferred into Rag1!/! mice together with Ly5.1 hCD2!CD45RBhiCD4+ T cells (4 3 105), and spleen

and mLN cells were analyzed 5 weeks later. Representative flow cytometric profiles of Ly5.1!Ly5.2+CD4+TCR-b+ cells and percentages of GFP+ cells in RFP+

cells are shown.

(C) Expression of various markers in GFP+CD4+ T cell subsets.
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Figure 6. A Minor Foxp3+ T Cell Population Exhibiting Promiscuous and Unstable Foxp3 Expression in Normal Mice
(A) RFPhi and RFP! or lo GFP+CD4+ T cells were sorted from Foxp3GFPCreROSA26RFP mice and stimulated for 4 days with anti-CD3 and anti-CD28 plus IL-2 in the

presence or absence of other reagents.

(B) RFPhi and RFP! or lo GFP+CD4+ T cells (1 3 105) were transferred into Rag1!/! mice together with Ly5.1 hCD2!CD45RBhiCD4+ T cells (4 3 105), and spleen

and mLN cells were analyzed 5 weeks later. Representative flow cytometric profiles of Ly5.1!Ly5.2+CD4+TCR-b+ cells and percentages of GFP+ cells in RFP+

cells are shown.

(C) Expression of various markers in GFP+CD4+ T cell subsets.
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Re-‐expression	  of	  Foxp3	  expression	  in	  exFoxp3	  T	  cells	  following	  ac+va+on	  

exFoxp3	  T	  cells	  reacquire	  Foxp3	  expression	  in	  a	  TCR	  dependent	  manner	  

a fully methylated TSDR upon activation (Figure S6B). ‘‘Natural’’
exFoxp3 T cells behaved similarly; !30% of Foxp3"RFP+

CD44hiCD4+ T cells reacquired GFP and Foxp3 expression in
a TCR stimulation-dependent but TGF-b-independent manner
(Figures 7A and 7B). In addition, this reinduction was not in-
hibited by IL-4 or IL-6 (Figure 7A). Helioshi cells were enriched
in RFP+ cells that reinduced Foxp3 (Figure 7B), whereas
IFN-g+ and IL-17+ cells were confined to RFP+ cells that re-
mained Foxp3" (Figure 7C). Reinduced Foxp3+RFP+ cells but
not noninduced Foxp3"RFP+ cells efficiently suppressed T cell
proliferation and maintained Foxp3 expression (Figure 7D).
Finally, Foxp3"RFP+CD44hiCD4+ T cells showed a partially de-
methylated TSDR, and, upon activation, segregated into rein-
duced Foxp3+RFP+ cells exhibiting a demethylated TSDR and
noninduced Foxp3"RFP+ cells exhibiting a fully methylated
TSDR (Figure 7E). These results collectively indicate that ex-
Foxp3 T cells consist not only of Th cells with a methylated
TSDR but also of ‘‘latent’’ Treg cells that robustly reacquire

Foxp3 expression and suppressive activity upon TCR stimula-
tion, many of which may be thymus-derived Helioshi Treg cells.
Thus, Treg cells can transiently downregulate, yet retain a
memory of, Foxp3 expression and suppressive function without
converting to Th cells. The demethylated status of the TSDR
appears to provide the basis of such epigenetic memory of
Foxp3 expression.

DISCUSSION

The emerging notion of environment-induced Treg cell reprog-
ramming has been actively debated but has remained highly
controversial (Bailey-Bucktrout and Bluestone, 2011; Hori,
2011; Rubtsov et al., 2010). The controversy may be resolved
by postulating that the observed plasticity of Foxp3+ T cells
does not reflect reprogramming of Treg cells, but a minor popu-
lation of uncommitted Foxp3+ T cells (Hori, 2010, 2011). The
findings presented here provide compelling evidence for this

(D) Ly5.1 CFSE-labeled responder T cells were stimulated alone or together with sorted Ly5.2 GFP+CD4+ T cell subsets. CFSE dilution in Ly5.1+Ly5.2" (left) and

GFP and RFP expression in Ly5.1"Ly5.2+CD4+ cells (right) are shown.

(E) Methylation status of the TSDR.

Results are representative of two (E) or three (A, C, D) independent experiments.

Figure 7. Foxp3–RFP+ Cells Contain Latent Treg Cells that Retain an Epigenetic Memory of Foxp3 Expression and Suppressive Function
CD4+ T cell subsets sorted from Foxp3GFPCreROSA26RFP mice were stimulated for 4 (A–C) or 7 (D, E) days with anti-CD3 and anti-CD28 plus IL-2.

(A) GFP expression in CD44hiGFP"RFP+memory T (TmRFP+) cells stimulated with IL-2 alone or along with anti-CD3 and anti-CD28 in the presence or absence of

other reagents.

(B) Foxp3 and Helios expression.

(C) IFN-g and IL-17 production in Tm RFP+ cells that upregulated GFP or not.

(D) Ly5.2 Tm RFP+ and Treg cells were stimulated and sorted into GFP+ and GFP" cells, which were then assessed for their suppressive activity and Foxp3

stability. CFSE dilution in Ly5.1+5.2" responder CD4+ and GFP expression in Ly5.1"5.2+CD4+ cells are shown.

(E) DNA methylation status of the TSDR.

Results are representative of two (C, E) or three independent experiments.
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a fully methylated TSDR upon activation (Figure S6B). ‘‘Natural’’
exFoxp3 T cells behaved similarly; !30% of Foxp3"RFP+

CD44hiCD4+ T cells reacquired GFP and Foxp3 expression in
a TCR stimulation-dependent but TGF-b-independent manner
(Figures 7A and 7B). In addition, this reinduction was not in-
hibited by IL-4 or IL-6 (Figure 7A). Helioshi cells were enriched
in RFP+ cells that reinduced Foxp3 (Figure 7B), whereas
IFN-g+ and IL-17+ cells were confined to RFP+ cells that re-
mained Foxp3" (Figure 7C). Reinduced Foxp3+RFP+ cells but
not noninduced Foxp3"RFP+ cells efficiently suppressed T cell
proliferation and maintained Foxp3 expression (Figure 7D).
Finally, Foxp3"RFP+CD44hiCD4+ T cells showed a partially de-
methylated TSDR, and, upon activation, segregated into rein-
duced Foxp3+RFP+ cells exhibiting a demethylated TSDR and
noninduced Foxp3"RFP+ cells exhibiting a fully methylated
TSDR (Figure 7E). These results collectively indicate that ex-
Foxp3 T cells consist not only of Th cells with a methylated
TSDR but also of ‘‘latent’’ Treg cells that robustly reacquire

Foxp3 expression and suppressive activity upon TCR stimula-
tion, many of which may be thymus-derived Helioshi Treg cells.
Thus, Treg cells can transiently downregulate, yet retain a
memory of, Foxp3 expression and suppressive function without
converting to Th cells. The demethylated status of the TSDR
appears to provide the basis of such epigenetic memory of
Foxp3 expression.

DISCUSSION

The emerging notion of environment-induced Treg cell reprog-
ramming has been actively debated but has remained highly
controversial (Bailey-Bucktrout and Bluestone, 2011; Hori,
2011; Rubtsov et al., 2010). The controversy may be resolved
by postulating that the observed plasticity of Foxp3+ T cells
does not reflect reprogramming of Treg cells, but a minor popu-
lation of uncommitted Foxp3+ T cells (Hori, 2010, 2011). The
findings presented here provide compelling evidence for this

(D) Ly5.1 CFSE-labeled responder T cells were stimulated alone or together with sorted Ly5.2 GFP+CD4+ T cell subsets. CFSE dilution in Ly5.1+Ly5.2" (left) and

GFP and RFP expression in Ly5.1"Ly5.2+CD4+ cells (right) are shown.

(E) Methylation status of the TSDR.

Results are representative of two (E) or three (A, C, D) independent experiments.

Figure 7. Foxp3–RFP+ Cells Contain Latent Treg Cells that Retain an Epigenetic Memory of Foxp3 Expression and Suppressive Function
CD4+ T cell subsets sorted from Foxp3GFPCreROSA26RFP mice were stimulated for 4 (A–C) or 7 (D, E) days with anti-CD3 and anti-CD28 plus IL-2.

(A) GFP expression in CD44hiGFP"RFP+memory T (TmRFP+) cells stimulated with IL-2 alone or along with anti-CD3 and anti-CD28 in the presence or absence of

other reagents.

(B) Foxp3 and Helios expression.

(C) IFN-g and IL-17 production in Tm RFP+ cells that upregulated GFP or not.

(D) Ly5.2 Tm RFP+ and Treg cells were stimulated and sorted into GFP+ and GFP" cells, which were then assessed for their suppressive activity and Foxp3

stability. CFSE dilution in Ly5.1+5.2" responder CD4+ and GFP expression in Ly5.1"5.2+CD4+ cells are shown.

(E) DNA methylation status of the TSDR.

Results are representative of two (C, E) or three independent experiments.
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DNA	  methyla+on	  status	  of	  the	  TSDR	  of	  exFoxp3	  T	  cells	  that	  have	  reacquired	  
Foxp3	  expression	  

Collec+vely,	  exFoxp3	  T	  cells	  also	  consist	  of	  “latent”	  Tregs	  that	  reacquire	  Foxp3	  expression	  and	  
exhibit	  a	  demethylated	  TSDR	  (stable)	  

a fully methylated TSDR upon activation (Figure S6B). ‘‘Natural’’
exFoxp3 T cells behaved similarly; !30% of Foxp3"RFP+

CD44hiCD4+ T cells reacquired GFP and Foxp3 expression in
a TCR stimulation-dependent but TGF-b-independent manner
(Figures 7A and 7B). In addition, this reinduction was not in-
hibited by IL-4 or IL-6 (Figure 7A). Helioshi cells were enriched
in RFP+ cells that reinduced Foxp3 (Figure 7B), whereas
IFN-g+ and IL-17+ cells were confined to RFP+ cells that re-
mained Foxp3" (Figure 7C). Reinduced Foxp3+RFP+ cells but
not noninduced Foxp3"RFP+ cells efficiently suppressed T cell
proliferation and maintained Foxp3 expression (Figure 7D).
Finally, Foxp3"RFP+CD44hiCD4+ T cells showed a partially de-
methylated TSDR, and, upon activation, segregated into rein-
duced Foxp3+RFP+ cells exhibiting a demethylated TSDR and
noninduced Foxp3"RFP+ cells exhibiting a fully methylated
TSDR (Figure 7E). These results collectively indicate that ex-
Foxp3 T cells consist not only of Th cells with a methylated
TSDR but also of ‘‘latent’’ Treg cells that robustly reacquire

Foxp3 expression and suppressive activity upon TCR stimula-
tion, many of which may be thymus-derived Helioshi Treg cells.
Thus, Treg cells can transiently downregulate, yet retain a
memory of, Foxp3 expression and suppressive function without
converting to Th cells. The demethylated status of the TSDR
appears to provide the basis of such epigenetic memory of
Foxp3 expression.

DISCUSSION

The emerging notion of environment-induced Treg cell reprog-
ramming has been actively debated but has remained highly
controversial (Bailey-Bucktrout and Bluestone, 2011; Hori,
2011; Rubtsov et al., 2010). The controversy may be resolved
by postulating that the observed plasticity of Foxp3+ T cells
does not reflect reprogramming of Treg cells, but a minor popu-
lation of uncommitted Foxp3+ T cells (Hori, 2010, 2011). The
findings presented here provide compelling evidence for this

(D) Ly5.1 CFSE-labeled responder T cells were stimulated alone or together with sorted Ly5.2 GFP+CD4+ T cell subsets. CFSE dilution in Ly5.1+Ly5.2" (left) and

GFP and RFP expression in Ly5.1"Ly5.2+CD4+ cells (right) are shown.

(E) Methylation status of the TSDR.

Results are representative of two (E) or three (A, C, D) independent experiments.

Figure 7. Foxp3–RFP+ Cells Contain Latent Treg Cells that Retain an Epigenetic Memory of Foxp3 Expression and Suppressive Function
CD4+ T cell subsets sorted from Foxp3GFPCreROSA26RFP mice were stimulated for 4 (A–C) or 7 (D, E) days with anti-CD3 and anti-CD28 plus IL-2.

(A) GFP expression in CD44hiGFP"RFP+memory T (TmRFP+) cells stimulated with IL-2 alone or along with anti-CD3 and anti-CD28 in the presence or absence of

other reagents.

(B) Foxp3 and Helios expression.

(C) IFN-g and IL-17 production in Tm RFP+ cells that upregulated GFP or not.

(D) Ly5.2 Tm RFP+ and Treg cells were stimulated and sorted into GFP+ and GFP" cells, which were then assessed for their suppressive activity and Foxp3

stability. CFSE dilution in Ly5.1+5.2" responder CD4+ and GFP expression in Ly5.1"5.2+CD4+ cells are shown.

(E) DNA methylation status of the TSDR.
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a fully methylated TSDR upon activation (Figure S6B). ‘‘Natural’’
exFoxp3 T cells behaved similarly; !30% of Foxp3"RFP+

CD44hiCD4+ T cells reacquired GFP and Foxp3 expression in
a TCR stimulation-dependent but TGF-b-independent manner
(Figures 7A and 7B). In addition, this reinduction was not in-
hibited by IL-4 or IL-6 (Figure 7A). Helioshi cells were enriched
in RFP+ cells that reinduced Foxp3 (Figure 7B), whereas
IFN-g+ and IL-17+ cells were confined to RFP+ cells that re-
mained Foxp3" (Figure 7C). Reinduced Foxp3+RFP+ cells but
not noninduced Foxp3"RFP+ cells efficiently suppressed T cell
proliferation and maintained Foxp3 expression (Figure 7D).
Finally, Foxp3"RFP+CD44hiCD4+ T cells showed a partially de-
methylated TSDR, and, upon activation, segregated into rein-
duced Foxp3+RFP+ cells exhibiting a demethylated TSDR and
noninduced Foxp3"RFP+ cells exhibiting a fully methylated
TSDR (Figure 7E). These results collectively indicate that ex-
Foxp3 T cells consist not only of Th cells with a methylated
TSDR but also of ‘‘latent’’ Treg cells that robustly reacquire

Foxp3 expression and suppressive activity upon TCR stimula-
tion, many of which may be thymus-derived Helioshi Treg cells.
Thus, Treg cells can transiently downregulate, yet retain a
memory of, Foxp3 expression and suppressive function without
converting to Th cells. The demethylated status of the TSDR
appears to provide the basis of such epigenetic memory of
Foxp3 expression.

DISCUSSION

The emerging notion of environment-induced Treg cell reprog-
ramming has been actively debated but has remained highly
controversial (Bailey-Bucktrout and Bluestone, 2011; Hori,
2011; Rubtsov et al., 2010). The controversy may be resolved
by postulating that the observed plasticity of Foxp3+ T cells
does not reflect reprogramming of Treg cells, but a minor popu-
lation of uncommitted Foxp3+ T cells (Hori, 2010, 2011). The
findings presented here provide compelling evidence for this

(D) Ly5.1 CFSE-labeled responder T cells were stimulated alone or together with sorted Ly5.2 GFP+CD4+ T cell subsets. CFSE dilution in Ly5.1+Ly5.2" (left) and

GFP and RFP expression in Ly5.1"Ly5.2+CD4+ cells (right) are shown.

(E) Methylation status of the TSDR.

Results are representative of two (E) or three (A, C, D) independent experiments.

Figure 7. Foxp3–RFP+ Cells Contain Latent Treg Cells that Retain an Epigenetic Memory of Foxp3 Expression and Suppressive Function
CD4+ T cell subsets sorted from Foxp3GFPCreROSA26RFP mice were stimulated for 4 (A–C) or 7 (D, E) days with anti-CD3 and anti-CD28 plus IL-2.

(A) GFP expression in CD44hiGFP"RFP+memory T (TmRFP+) cells stimulated with IL-2 alone or along with anti-CD3 and anti-CD28 in the presence or absence of

other reagents.

(B) Foxp3 and Helios expression.

(C) IFN-g and IL-17 production in Tm RFP+ cells that upregulated GFP or not.

(D) Ly5.2 Tm RFP+ and Treg cells were stimulated and sorted into GFP+ and GFP" cells, which were then assessed for their suppressive activity and Foxp3

stability. CFSE dilution in Ly5.1+5.2" responder CD4+ and GFP expression in Ly5.1"5.2+CD4+ cells are shown.

(E) DNA methylation status of the TSDR.

Results are representative of two (C, E) or three independent experiments.
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Conclusions	  

•  Minor	  popula+on	  of	  Foxp3+	  T	  cells	  that	  exhibit	  promiscuous	  Foxp3	  expression	  and	  have	  no	  

suppressive	  capacity	  and	  no	  Treg	  func+on.	  

•  Confirmed	  previous	  findings	  that	  a	  significant	  por+on	  of	  exFoxp3	  T	  cells	  have	  effector	  or	  

memory	  phenotype.	  

•  Study	  refutes	  the	  no+on	  that	  exTregs	  are	  generated	  by	  “reprogramming”	  of	  Tregs.	  

•  Results	  suggest	  that	  Tregs	  are	  commi]ed	  to	  Foxp3	  expression	  under	  steady	  state	  or	  under	  

various	  pertubed	  condi+ons.	  

•  Demethyla+on	  status	  of	  TSDR	  iden+fies	  Foxp3+	  Tregs,	  as	  well	  as	  Foxp3-‐	  latent	  Treg	  cells	  and	  

therefore	  represents	  a	  signature	  for	  T	  cells	  commi]ed	  to	  the	  Treg	  lineage.	  	  

•  Loss	  of	  Foxp3	  and	  subsequent	  re-‐expression	  of	  Foxp3	  could	  be	  caused	  by	  the	  availability	  of	  

TCR	  s+mula+on.	  	  

•  Future	  studies	  should	  dis+nguish	  de	  novo	  Foxp3	  induc+on	  from	  Foxp3	  reinduc+on	  when	  

inves+ga+ng	  iTregs.	  
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Introduc+on	  

•  Th17	  cells	  are	  cri+cal	  for	  host	  defense	  and	  autoimmunity.	  	  

•  Differen+a+on	  of	  these	  cells	  require	  IL-‐1β,	  IL-‐6,	  IL-‐23	  and	  TGF-‐β.	  

•  Th17	  cells	  can	  be	  found	  in	  the	  intes+ne	  at	  steady	  state,	  depending	  on	  the	  microbiota.	  

•  The	  signaling	  pathway	  linking	  the	  microbiota	  to	  the	  genera+on	  of	  Th17	  cells	  remains	  to	  be	  

elucidated.	  

•  Current	  evidence	  shows	  that	  IL-‐1R	  signaling	  are	  important	  for	  Th17	  cell	  development.	  	  

•  Intracellular	  staining	  of	  LP	  cells,	  aler	  s+mula+on	  with	  phorbol	  ester	  and	  ionomycin	  suggest	  

that	  MyD88	  and	  IL-‐1β-‐IL-‐1R	  may	  not	  be	  important	  for	  the	  development	  of	  Th17	  cells	  in	  the	  

intes+ne.	  	  

•  Recent	  findings	  show	  that	  s+mula+on	  with	  phorbol	  ester	  and	  ionomycin	  may	  exaggerate	  

IL-‐17	  expression	  by	  Th17	  cells.	  	  

•  What	  is	  the	  role	  of	  IL-‐1R	  and	  MyD88	  signaling	  in	  the	  induc+on	  of	  Th17	  cells	  in	  the	  intes+ne	  ?	  
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phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 

the absence IL-1R1 signaling, given 
that no di#erences were observed in 
the frequency of Foxp3+ CD4+ T cells 
between Ilr1 /  and the littermate 

T cells in the presence of commensal bacteria (Sutton  
et al., 2009; Duan et al., 2010). Based on analysis of intra-
cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 

Figure 1. IL-1 –IL-1R and MyD88 sig-
naling promotes the development of in-
testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.
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phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 

the absence IL-1R1 signaling, given 
that no di#erences were observed in 
the frequency of Foxp3+ CD4+ T cells 
between Ilr1 /  and the littermate 

T cells in the presence of commensal bacteria (Sutton  
et al., 2009; Duan et al., 2010). Based on analysis of intra-
cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 

Figure 1. IL-1 –IL-1R and MyD88 sig-
naling promotes the development of in-
testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.
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phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 

the absence IL-1R1 signaling, given 
that no di#erences were observed in 
the frequency of Foxp3+ CD4+ T cells 
between Ilr1 /  and the littermate 

T cells in the presence of commensal bacteria (Sutton  
et al., 2009; Duan et al., 2010). Based on analysis of intra-
cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 

Figure 1. IL-1 –IL-1R and MyD88 sig-
naling promotes the development of in-
testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.

 on February 14, 2012
jem

.rupress.org
D

ow
nloaded from

 

Published January 30, 2012

Rorc(γt)-‐gfp	  Ilr1+/-‐	  or	  Ilr1-‐/-‐	  	  

Small	  intes+ne	  
LP	  lymphoid	  
cells	  

17	  



Development	  of	  intes+nal	  Th17	  responses	  requires	  MyD88	  but	  not	  IL-‐6	  

252 IL-1  links the microbiota to intestinal TH17 cells | Shaw et al.

phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 

the absence IL-1R1 signaling, given 
that no di#erences were observed in 
the frequency of Foxp3+ CD4+ T cells 
between Ilr1 /  and the littermate 

T cells in the presence of commensal bacteria (Sutton  
et al., 2009; Duan et al., 2010). Based on analysis of intra-
cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 

Figure 1. IL-1 –IL-1R and MyD88 sig-
naling promotes the development of in-
testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.
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phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 

the absence IL-1R1 signaling, given 
that no di#erences were observed in 
the frequency of Foxp3+ CD4+ T cells 
between Ilr1 /  and the littermate 

T cells in the presence of commensal bacteria (Sutton  
et al., 2009; Duan et al., 2010). Based on analysis of intra-
cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 

Figure 1. IL-1 –IL-1R and MyD88 sig-
naling promotes the development of in-
testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.
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phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 
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cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 
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testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.
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phagocytes and that stimulation of IL-1 –IL-1R signaling 
is necessary and su!cient in driving the generation of in-
testinal sTH17 cells.

RESULTS AND DISCUSSION
IL-1 –IL-1R signaling promotes the development  
of intestinal sTH17 cells
To assess the role of IL-1R signaling in the development  
of sTH17 cells under steady-state conditions in vivo, we 
crossed Rorc( t)-gfp reporter mice, which express GFP under  
the control of the promoter of Ror t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilr1 /  mice to generate Rorc( t)-
gfp reporter mice in the presence and absence of IL-1R. 
Although the frequency of total CD4+ T cells was not signi"-
cantly di#erent (Fig. 1 A), the numbers of Rorc( t)-gfp+ CD4+ 
T cells were greatly reduced in the LP of Ilr1 /  mice com-
pared with those in wild-type littermates (Fig. 1, B and C). 
The impaired generation of LP sTH17 cells was not the result 
of enhanced development of Foxp3+ T regulatory cells in 

the absence IL-1R1 signaling, given 
that no di#erences were observed in 
the frequency of Foxp3+ CD4+ T cells 
between Ilr1 /  and the littermate 

T cells in the presence of commensal bacteria (Sutton  
et al., 2009; Duan et al., 2010). Based on analysis of intra-
cellular staining of LP cells for TH17-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid di#erentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-1 –IL-1R signaling pathways were not impor-
tant in inducing the development of normal TH17 cell re-
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent "ndings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel-
lular IL-17 expression in TH17 cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sTH17 cells in animals colo-
nized with gut-residing bacteria. In the present study, we ex-
amined the role of IL-1R and MyD88 signaling in 
in$uencing the induction of sTH17 cells in the intestinal 
microenvironment. Our results revealed that the micro-
biota induces the production of IL-1 , but not IL-6, in LP 

Figure 1. IL-1 –IL-1R and MyD88 sig-
naling promotes the development of in-
testinal sTH17 cells. (A–C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop-
ulation in A and on CD3+ cells in B. (D) Repre-
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc-
tion of IL-17 and IL-22 by (106 cells/ml) total 
LP cells from indicated mice was assessed  
ex vivo after stimulation with anti-CD3. (G) Pro-
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti-
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi-
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E–G and I are presented as means + SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to !ve independent 
experiments with similar results.
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genotype, with Ilr1 /  bone marrow recapitulated the defective 
sTH17 response observed in intact Ilr1 /  animals (Fig. 3 A). 
Thus, de!ciency of IL-R1 in hematopoietic cells impaired 
the production of the TH17-associated e"ector cytokines 
(IL-17 and IL-22) by LP cells after in vitro stimulation (Fig. 3 A). 
The requirement of an intact IL-1R1 signaling pathway in 
the hematopoietic compartment using bone marrow chime-
ric mice does not distinguish whether or not direct IL-1R1 
signaling on T cells promotes the induction of intestinal sTH17 
cells. To this end, we adoptively transferred Ilr1+/  or Ilr1 /  
-CD3+CD4+ Rorc( t)-gfpnegative cells into SPF Rag1 /  recipients 
(Fig. 3 B, left). Reconstituting Rag1 /  recipients with either 
Ilr1+/  or Ilr1 / Rorc( t)-gfpnegative CD4+ T cells resulted in a 
similar recruitment and expansion of CD4+ T cells to periph-
eral organs and frequency of GFP-expressing CD4+ T cells in 
the spleen and liver (Fig. 3 B, middle). However, despite 
normal recruitment to and expansion in the intestinal LP, the 
absence of IL-1R1 on CD4+ T cells selectively impaired the 
ability of the donor cells to acquire Ror t expression speci!-
cally in the intestinal microenvironment (Fig. 3 B, right). 
Consistent with diminished numbers of Rorc( t)-gfppositive cells 
present in the intestinal LP of Ilr1 /  T cell reconstituted 
Rag1 /  recipients, in vitro production of IL-17 was also 

upstream of IL-1R signaling. However, LP CD11b+CD11c  
cells from SPF Myd88 /  and germ-free (GF) wild-type mice 
showed decreased levels of pro–IL-1  (Fig. 2 C), suggesting 
that the interaction between TLR/MyD88 and the com-
mensal microbiota is an essential requirement for the induc-
tion of IL-1  in phagocytic cells. In line with this notion, the 
levels of IL-1  mRNA in the LP were similarly decreased in 
GF wild-type and SPF Myd88 /  animals as compared with 
SPF control mice (Fig. 2 D). In contrast, comparable levels of 
IL-6 were found in the LP of wild-type and GF mice (Fig. 2 E). 
Collectively, these observations suggest that the microbiota 
regulates the production of IL-1  in LP phagocytic cells via 
MyD88, independent of IL-1R signaling, to promote the in-
duction of sTH17 cells in the small intestine.

IL-1R signaling on T cells is required for the generation  
of intestinal sTH17 response
IL-1R1 is ubiquitously expressed on both hematopoietic and 
nonhematopoietic cells (Dinarello, 2009; Sims and Smith, 
2010). To assess the importance of IL-1R1 signaling in vari-
ous intestinal cellular populations in promoting the genera-
tion of sTH17 cells, we generated bone marrow chimera mice. 
Reconstitution of lethally irradiated recipients, regardless of 

Figure 2. The microbiota promotes 
MyD88-mediated signaling for IL-1   
induction in resident intestinal macro-
phages. (A) Bone marrow chimeras were gen-
erated by reconstituting lethally irradiating 
SPF wild-type recipients with 106 donor bone 
marrow cells isolated from the indicated mice. 
Intestinal sTH17 response was assessed at  
10 wk after reconstitution. Production of IL-17, 
IL-22, and IFN-  by (106 cells/ml) total LP cells 
was assessed in the indicated chimera mice 
after ex vivo stimulation with anti-CD3. The 
results are shown from one of two indepen-
dent experiments with !ve chimera mice per 
group per experiment. (B, left) Representative 
FACS dot plot analysis of total intestine  
LP cells based on CD11b and CD11c expression. 
(B, middle) R1, R2, and R3 populations were 
FACS sorted from SPF wild-type mice, and  
IL-1  levels in total cell lysates from the indi-
cated populations were determined by ELISA 
and normalized to total protein concentration. 
(B, right) R1, R2, and R3 subsets were sorted 
from the LP of the indicated mice, and IL-1  
levels were determined. (C) IL-1  mRNA levels 
measured by real-time RT-PCR in sorted  
R1 population from indicated mice. (D) Protein 
extracts form sorted intestinal R1 population 
from indicated mice were immunoblotted 
with anti–IL-1  or anti– -actin (loading  
control). (E) Total LP cells were isolated from 
either SPF (n = 20) or GF (n = 9) wild-type  

mice and the level of spontaneous IL-6 production in overnight cultured supernatant was determined by ELISA. Representative results are shown from 
one of at least two to three independent experiments. Experiments in panels C and D are representative of two experiments using pooled cells from  
n = 2–3 mice.
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genotype, with Ilr1 /  bone marrow recapitulated the defective 
sTH17 response observed in intact Ilr1 /  animals (Fig. 3 A). 
Thus, de!ciency of IL-R1 in hematopoietic cells impaired 
the production of the TH17-associated e"ector cytokines 
(IL-17 and IL-22) by LP cells after in vitro stimulation (Fig. 3 A). 
The requirement of an intact IL-1R1 signaling pathway in 
the hematopoietic compartment using bone marrow chime-
ric mice does not distinguish whether or not direct IL-1R1 
signaling on T cells promotes the induction of intestinal sTH17 
cells. To this end, we adoptively transferred Ilr1+/  or Ilr1 /  
-CD3+CD4+ Rorc( t)-gfpnegative cells into SPF Rag1 /  recipients 
(Fig. 3 B, left). Reconstituting Rag1 /  recipients with either 
Ilr1+/  or Ilr1 / Rorc( t)-gfpnegative CD4+ T cells resulted in a 
similar recruitment and expansion of CD4+ T cells to periph-
eral organs and frequency of GFP-expressing CD4+ T cells in 
the spleen and liver (Fig. 3 B, middle). However, despite 
normal recruitment to and expansion in the intestinal LP, the 
absence of IL-1R1 on CD4+ T cells selectively impaired the 
ability of the donor cells to acquire Ror t expression speci!-
cally in the intestinal microenvironment (Fig. 3 B, right). 
Consistent with diminished numbers of Rorc( t)-gfppositive cells 
present in the intestinal LP of Ilr1 /  T cell reconstituted 
Rag1 /  recipients, in vitro production of IL-17 was also 

upstream of IL-1R signaling. However, LP CD11b+CD11c  
cells from SPF Myd88 /  and germ-free (GF) wild-type mice 
showed decreased levels of pro–IL-1  (Fig. 2 C), suggesting 
that the interaction between TLR/MyD88 and the com-
mensal microbiota is an essential requirement for the induc-
tion of IL-1  in phagocytic cells. In line with this notion, the 
levels of IL-1  mRNA in the LP were similarly decreased in 
GF wild-type and SPF Myd88 /  animals as compared with 
SPF control mice (Fig. 2 D). In contrast, comparable levels of 
IL-6 were found in the LP of wild-type and GF mice (Fig. 2 E). 
Collectively, these observations suggest that the microbiota 
regulates the production of IL-1  in LP phagocytic cells via 
MyD88, independent of IL-1R signaling, to promote the in-
duction of sTH17 cells in the small intestine.

IL-1R signaling on T cells is required for the generation  
of intestinal sTH17 response
IL-1R1 is ubiquitously expressed on both hematopoietic and 
nonhematopoietic cells (Dinarello, 2009; Sims and Smith, 
2010). To assess the importance of IL-1R1 signaling in vari-
ous intestinal cellular populations in promoting the genera-
tion of sTH17 cells, we generated bone marrow chimera mice. 
Reconstitution of lethally irradiated recipients, regardless of 

Figure 2. The microbiota promotes 
MyD88-mediated signaling for IL-1   
induction in resident intestinal macro-
phages. (A) Bone marrow chimeras were gen-
erated by reconstituting lethally irradiating 
SPF wild-type recipients with 106 donor bone 
marrow cells isolated from the indicated mice. 
Intestinal sTH17 response was assessed at  
10 wk after reconstitution. Production of IL-17, 
IL-22, and IFN-  by (106 cells/ml) total LP cells 
was assessed in the indicated chimera mice 
after ex vivo stimulation with anti-CD3. The 
results are shown from one of two indepen-
dent experiments with !ve chimera mice per 
group per experiment. (B, left) Representative 
FACS dot plot analysis of total intestine  
LP cells based on CD11b and CD11c expression. 
(B, middle) R1, R2, and R3 populations were 
FACS sorted from SPF wild-type mice, and  
IL-1  levels in total cell lysates from the indi-
cated populations were determined by ELISA 
and normalized to total protein concentration. 
(B, right) R1, R2, and R3 subsets were sorted 
from the LP of the indicated mice, and IL-1  
levels were determined. (C) IL-1  mRNA levels 
measured by real-time RT-PCR in sorted  
R1 population from indicated mice. (D) Protein 
extracts form sorted intestinal R1 population 
from indicated mice were immunoblotted 
with anti–IL-1  or anti– -actin (loading  
control). (E) Total LP cells were isolated from 
either SPF (n = 20) or GF (n = 9) wild-type  

mice and the level of spontaneous IL-6 production in overnight cultured supernatant was determined by ELISA. Representative results are shown from 
one of at least two to three independent experiments. Experiments in panels C and D are representative of two experiments using pooled cells from  
n = 2–3 mice.
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genotype, with Ilr1 /  bone marrow recapitulated the defective 
sTH17 response observed in intact Ilr1 /  animals (Fig. 3 A). 
Thus, de!ciency of IL-R1 in hematopoietic cells impaired 
the production of the TH17-associated e"ector cytokines 
(IL-17 and IL-22) by LP cells after in vitro stimulation (Fig. 3 A). 
The requirement of an intact IL-1R1 signaling pathway in 
the hematopoietic compartment using bone marrow chime-
ric mice does not distinguish whether or not direct IL-1R1 
signaling on T cells promotes the induction of intestinal sTH17 
cells. To this end, we adoptively transferred Ilr1+/  or Ilr1 /  
-CD3+CD4+ Rorc( t)-gfpnegative cells into SPF Rag1 /  recipients 
(Fig. 3 B, left). Reconstituting Rag1 /  recipients with either 
Ilr1+/  or Ilr1 / Rorc( t)-gfpnegative CD4+ T cells resulted in a 
similar recruitment and expansion of CD4+ T cells to periph-
eral organs and frequency of GFP-expressing CD4+ T cells in 
the spleen and liver (Fig. 3 B, middle). However, despite 
normal recruitment to and expansion in the intestinal LP, the 
absence of IL-1R1 on CD4+ T cells selectively impaired the 
ability of the donor cells to acquire Ror t expression speci!-
cally in the intestinal microenvironment (Fig. 3 B, right). 
Consistent with diminished numbers of Rorc( t)-gfppositive cells 
present in the intestinal LP of Ilr1 /  T cell reconstituted 
Rag1 /  recipients, in vitro production of IL-17 was also 

upstream of IL-1R signaling. However, LP CD11b+CD11c  
cells from SPF Myd88 /  and germ-free (GF) wild-type mice 
showed decreased levels of pro–IL-1  (Fig. 2 C), suggesting 
that the interaction between TLR/MyD88 and the com-
mensal microbiota is an essential requirement for the induc-
tion of IL-1  in phagocytic cells. In line with this notion, the 
levels of IL-1  mRNA in the LP were similarly decreased in 
GF wild-type and SPF Myd88 /  animals as compared with 
SPF control mice (Fig. 2 D). In contrast, comparable levels of 
IL-6 were found in the LP of wild-type and GF mice (Fig. 2 E). 
Collectively, these observations suggest that the microbiota 
regulates the production of IL-1  in LP phagocytic cells via 
MyD88, independent of IL-1R signaling, to promote the in-
duction of sTH17 cells in the small intestine.

IL-1R signaling on T cells is required for the generation  
of intestinal sTH17 response
IL-1R1 is ubiquitously expressed on both hematopoietic and 
nonhematopoietic cells (Dinarello, 2009; Sims and Smith, 
2010). To assess the importance of IL-1R1 signaling in vari-
ous intestinal cellular populations in promoting the genera-
tion of sTH17 cells, we generated bone marrow chimera mice. 
Reconstitution of lethally irradiated recipients, regardless of 

Figure 2. The microbiota promotes 
MyD88-mediated signaling for IL-1   
induction in resident intestinal macro-
phages. (A) Bone marrow chimeras were gen-
erated by reconstituting lethally irradiating 
SPF wild-type recipients with 106 donor bone 
marrow cells isolated from the indicated mice. 
Intestinal sTH17 response was assessed at  
10 wk after reconstitution. Production of IL-17, 
IL-22, and IFN-  by (106 cells/ml) total LP cells 
was assessed in the indicated chimera mice 
after ex vivo stimulation with anti-CD3. The 
results are shown from one of two indepen-
dent experiments with !ve chimera mice per 
group per experiment. (B, left) Representative 
FACS dot plot analysis of total intestine  
LP cells based on CD11b and CD11c expression. 
(B, middle) R1, R2, and R3 populations were 
FACS sorted from SPF wild-type mice, and  
IL-1  levels in total cell lysates from the indi-
cated populations were determined by ELISA 
and normalized to total protein concentration. 
(B, right) R1, R2, and R3 subsets were sorted 
from the LP of the indicated mice, and IL-1  
levels were determined. (C) IL-1  mRNA levels 
measured by real-time RT-PCR in sorted  
R1 population from indicated mice. (D) Protein 
extracts form sorted intestinal R1 population 
from indicated mice were immunoblotted 
with anti–IL-1  or anti– -actin (loading  
control). (E) Total LP cells were isolated from 
either SPF (n = 20) or GF (n = 9) wild-type  

mice and the level of spontaneous IL-6 production in overnight cultured supernatant was determined by ELISA. Representative results are shown from 
one of at least two to three independent experiments. Experiments in panels C and D are representative of two experiments using pooled cells from  
n = 2–3 mice.
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!rst infused with FACS-puri!ed Thy1.1+/1.2+CD3+CD4+ 
Rorc( t)-gfpnegative cells derived from SPF wild-type donors 
and then treated with PBS or exogenous rIL-1  (Fig. 4 B, 
top). Administration of rIL-1  selectively induced the donor 
CD4+ reporter cells to acquire Rorc( t) expression in the 
intestinal microenvironment, but not in other peripheral or-
gans, such as the spleen (Fig. 4 B, bottom). These data indicate 
that the presence of IL-1  is su"cient to induce the di#eren-
tiation of intestinal sTH17 cells in the absence of microbiota.

The blunted intestinal sTH17 response of GF animals is 
well-characterized (Ivanov et al., 2008); however, the reason 
for the impaired sTH17 response that is associated with the ab-
sence of commensal microbiota is currently unclear. We pro-
vide evidence that the microbiota induces the production of 
IL-1  in resident macrophages via MyD88 and IL-1 -IL-1R1 
signaling is critical for the development of sTH17 cells in the 
small intestine. Administration of rIL-1  selectively induced the 
donor reporter cells to acquire Rorc( t)-expression in the intes-
tinal microenvironment, but not in other peripheral organs, 
such as the spleen. Thus, the results suggest that the IL-1 /
IL-1R axis is not only required, but also su"cient, to drive the 
development of sTH17 in the intestinal microenvironment. 

negatively impacted by the lack of IL-1R1 expression on T cells 
(Fig. 3 C). Thus, these results emphasize that maintaining 
IL-1  responsiveness in T cells in the intestine is necessary 
for the development of sTH17 cells.

Administration of IL-1  is suf!cient to induce  
the maturation of splenic CD3+CD4+Ror tnegative cells  
into intestinal Ror t-expressing sTH17 cells in GF mice
We next asked whether administration of IL-1  was capable 
of inducing the presence of sTH17 cells in the LP of GF ani-
mals that are largely devoid of these cells (Atarashi et al., 2008; 
Hall et al., 2008; Ivanov et al., 2008). To assess this, GF mice 
were injected with rIL-1  or PBS as a control and the pres-
ence of sTH17 cells and production of TH17-associated cyto-
kines were assessed in the small intestine. As expected, the 
production of TH17-associated cytokines IL-17 and IL-22 by 
LP cells was low in GF mice treated with PBS (Fig. 4 A). 
Importantly, IL-17 and IL-22 production by LP cells was 
markedly increased in GF mice treated with exogenous IL-1  
when compared with mice treated with PBS (Fig. 4 A).  
To further interrogate the role of IL-1  in the induction 
of intestinal sTH17 response, GF wild-type animals were 

Figure 3. IL-1R signaling on T cells is required for the generation of intestinal sTH17 response. (A) Bone marrow chimeras were generated by 
reconstituting lethally irradiating SPF wild-type or Ilr1 /  recipients with 106 donor bone marrow cells isolated from the indicated mice. Intestinal sTH17 
response was assessed at 10 wk after reconstitution. Production of IL-17, IL-22, and IFN-  by (106 cells/ml) total LP cells was assessed ex vivo in the  
indicated chimera mice after stimulation with (soluble, 1 µg/ml) anti-CD3. The results are shown from one of two independent experiments with !ve 
chimera mice per group per experiment. (B, left) Experimental procedure for adoptive T cell transfer. (B, right) Representative FACS dot plot analysis of the 
frequency of CD4+Ror t-gfp+ cells in various organs at day 14 after adoptive transfer. (C) Production of IL-17 and IFN-  by (106 cells/ml) total LP cells 
isolated from adoptively transferred mice (B, right) after ex vivo stimulation with anti-CD3. Data shown are from one representative experiment of three 
independent experiments with !ve chimeric mice per group per experiment.
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!rst infused with FACS-puri!ed Thy1.1+/1.2+CD3+CD4+ 
Rorc( t)-gfpnegative cells derived from SPF wild-type donors 
and then treated with PBS or exogenous rIL-1  (Fig. 4 B, 
top). Administration of rIL-1  selectively induced the donor 
CD4+ reporter cells to acquire Rorc( t) expression in the 
intestinal microenvironment, but not in other peripheral or-
gans, such as the spleen (Fig. 4 B, bottom). These data indicate 
that the presence of IL-1  is su"cient to induce the di#eren-
tiation of intestinal sTH17 cells in the absence of microbiota.

The blunted intestinal sTH17 response of GF animals is 
well-characterized (Ivanov et al., 2008); however, the reason 
for the impaired sTH17 response that is associated with the ab-
sence of commensal microbiota is currently unclear. We pro-
vide evidence that the microbiota induces the production of 
IL-1  in resident macrophages via MyD88 and IL-1 -IL-1R1 
signaling is critical for the development of sTH17 cells in the 
small intestine. Administration of rIL-1  selectively induced the 
donor reporter cells to acquire Rorc( t)-expression in the intes-
tinal microenvironment, but not in other peripheral organs, 
such as the spleen. Thus, the results suggest that the IL-1 /
IL-1R axis is not only required, but also su"cient, to drive the 
development of sTH17 in the intestinal microenvironment. 

negatively impacted by the lack of IL-1R1 expression on T cells 
(Fig. 3 C). Thus, these results emphasize that maintaining 
IL-1  responsiveness in T cells in the intestine is necessary 
for the development of sTH17 cells.

Administration of IL-1  is suf!cient to induce  
the maturation of splenic CD3+CD4+Ror tnegative cells  
into intestinal Ror t-expressing sTH17 cells in GF mice
We next asked whether administration of IL-1  was capable 
of inducing the presence of sTH17 cells in the LP of GF ani-
mals that are largely devoid of these cells (Atarashi et al., 2008; 
Hall et al., 2008; Ivanov et al., 2008). To assess this, GF mice 
were injected with rIL-1  or PBS as a control and the pres-
ence of sTH17 cells and production of TH17-associated cyto-
kines were assessed in the small intestine. As expected, the 
production of TH17-associated cytokines IL-17 and IL-22 by 
LP cells was low in GF mice treated with PBS (Fig. 4 A). 
Importantly, IL-17 and IL-22 production by LP cells was 
markedly increased in GF mice treated with exogenous IL-1  
when compared with mice treated with PBS (Fig. 4 A).  
To further interrogate the role of IL-1  in the induction 
of intestinal sTH17 response, GF wild-type animals were 

Figure 3. IL-1R signaling on T cells is required for the generation of intestinal sTH17 response. (A) Bone marrow chimeras were generated by 
reconstituting lethally irradiating SPF wild-type or Ilr1 /  recipients with 106 donor bone marrow cells isolated from the indicated mice. Intestinal sTH17 
response was assessed at 10 wk after reconstitution. Production of IL-17, IL-22, and IFN-  by (106 cells/ml) total LP cells was assessed ex vivo in the  
indicated chimera mice after stimulation with (soluble, 1 µg/ml) anti-CD3. The results are shown from one of two independent experiments with !ve 
chimera mice per group per experiment. (B, left) Experimental procedure for adoptive T cell transfer. (B, right) Representative FACS dot plot analysis of the 
frequency of CD4+Ror t-gfp+ cells in various organs at day 14 after adoptive transfer. (C) Production of IL-17 and IFN-  by (106 cells/ml) total LP cells 
isolated from adoptively transferred mice (B, right) after ex vivo stimulation with anti-CD3. Data shown are from one representative experiment of three 
independent experiments with !ve chimeric mice per group per experiment.

 on February 14, 2012
jem

.rupress.org
D

ow
nloaded from

 

Published January 30, 2012

Total	  LP	  cells	  were	  isolated	  
and	  s+mulated	  ex	  vivo	  with	  
αCD3	  

Il1r+/-‐	  or	  Il1r-‐/-‐GFP-‐	  CD4+	  T	  cells	  

Rag	  1-‐/-‐	  

14	  days	  

IL-‐1R	  signaling	  on	  T	  cells	  is	  required	  for	  the	  genera+on	  of	  IL-‐17	  responses	  

21	  



Administra+on	  of	  IL-‐1β	  is	  sufficient	  for	  Rorγt	  expressing	  Th17	  cells	  in	  GF	  mice	  

256 IL-1  links the microbiota to intestinal TH17 cells | Shaw et al.

of proin!ammatory cytokines in host 
cells (Hasegawa et al., 2010). The sec-
ond step involves IL-1 /IL-R1/MyD88  
signaling in CD4 T cells to drive the de-
velopment of intestinal sTH17 cells. Collec-
tively, our data suggest that interactions 
between commensal bacteria and TLR 
signaling mediated through MyD88 pro-
mote IL-1  production in intestinal 
CD11b+ macrophages, which in turn 
induces the di"erentiation of intestinal 

sTH17 cells. Notably, exogenous IL-1  increased sTH17 cells 
in the intestine, but not in the spleen, in the absence of mi-
crobiota. We do not have an explanation for the latter results, 
but it suggests that the regulation of Th17 cell di"erentiation 
is more complex that originally described and varies in di"er-
ent tissue environments. Because TH17 cells have been sug-
gested to play either a detrimental role in autoimmune disease 
(McGeachy and Cua, 2008; Ouyang et al., 2008; Korn et al., 
2009) or protective role during enteric infection (Ivanov  
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have therapeutic potential.

MATERIALS AND METHODS
Animals. SPF wild-type and Rag-1 /  mice in C57BL/6 background were 
originally purchased from The Jackson Laboratory. Ilr1 / , Il1 / , and 
Myd88 /  mice in C57BL/6 background have been previously described 
(Eigenbrod et al., 2008). Il-6 /  mice in C57BL/6 background were ob-
tained from Dr. Evan Keller, the University of Michigan. Rorc( t)-gfp mice  
were obtained from The Jackson Laboratory and crossed to Ilr1 / , 
Myd88 / , or Il-6 /  mice to generate gene-de#cient reporter mice. GF 
wild-type mice in C57BL/6 background were bred and maintained at the 
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Unexpectedly, IL-6 was not required for the development 
of intestinal sTH17 cells. Because IL-6 is important for the 
induction of TH17 cells during in!ammatory conditions 
such as EAE (Korn et al., 2009), the results suggest di"eren-
tial regulation for the development of TH17 cell population 
which may be explained by di"erences in the local tissue en-
vironment or speci#c triggers. These results do not rule out 
that IL-1  acts in concert with other cytokines such as IL-23 
that are known to be critical for the development of TH17 
cells during in!ammatory conditions in nonintestinal tissues 
(Korn et al., 2009). However, our results clearly indicate that 
IL-1 , but not IL-6, is induced by the microbiota and critical 
for the development of intestinal sTH17 cells in vivo.

Our #ndings also identi#ed MyD88 as a critical mediator 
for the induction of IL-1  in intestinal macrophages while 
the expression of pro–IL-1  in intestinal phagocytes was not 
impaired in IL-R1-de#cient mice. These results suggest that 
MyD88 acts at two distinct steps to regulate the development 
of sTH17 cells in the intestine. First, MyD88 links the micro-
biota to pro–IL-1  induction in intestinal macrophages. This 
mechanism likely involves the TLR-MyD88 signaling pathway 
given that this appears to be the major innate immune path-
way by which the intestinal micro!ora stimulate the production 

Figure 4. Administration of IL-1  is suf-
!cient to induce the maturation of splenic 
CD3+CD4+Ror tnegative cells into intestinal 
Ror t-expressing sTH17 cells in GF mice.  
(A) GF mice were treated every other day for 14 d 
with either PBS or rIL-1  (1 µg/mouse), and then 
LP cells were isolated for analysis. Cytokine secre-
tion by total LP cells isolated from either PBS or 
rIL-1 –treated animals was assessed after ex vivo 
stimulation with anti-CD3. (B) Experimental 
scheme for adoptive T cell transfer of sorted 
splenic Ror t-GFP CD4+ T cells into GF recipients. 
(C) Recipient GF mice were treated every other 
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(right), and then analyzed. Representative FACS 
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CD3+CD4+Thy1.1 /1.2+ recipient cells isolated 
from intestinal LP and spleen from the indicated 
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shown as a control. Representative results are 
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!ve mice per group.
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Donor:	  Thy	  1.1+	  
Recipient:	  Thy	  1.1-‐	  

• 1	  μg/mouse	  of	  rIL-‐1β	  i.p	  for	  every	  2nd	  day	  for	  14	  days	  

• LP	  cells	  s+mulated	  with	  αCD3	  overnight	  

22	  

Rorc(γt)-‐gfpneg	  from	  SPF	  
PBS	  or	  rIL-‐1β	  i.p	  



Discussion	  

•  IL-‐1β/IL-‐1R	  axis	  is	  not	  only	  required	  for,	  but	  also	  sufficient	  to	  drive	  development	  of	  Th17	  cells	  

in	  the	  intes+ne	  	  

•  IL-‐6	  unexpectedly	  was	  not	  required	  for	  the	  development	  of	  intes+nal	  Th17	  cells.	  

•  This	  may	  suggest	  differen+al	  regula+on	  for	  the	  development	  of	  Th17	  cells	  which	  is	  

dependent	  on	  the	  local	  +ssue	  environment	  	  

•  MyD88	  is	  cri+cal	  for	  the	  induc+on	  of	  IL-‐1β	  in	  intes+nal	  macrophages	  	  

•  Two	  steps	  for	  the	  regula+on	  of	  Th17	  cells:	  

I.  	  	  	  	  	  MyD88	  links	  the	  microbiota	  to	  pro-‐IL-‐1β	  induc+on	  in	  intes+nal	  macrophages	  via	  TLR-‐

MyD88	  signaling	  pathway.	  

II.  	  	  	  	  	  IL-‐1β/IL-‐R1/MyD88	  signaling	  in	  CD4	  T	  cells	  to	  drive	  development	  of	  intes+nal	  Th17	  cells.	  

Commensal	  bacteria	  TLR	  signaling	  (via	  MyD88)	  	  IL-‐1β	  produc+on	  in	  macrophages	  	  

Th17	  differen+a+on	  in	  the	  intes+ne	  	   23	  


