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SUMMARY

At sites of inflammation, certain regulatory T cells
(Treg cells) can undergo rapid reprogramming into
helper-like cells without loss of the transcription
factor Foxp3. We show that reprogramming is
controlled by downregulation of the transcription
factor Eos (Ikzf4), an obligate corepressor for
Foxp3. Reprogramming was restricted to a specific
subset of ‘‘Eos-labile’’ Treg cells that was present
in the thymus and identifiable by characteristic
surface markers and DNA methylation. Mice made
deficient in this subset became impaired in their
ability to provide help for presentation of new anti-
gens to naive T cells. Downregulation of Eos required
the proinflammatory cytokine interleukin-6 (IL-6), and
mice lacking IL-6 had impaired development and
function of the Eos-labile subset. Conversely, the
immunoregulatory enzyme IDO blocked loss of
Eos and prevented the Eos-labile Treg cells from re-
programming. Thus, the Foxp3+ lineage contains
a committed subset of Treg cells capable of rapid
conversion into biologically important helper cells.

INTRODUCTION

Foxp3+ regulatory T cells (Treg cells) are essential to maintain
self-tolerance. However, some Treg cells also retain a degree
of plasticity and under certain conditions may change (‘‘repro-
gram’’) to adopt a proinflammatory phenotype (da Silva Martins
and Piccirillo, 2012). This has been observed under conditions
including lymphopenia (Komatsu et al., 2009; Yurchenko et al.,
2012), autoimmunity (Zhou et al., 2009), and sepsis (Oldenhove
et al., 2009). Because these are pathologic conditions, it has
been somewhat controversial whether Treg reprogramming is
a rare and abnormal occurrence or a normal part of Treg cell

biology. Recently, emerging studies suggest that destabilization
of the Treg cell phenotype is a real phenomenon and can have a
major impact on the course of inflammatory responses in vivo
(Laurence et al., 2012).
Under most circumstances, the role of Foxp3+ Treg cells is

clearly suppressive (Kim et al., 2007). However, in certain set-
tings, Treg cells may adopt a paradoxical ‘‘helper-like’’ role:
this includes contexts as diverse as vaccination (Vendetti et al.,
2010), tumors (Addey et al., 2011), graft rejection (Vokaer et al.,
2010), and T helper 2 (Th2) cell responses (Tsuji et al., 2009;
Wang et al., 2010). In most of these studies the ‘‘helper-like’’
Treg cells appeared to have lost Foxp3. However, this finding
would seem to be at odds with studies suggesting that Foxp3
expression is highly stable in Treg cells once established (Miyao
et al., 2012; Rubtsov et al., 2010). Thus, there has been some
controversy over whether fully-committed Foxp3-lineage Treg
cells ever transform into helper cells.
In the current study, we asked whether inducible transforma-

tion into helper cells might in fact be a natural property of certain
Foxp3+ cells—not as a loss of lineage fidelity, but as a normal
role that some Treg cells inherently adopt under specific circum-
stances. This hypothesis arose from our previous observation
that when Treg cells enter an inflammatory milieu, such as lymph
nodes (LNs) draining a site of vaccination, some of them can
rapidly convert into a proinflammatory phenotype, while still
expressing Foxp3 (Sharma et al., 2010; Sharma et al., 2009).
These reprogrammed Treg cells were found to play an important
functional role in licensing DCs to present new antigens in naive
hosts (Sharma et al., 2010).
However, these observations raised a paradox: because re-

programmed Treg cells continued to express Foxp3, how were
they able to express proinflammatory genes that are normally
repressed by Foxp3? In the current study, we show that this
phenotypic transformation is controlled by the corepressor Eos
(Ikzf4). Eos is a member of the Ikaros family of transcription
factors that also includes Aiolos and Helios (Quintana et al.,
2012; Thornton et al., 2010). Eos forms a complex with Foxp3
and is required in order for Foxp3 to inhibit its downstream target
genes and maintain the suppressive Treg cell phenotype
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Figure 1. Treg Cells that Undergo Reprogramming Continue to Express Foxp3 but Downregulate Eos
(A) Foxp3GFP mice received OT-I cells plus vaccination with whole OVA protein + CpG adjuvant in IFA. After 4 days, cells were harvested from VDLNs or control

nondraining LNs from the same mouse and stained as shown. Inset shows the percentage of events in each quadrant.

(B) Foxp3GFP mice were infected intranasally with influenza virus strain X31. After 5 days, mononuclear cells were isolated from lung. Experiments were also

replicated in Bac-transgenic Foxp3GFP-Cre reporter mice (righthand dot-plot).

(legend continued on next page)
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F igure S2. Preferential T ransduction of K i67+ T reg Cells by MSC V Vector , Related to 
F igure 2 
Virus supernatants were prepared from producer cells containing pMig (MSCV-IRES-GFP) virus 
vector. C57Bl/6 splenic Treg cells (CD4+CD25+) were sorted into Eos-stable (CD103+CD38NEG) 
and Eos-labile (CD38+CD103NEG) populations. Sorted Treg cell subsets were incubated 
overnight with MSCV virus vector (control, GFP-only) in resting, un-activated co-cultures 
(containing Treg cells, VDLN DCs and OT-I, but without SIINFEKL antigen) in the presence of 
polybrene, as described in the Supplemental Experimental Procedures. Supernatant was then 
washed off, fresh medium and SIINFEKL added, and cultures continued for 2 days. Treg cells 
were efficiently transduced under this protocol, and the successfully transduced Treg cells were 
almost entirely those that were in cell-cycle (Ki67+). Both Eos-stable and Eos-labile Treg cell 
subsets had similar transduction efficiencies.  
  

Figure 2. Forced Overexpression of Eos in Treg Cells Prevents Reprogramming
(A–C) Resting B6 Treg cells (CD4+CD25+) were preincubated with retroviral vector (control GFP-only or Eos-GFP) in cocultures as described in Figure S2.

After 24 hr, cocultures were washed free of vector and SIINFEKL was added to trigger reprogramming. Cells were analyzed 2 days later. (A) Expression of Eos

in GFP-expressing (transduced) cells. (B) Markers of reprogramming after transduction. (C) Addition of high-dose IL-6 (50 ng/ml) to cocultures could overcome

Eos transduction and force reprogramming.

(legend continued on next page)
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Figure 3. A Specific Subset of Treg Cells with the Ability to Reprogram Is Identified by Labile Eos Expression at Rest
(A) Thymic cells from Foxp3GFP mice were disaggregated and incubated with cycloheximide (CHX) or vehicle control (‘‘resting’’) for 1 hr in vitro as described in

Supplemental Experimental Procedures, then stained for Eos versus cell-surface markers. Arrows indicate the Eos-labile subset. Panel is representative of 15

similar experiments that used both Foxp3GFP and WT B6 mice.

(B) Resting thymic Treg cells showed similar expression of Foxp3, Eos, intracellular CTLA-4, and surface CD25 between CD38+ (Eos-labile) and CD38NEG

(Eos-stable) subsets.

(legend continued on next page)
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required in order to maintain stable Foxp3 gene expression
during cell division (Zheng et al., 2010). Eos-labile Treg cells
maintained stable Foxp3 protein levels throughout multiple
rounds of cell division (Figure S5A, above), and their Foxp3
expression was stable in lymphopenic hosts (Figure 5C, above).
Thus, the TSDR in Eos-labile Treg cells appeared functionally
active and able to maintain long-term Foxp3 expression.

Taken together, these data were consistent with the hypothe-
sis that Eos-labile Treg cells formed a distinct developmental
subset related to, but not identical with, the Eos-stable subset
and that this distinction emerged as early as the thymus.

Downregulation of Eos Is Prevented
by Tumor-Induced IDO
Because downregulation of Eos was controlled by specific sig-
nals, we reasoned that there might be opposing signals that
could prevent the loss of Eos. We had previously shown that
the immunoregulatory enzyme indoleamine 2,3-dioxygenase
(IDO) antagonized functional Treg cell reprogramming (Sharma
et al., 2010; Sharma et al., 2009). Therefore, we isolated plasma-
cytoid DCs (pDCs) from tumor-draining LNs (TDLNs), where
many pDCs express high amounts of IDO (Munn et al., 2004),
and tested them in reprogramming assays with resting, naive

Figure 4. Help from Reprogrammed Treg Cells Is Required to Support T cell Priming in Antigen-Naive Hosts
(A and B) Foxp3GFP-Cre 3 ROSA26lox-stop-loxDTR mice received CFSE-labeled OT-I and OVA vaccine (day 0), with or without DT depletion on days !2, !1, +1,

and +3. VDLNs were analyzed on day 4. Some groups treated with DT also received rescue with IL-2 (1 ug/dose every 12 hr on days 0–3) and agonist CD40 mAb

(250 ug + 100 ug i.p. days 1 and 3). (A) T cell responses in VDLNs. (B) DC activation (CD86 expression) in VDLNs using the same treatment groups. Panels are

representative of seven experiments, two with rescue.

(C) Prior to Treg cell depletion, Foxp3GFP-Cre 3 ROSA26lox-stop-loxDTR mice were preimmunized with OVA vaccine (prime + boost 3 2), then rechallenged with

CFSE-labeled OT-I readout cells + OVA vaccine, with or without DT depletion. Response in VDLN is shown on day 4. One of two experiments.

(D)Cd40lg!/! orWT control mice received adoptive transfer of CFSE-labeled OT-IIRag2!/!CD4+ effector cells (similar to Figure S4C). SomeCd40lg!/! hosts were

rescued by pretransfer of CD40L-sufficient Tregs (Foxp3GFP-Thy1.1), as in Figure 2D. All mice were immunized with cognate peptide for OT-II cells in IFA+CpG,

and responses were measured in VDLNs. One of two experiments. See also Figure S4.
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and that this distinction emerged as early as the thymus.

Downregulation of Eos Is Prevented
by Tumor-Induced IDO
Because downregulation of Eos was controlled by specific sig-
nals, we reasoned that there might be opposing signals that
could prevent the loss of Eos. We had previously shown that
the immunoregulatory enzyme indoleamine 2,3-dioxygenase
(IDO) antagonized functional Treg cell reprogramming (Sharma
et al., 2010; Sharma et al., 2009). Therefore, we isolated plasma-
cytoid DCs (pDCs) from tumor-draining LNs (TDLNs), where
many pDCs express high amounts of IDO (Munn et al., 2004),
and tested them in reprogramming assays with resting, naive

Figure 4. Help from Reprogrammed Treg Cells Is Required to Support T cell Priming in Antigen-Naive Hosts
(A and B) Foxp3GFP-Cre 3 ROSA26lox-stop-loxDTR mice received CFSE-labeled OT-I and OVA vaccine (day 0), with or without DT depletion on days !2, !1, +1,

and +3. VDLNs were analyzed on day 4. Some groups treated with DT also received rescue with IL-2 (1 ug/dose every 12 hr on days 0–3) and agonist CD40 mAb

(250 ug + 100 ug i.p. days 1 and 3). (A) T cell responses in VDLNs. (B) DC activation (CD86 expression) in VDLNs using the same treatment groups. Panels are

representative of seven experiments, two with rescue.

(C) Prior to Treg cell depletion, Foxp3GFP-Cre 3 ROSA26lox-stop-loxDTR mice were preimmunized with OVA vaccine (prime + boost 3 2), then rechallenged with

CFSE-labeled OT-I readout cells + OVA vaccine, with or without DT depletion. Response in VDLN is shown on day 4. One of two experiments.

(D)Cd40lg!/! orWT control mice received adoptive transfer of CFSE-labeled OT-IIRag2!/!CD4+ effector cells (similar to Figure S4C). SomeCd40lg!/! hosts were

rescued by pretransfer of CD40L-sufficient Tregs (Foxp3GFP-Thy1.1), as in Figure 2D. All mice were immunized with cognate peptide for OT-II cells in IFA+CpG,

and responses were measured in VDLNs. One of two experiments. See also Figure S4.
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Treg cells. To block activity of the IDO pathway, we added the
pharmacologic inhibitor 1-methyl-D-tryptophan (1MT) to some
cocultures. Figure 7A shows that when the IDO pathway was
active (no 1MT) the Treg cells were unable to downregulate
Eos and could not undergo reprogramming (middle dot-plot).
When 1MT was added, the same Treg cells now lost Eos and
were able to undergo reprogramming (right-hand dot-plot). The
degree of reprogramming supported by TDLN pDCs was vari-
able, with DCs from more advanced tumors being progressively
more inhibitory for reprogramming. Consistent with a specific

effect of IDO, when pDCs were isolated from TDLNs of Ido1!/!

mice, these pDCs no longer blocked Treg cell reprogramming
(Figure S7A).
IDO suppressed Treg cell reprogramming in vivo (Figure 7B).

Mice with established B16F10 tumors received tumor-specific
CD8+ pmel-1 cells plus vaccination with cognate hgp100
peptide (Antony et al., 2005). Groups were treated with 1MT in
drinking water or vehicle control. When IDO was active (no
1MT), the Treg cells in TDLNs failed to downregulate Eos after
vaccination and there was no reprogramming. However, when

Figure 5. The Eos-Labile Cells Are Functional Treg Cells with Stable Foxp3 Expression
(A) Eos-labile (CD38+CD103NEG) and Eos-stable (CD38NEGCD103+) Treg cell populations, and all other nonregulatory CD4+ cells (GFPNEG), were sorted from

spleens of Foxp3GFP donors following 1 hr CHX treatment. mRNA was measured by quantitative RT-PCR and normalized to Gapdh.

(B) Functional suppression assay. Eos-labile and Eos-stable Treg cells were sorted and added to readout T cells + anti-CD3 mitogen, as described in Sup-

plemental Experimental Procedures. Proliferation was measured by thymidine incorporation on day 3.

(C) Rag2!/! mice received CD4+CD45RBHI effector cells, alone or with sorted Foxp3GFP Treg cell subsets (Eos-labile or Eos-stable). When control mice reached

20% weight loss, all groups were analyzed for histology of colonic mucosa and for Treg cell phenotyping in mesenteric LNs.

(D) Rag2!/! mice received adoptive transfer as in (C), and then on day +42 the groups receiving Treg cells were challenged with OT-I + vaccine as shown, and

VDLNs were analyzed for reprogramming.

(A) and (B) are representative of at least three to five independent experiments; (C) and (D) are representative of two experiments each. See also Figure S5.
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mice received 1MT, many Treg cells in TDLNs downregulated
Eos and underwent reprogramming (expressed CD40L, as
shown; and also IL-2 and L17, data not shown).

To test whether Treg cell reprogramming was functionally
important for antitumor T cell responses, we used helper-
deficient Cd40lg!/! mice as tumor-bearing hosts and asked
whether adoptive transfer of WT Eos-labile Treg cells could
rescue the activation of pmel-1 effector cells. Pmel-1 cells
were informative in this regard because they are known to

require CD4+ T cell help for optimal antitumor activity (Antony
et al., 2005). In these studies, all mice received 1MT treatment
so that Treg cells would be able to reprogram if they were
capable of it. Figure 7C shows that only the Eos-labile Treg cells
could undergo reprogramming, express CD40L, and provide
help for pmel-1 priming. Control mice, receiving Eos-stable
Treg cells or nonregulatory CD4+ T cells, showed significantly
impaired pmel-1 activation and antitumor activity (bar graph).
Further, Figure S7B shows that helper activity from Eos-labile

Figure 6. Eos-Labile Treg Cells Show a Distinct Pattern of DNA Methylation
Cells from thymus or spleen were incubated for 1 hr with CHX, and then GFP+ Treg cells were sorted into Eos-labile (CD38+CD103NEG) and Eos-stable

(CD38NEGCD103+) populations. Control CD4+GFPNEG (other CD4+) cells were sorted from spleen. Genome-wide differential methylation analysis was performed

by using reduced representation bisulfite sequencing (RRBS), as described in Supplemental Experimental Procedures.

(A) Hierarchical clustering analysis and heat map. Rows represent the sample and columns represents the average methylation level (% of methylation) in each

differentially methylated region.

(B) Analysis of DNA methylation for the Foxp3 locus in each population. Average methylation for the Treg-specific demethylation region (TSDR) region (CNS2) is

shown as the superimposed percentage. Tracks (from top to bottom) are as follows: DNA methylation at each CpG site derived from the bisulfite sequencing

reads, RefSeq genes, and conservation score (UCSC genome browser). Red and green colors indicate methylated and unmethylated CpG sites, respectively.

The average methylation values of CpG sites measured are shown next to the TSDR. See also Figure S6.
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Figure 7. IDO Blocks Eos Downregulation
(A) Plasmacytoid DCs (pDCs) with high IDO expression were obtained by sorting CD11c+ cells from TDLNs of mice with B16F10 tumors and used in

reprogramming cocultures with resting Foxp3GFP Treg cells (from mice without tumors). Cocultures received either no SIINFEKL (‘‘no activation’’ group) or

SIINFEKL (‘‘activated’’ groups), with or without the IDO-pathway inhibitor 1-methyl-D-tryptophan (1MT).

(B) Foxp3GFPmicewith established B16F10 tumorswere treatedwith naive pmel-1 T cells (CD8+, CFSE-labeled) plus hgp100 peptide vaccine in IFA+CpG, with or

without 1MT in drinking water. Panels are representative of five experiments.

(C) Cd40lg!/! host mice received preadoptive transfer of sorted Eos-labile or Eos-stable Treg cells from Foxp3GFP mice, all other non-regulatory CD4+ cells,

or no transfer. Then all mice were implanted with B16F10 tumors. After 7 days, mice received pmel-1 + vaccine, with or without 1MT in drinking water. Four days

after vaccination, TDLNs were analyzed and tumor size was measured at necropsy. Pooled data from three identical experiments; *p < .05 by ANOVA, error bars

show SD.

(legend continued on next page)
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Discussion	
  and	
  conclusions	
  

•  Current	
  study	
  iden)fies	
  a	
  commiQed	
  subset	
  of	
  reprogrammable	
  Treg	
  cells	
  characterized	
  by	
  rapid	
  loss	
  of	
  

corepressor	
  Eos.	
  	
  

•  Absence	
  of	
  Eos-­‐labile	
  Treg	
  cell	
  subset	
  selec)vely	
  compromised	
  the	
  ability	
  of	
  naïve	
  mice	
  to	
  ac)vate	
  

res)ng	
  DCs	
  and	
  prime	
  ini)al	
  T	
  cell	
  responses.	
  

•  Reprogrammed	
  Treg	
  provide	
  rapid	
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“first	
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  help	
  when	
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BACH2 represses effector programs to stabilize
Treg-mediated immune homeostasis
Rahul Roychoudhuri1*, Kiyoshi Hirahara2{*, Kambiz Mousavi3*, David Clever1, Christopher A. Klebanoff1, Michael Bonelli2,
Giuseppe Sciumè2, Hossein Zare3, Golnaz Vahedi2, Barbara Dema4, Zhiya Yu1, Hui Liu5, Hayato Takahashi2, Mahadev Rao1,
Pawel Muranski1, Joseph G. Crompton1, George Punkosdy6, Davide Bedognetti5, Ena Wang5, Victoria Hoffmann7, Juan Rivera4,
Francesco M. Marincola5,8, Atsushi Nakamura9,10, Vittorio Sartorelli3, Yuka Kanno2, Luca Gattinoni1, Akihiko Muto9,10,
Kazuhiko Igarashi9,10, John J. O’Shea2* & Nicholas P. Restifo1,11*

Through their functional diversification, distinct lineages of
CD41T cells can act to either drive or constrain immune-mediated
pathology. Transcription factors are critical in the generation of
cellular diversity, and negative regulators antagonistic to alternate
fates often act in conjunction with positive regulators to stabi-
lize lineage commitment1. Genetic polymorphisms within a single
locus encoding the transcription factor BACH2 are associated with
numerous autoimmune and allergic diseases including asthma2,
Crohn’s disease3,4, coeliac disease5, vitiligo6, multiple sclerosis7

and type 1 diabetes8. Although these associations point to a shared
mechanism underlying susceptibility to diverse immune-mediated
diseases, a function for BACH2 in the maintenance of immune
homeostasis has not been established. Here, by studying mice in
which the Bach2 gene is disrupted, we define BACH2 as a broad
regulator of immune activation that stabilizes immunoregulatory
capacity while repressing the differentiation programs of multiple
effector lineages in CD41 T cells. BACH2was required for efficient
formation of regulatory (Treg) cells and consequently for suppression
of lethal inflammation in a manner that was Treg-cell-dependent.
Assessment of the genome-wide function of BACH2, however,
revealed that it represses genes associated with effector cell differ-
entiation.Consequently, its absence duringTreg polarization resulted
in inappropriate diversion to effector lineages. In addition, BACH2
constrained full effector differentiation within TH1, TH2 and TH17
cell lineages. These findings identify BACH2 as a key regulator of
CD41 T-cell differentiation that prevents inflammatory disease by
controlling the balance between tolerance and immunity.
BACH2 is expressed in B cells where it acts as a transcriptional

repressor of Blimp-1 (also known as PR domain zinc finger 1) and is
critical for somatic hypermutation and class switch recombination9–11.
Given the association of polymorphisms in the BACH2 locus with
multiple inflammatory diseases in humans, however, we proposed a
role for the transcription factor in the prevention of inflammation. To
test this hypothesis, we characterized the phenotype of knockout (KO)
mice in which the Bach2 gene had been disrupted9. Although pups
appeared normal at birth, they developed a progressive wasting disease
(Fig. 1a and Supplementary Fig. 1a) that resulted in diminished survival
compared to wild-type (WT) littermates (Fig. 1b). Sera from KOmice
at 3months of age contained elevated levels of anti-nuclear and
anti-double stranded DNA autoantibodies (Fig. 1c). Gross examina-
tion revealed enlargement of the lungs (Fig. 1d and Supplementary
Fig. 1b) with highly penetrant histopathological changes (Fig. 1e),
including extensiveperivascular and alveolar infiltrationby lymphocytes

and macrophages (Fig. 1f). Examination of the gut revealed less severe
and incompletely penetrant inflammatory pathology of the small intest-
ine and stomach also associated with lymphocytic and macrophage
infiltration (Fig. 1g and Supplementary Fig. 2). Consistently, we mea-
sured elevated expression of the C-C chemokine receptors CCR4 and
CCR9 on splenic CD41T cells that guidemigration to the lung and gut,
respectively (Fig. 1h)12,13.Accordingly,we founda striking increase in the
number of CD41T cells in the lungs of KO animals, whereas peripheral
lymphoid organs contained similar or decreased numbers (Fig. 1i and
Supplementary Fig. 3). We also observed increased proportions of
effector cells in both the spleen and lungs of KO animals (Sup-
plementary Fig. 4a) and a substantial proportion of CD41 T cells in
the lungs expressed the acute activation marker CD69 (Fig. 1j and
Supplementary Fig. 4b), a finding indicative of their involvement in
the inflammatory process affecting this organ.
CD41 T cells can be characterized into a number of functionally

specialized subsets depending upon expression of lineage-specific
transcription factors and cytokines14. TH2 cells have a central role in
allergic inflammation and airway disease and are characterized by
expression of the transcription factor GATA3 and cytokines such as
interleukin (IL)-4 and IL-13 (ref. 15). Consistent with the presence of
TH2 inflammation, there were increased proportions of GATA31

CD41 T cells in the spleen and lungs (Fig. 1k and Supplementary
Fig. 5) and elevated expression of IL-13 and IL-4 in the spleen, lungs
and lymph nodes of KO animals (Fig. 1l and Supplementary Fig. 6a).
By contrast, we observed no differences in the frequency of IL-17A1

cells in these organs and only a minor increase in interferon (IFN)-c1

cells in the lymph nodes (Supplementary Fig. 6b).
CD41 T cells can function to both drive and constrain immune-

mediated pathology. Whereas effector (Teff) cells are often implicated
in immune-mediated disease, FOXP31 Treg cells suppress inflammat-
ory reactions and have a non-redundant role in maintaining immune
homeostasis16,17. Given dysregulated immune reactions in Bach2-
deficient animals, we measured the expression of Bach2 messenger
RNA (mRNA) in conventional and regulatory CD41 T-cell subsets
and their thymic precursors from Foxp3GFP reporter mice, which
express GFP under the control of the endogenous Foxp3 promoter.
Bach2 mRNA was expressed at high levels in both conventional
FOXP3– and FOXP31 (Treg) CD4SP thymocytes in addition to naive
(Tnai) and Treg cells in the spleen (Fig. 2a).
Evaluation of conventional thymic maturation in KO animals

revealed similar proportions of CD4SP, CD8SP and TCRb1 cells
(Supplementary Fig. 7). Given high levels of expression of Bach2
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Introduc)on	
  

•  BACH2	
  is	
  expressed	
  in	
  ac)vated	
  B	
  cells	
  where	
  it	
  acts	
  as	
  a	
  transcrip)onal	
  regulator	
  

of	
  Blimp-­‐1	
  

•  It	
  is	
  cri)cal	
  for	
  soma)c	
  hypermuta)on	
  and	
  class	
  switch	
  recombina)on,	
  as	
  well	
  as	
  

for	
  the	
  efficient	
  forma)on	
  of	
  germinal	
  centres.	
  

•  Gene)c	
  polymorphisms	
  within	
  a	
  single	
  locus	
  encoding	
  BACH2	
  are	
  associated	
  with	
  

numerous	
  autoimmune	
  and	
  allergic	
  diseases.	
  

•  However	
  a	
  func)on	
  of	
  BACH2	
  in	
  the	
  maintenance	
  of	
  immune	
  homeostasis	
  has	
  not	
  

been	
  established.	
  	
  

•  It	
  is	
  proposed	
  that	
  BACH2	
  may	
  have	
  a	
  role	
  in	
  the	
  preven)on	
  of	
  inflamma)on.	
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  develop	
  spontaneous	
  lethal	
  inflamma)on	
  

mRNA in CD4SP thymocytes, however, we wished to determine the
cell-intrinsic function of BACH2 in regulating gene transcription
within these cells. We reconstituted Rag1–/– hosts with equal mixtures
of lineage-depleted bone marrow cells (hereafter BM) from congeni-
cally distinguishable Ly5.11 WT and Ly5.1– KO animals and mea-
sured global gene expression in WT and KO CD4SP cells that had
developed within the same host (Supplementary Fig. 8 and Sup-
plementary Table 1). Gene set enrichment analysis (GSEA) of this data
set (Supplementary Tables 2–6) indicated the loss of genes known to be
dependent upon FOXP3 (ref. 2) or directly bound by FOXP3 (Sup-
plementary Fig. 9a)18. Consistent with these observations, Foxp3
mRNA itself showed the greatest fold-reduction in expression amongst
all transcripts measured (Fig. 2b and Supplementary Fig. 9b). Conse-
quently,weobserved anear complete absence of FOXP31 cells amongst
KO CD4SP thymocytes in WT:KO mixed BM chimaeric animals
(Fig. 2c and Supplementary Fig. 10). In animals reconstituted with
either KO BM alone (Fig. 2c) or equal mixtures of KO and FoxP3sf

BM (Supplementary Fig. 11), however, FOXP31 KO cells were present
in both the thymus and spleen but at a lower frequency than whenWT
cells were transferred. Taken together, these findings indicated a cell-
autonomous requirement forBACH2 in the formationofTreg cells in the
thymus with an incomplete defect in non-competitive environments.

Whereas a proportion of Treg cells found in peripheral tissues arise
in the thymus (thymic Treg or tTreg)16, induced Treg (iTreg) cells develop
from conventional FOXP3– CD41 T cells in extrathymic tissues. To
test whether BACH2 was required for efficient formation of iTreg cells,
we tracked the fate of naive CD41 T cells upon transfer into Rag1–/–

hosts. Although a proportion of WT CD41 T cells converted into
FOXP31 iTreg cells, significantly fewer KO cells underwent similar
conversion (Supplementary Fig. 12). By contrast, KO cells showed
similar stability of FOXP3 expression and survival upon transfer into
Rag1–/– hosts over acute time points (Supplementary Fig. 13).
Consistent with in vivo data, KO naive CD41 T cells were markedly
impaired in their ability to induce Foxp3 mRNA and form FOXP31

iTreg cells upon stimulation in the presence of TGF-b in vitro (Fig. 2d,
Supplementary Fig. 14). Despite this, KO cells exhibited intact TGF-b
and IL-2 signalling (Supplementary Fig. 15). Importantly, defective
iTreg induction in KO cells was rescued by reconstitution with
Bach2-expressing retroviruses (Fig. 2e), confirming that BACH2 is
required during induction for the formation of iTreg cells. In addition,
Bach2 overexpression in WT cells enhanced FOXP3 induction under
suboptimal polarizing conditions (Supplementary Fig. 16).
Taken together, our results demonstrated a requirement for BACH2

in the efficient generation of both tTreg and iTreg cells. Accordingly,
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Figure 1 | Spontaneous lethal inflammation in Bach2 knockout animals.
a, b, Body weight at 3months of age (a) and survival (b) of Bach2 knockout
(KO) andwild-type (WT) littermate females. c, Titre of anti-dsDNA antibodies
and anti-nuclear antibodies (ANA) in the sera ofWT andKO animals. d, Gross
morphology of lungs fromWT andKOmice. e, Histopathology scoring of lung
tissue from WT and KO mice (n5 7 per group). f, Haematoxylin and eosin
(H1E) and immunohistochemical (IHC) stains ofWTandKO lung tissuewith
hypertrophy of bronchial epithelium (B), eosinophilic crystals (C), perivascular
lymphocytic infiltration (L) andmacrophage infiltration (M). g, H1E and IHC

stains of small intestinal tissue lesions with hypertrophic crypts (C),
lymphocytic infiltration (L) and macrophage infiltration (M). h, Expression of
CCR4 and CCR9 on the surface of splenic CD41 T cells. i, Quantification of
CD41 T cells in lungs of WT and KO animals. j, k, Percentage of CD41 T cells
expressing CD69 (j) and GATA3 (k) in lungs and spleen. l, Flow cytometry of
IFN-c and IL-13 expression by CD41 T cells from spleen, lymph nodes (LN)
and lungs. Mice were analysed at 3months of age unless otherwise specified.
Data are representative of$ 2 independent experiments with$ 3 mice per
genotype. Error bars, s.e.m.; P values (Student’s t-test).
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mRNA in CD4SP thymocytes, however, we wished to determine the
cell-intrinsic function of BACH2 in regulating gene transcription
within these cells. We reconstituted Rag1–/– hosts with equal mixtures
of lineage-depleted bone marrow cells (hereafter BM) from congeni-
cally distinguishable Ly5.11 WT and Ly5.1– KO animals and mea-
sured global gene expression in WT and KO CD4SP cells that had
developed within the same host (Supplementary Fig. 8 and Sup-
plementary Table 1). Gene set enrichment analysis (GSEA) of this data
set (Supplementary Tables 2–6) indicated the loss of genes known to be
dependent upon FOXP3 (ref. 2) or directly bound by FOXP3 (Sup-
plementary Fig. 9a)18. Consistent with these observations, Foxp3
mRNA itself showed the greatest fold-reduction in expression amongst
all transcripts measured (Fig. 2b and Supplementary Fig. 9b). Conse-
quently,weobserved anear complete absence of FOXP31 cells amongst
KO CD4SP thymocytes in WT:KO mixed BM chimaeric animals
(Fig. 2c and Supplementary Fig. 10). In animals reconstituted with
either KO BM alone (Fig. 2c) or equal mixtures of KO and FoxP3sf

BM (Supplementary Fig. 11), however, FOXP31 KO cells were present
in both the thymus and spleen but at a lower frequency than whenWT
cells were transferred. Taken together, these findings indicated a cell-
autonomous requirement forBACH2 in the formationofTreg cells in the
thymus with an incomplete defect in non-competitive environments.

Whereas a proportion of Treg cells found in peripheral tissues arise
in the thymus (thymic Treg or tTreg)16, induced Treg (iTreg) cells develop
from conventional FOXP3– CD41 T cells in extrathymic tissues. To
test whether BACH2 was required for efficient formation of iTreg cells,
we tracked the fate of naive CD41 T cells upon transfer into Rag1–/–

hosts. Although a proportion of WT CD41 T cells converted into
FOXP31 iTreg cells, significantly fewer KO cells underwent similar
conversion (Supplementary Fig. 12). By contrast, KO cells showed
similar stability of FOXP3 expression and survival upon transfer into
Rag1–/– hosts over acute time points (Supplementary Fig. 13).
Consistent with in vivo data, KO naive CD41 T cells were markedly
impaired in their ability to induce Foxp3 mRNA and form FOXP31

iTreg cells upon stimulation in the presence of TGF-b in vitro (Fig. 2d,
Supplementary Fig. 14). Despite this, KO cells exhibited intact TGF-b
and IL-2 signalling (Supplementary Fig. 15). Importantly, defective
iTreg induction in KO cells was rescued by reconstitution with
Bach2-expressing retroviruses (Fig. 2e), confirming that BACH2 is
required during induction for the formation of iTreg cells. In addition,
Bach2 overexpression in WT cells enhanced FOXP3 induction under
suboptimal polarizing conditions (Supplementary Fig. 16).
Taken together, our results demonstrated a requirement for BACH2

in the efficient generation of both tTreg and iTreg cells. Accordingly,
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Figure 1 | Spontaneous lethal inflammation in Bach2 knockout animals.
a, b, Body weight at 3months of age (a) and survival (b) of Bach2 knockout
(KO) andwild-type (WT) littermate females. c, Titre of anti-dsDNA antibodies
and anti-nuclear antibodies (ANA) in the sera ofWT andKO animals. d, Gross
morphology of lungs fromWT andKOmice. e, Histopathology scoring of lung
tissue from WT and KO mice (n5 7 per group). f, Haematoxylin and eosin
(H1E) and immunohistochemical (IHC) stains ofWTandKO lung tissuewith
hypertrophy of bronchial epithelium (B), eosinophilic crystals (C), perivascular
lymphocytic infiltration (L) andmacrophage infiltration (M). g, H1E and IHC

stains of small intestinal tissue lesions with hypertrophic crypts (C),
lymphocytic infiltration (L) and macrophage infiltration (M). h, Expression of
CCR4 and CCR9 on the surface of splenic CD41 T cells. i, Quantification of
CD41 T cells in lungs of WT and KO animals. j, k, Percentage of CD41 T cells
expressing CD69 (j) and GATA3 (k) in lungs and spleen. l, Flow cytometry of
IFN-c and IL-13 expression by CD41 T cells from spleen, lymph nodes (LN)
and lungs. Mice were analysed at 3months of age unless otherwise specified.
Data are representative of$ 2 independent experiments with$ 3 mice per
genotype. Error bars, s.e.m.; P values (Student’s t-test).
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mRNA in CD4SP thymocytes, however, we wished to determine the
cell-intrinsic function of BACH2 in regulating gene transcription
within these cells. We reconstituted Rag1–/– hosts with equal mixtures
of lineage-depleted bone marrow cells (hereafter BM) from congeni-
cally distinguishable Ly5.11 WT and Ly5.1– KO animals and mea-
sured global gene expression in WT and KO CD4SP cells that had
developed within the same host (Supplementary Fig. 8 and Sup-
plementary Table 1). Gene set enrichment analysis (GSEA) of this data
set (Supplementary Tables 2–6) indicated the loss of genes known to be
dependent upon FOXP3 (ref. 2) or directly bound by FOXP3 (Sup-
plementary Fig. 9a)18. Consistent with these observations, Foxp3
mRNA itself showed the greatest fold-reduction in expression amongst
all transcripts measured (Fig. 2b and Supplementary Fig. 9b). Conse-
quently,weobserved anear complete absence of FOXP31 cells amongst
KO CD4SP thymocytes in WT:KO mixed BM chimaeric animals
(Fig. 2c and Supplementary Fig. 10). In animals reconstituted with
either KO BM alone (Fig. 2c) or equal mixtures of KO and FoxP3sf

BM (Supplementary Fig. 11), however, FOXP31 KO cells were present
in both the thymus and spleen but at a lower frequency than whenWT
cells were transferred. Taken together, these findings indicated a cell-
autonomous requirement forBACH2 in the formationofTreg cells in the
thymus with an incomplete defect in non-competitive environments.

Whereas a proportion of Treg cells found in peripheral tissues arise
in the thymus (thymic Treg or tTreg)16, induced Treg (iTreg) cells develop
from conventional FOXP3– CD41 T cells in extrathymic tissues. To
test whether BACH2 was required for efficient formation of iTreg cells,
we tracked the fate of naive CD41 T cells upon transfer into Rag1–/–

hosts. Although a proportion of WT CD41 T cells converted into
FOXP31 iTreg cells, significantly fewer KO cells underwent similar
conversion (Supplementary Fig. 12). By contrast, KO cells showed
similar stability of FOXP3 expression and survival upon transfer into
Rag1–/– hosts over acute time points (Supplementary Fig. 13).
Consistent with in vivo data, KO naive CD41 T cells were markedly
impaired in their ability to induce Foxp3 mRNA and form FOXP31

iTreg cells upon stimulation in the presence of TGF-b in vitro (Fig. 2d,
Supplementary Fig. 14). Despite this, KO cells exhibited intact TGF-b
and IL-2 signalling (Supplementary Fig. 15). Importantly, defective
iTreg induction in KO cells was rescued by reconstitution with
Bach2-expressing retroviruses (Fig. 2e), confirming that BACH2 is
required during induction for the formation of iTreg cells. In addition,
Bach2 overexpression in WT cells enhanced FOXP3 induction under
suboptimal polarizing conditions (Supplementary Fig. 16).
Taken together, our results demonstrated a requirement for BACH2

in the efficient generation of both tTreg and iTreg cells. Accordingly,
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Figure 1 | Spontaneous lethal inflammation in Bach2 knockout animals.
a, b, Body weight at 3months of age (a) and survival (b) of Bach2 knockout
(KO) andwild-type (WT) littermate females. c, Titre of anti-dsDNA antibodies
and anti-nuclear antibodies (ANA) in the sera ofWT andKO animals. d, Gross
morphology of lungs fromWT andKOmice. e, Histopathology scoring of lung
tissue from WT and KO mice (n5 7 per group). f, Haematoxylin and eosin
(H1E) and immunohistochemical (IHC) stains ofWTandKO lung tissuewith
hypertrophy of bronchial epithelium (B), eosinophilic crystals (C), perivascular
lymphocytic infiltration (L) andmacrophage infiltration (M). g, H1E and IHC

stains of small intestinal tissue lesions with hypertrophic crypts (C),
lymphocytic infiltration (L) and macrophage infiltration (M). h, Expression of
CCR4 and CCR9 on the surface of splenic CD41 T cells. i, Quantification of
CD41 T cells in lungs of WT and KO animals. j, k, Percentage of CD41 T cells
expressing CD69 (j) and GATA3 (k) in lungs and spleen. l, Flow cytometry of
IFN-c and IL-13 expression by CD41 T cells from spleen, lymph nodes (LN)
and lungs. Mice were analysed at 3months of age unless otherwise specified.
Data are representative of$ 2 independent experiments with$ 3 mice per
genotype. Error bars, s.e.m.; P values (Student’s t-test).
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mRNA in CD4SP thymocytes, however, we wished to determine the
cell-intrinsic function of BACH2 in regulating gene transcription
within these cells. We reconstituted Rag1–/– hosts with equal mixtures
of lineage-depleted bone marrow cells (hereafter BM) from congeni-
cally distinguishable Ly5.11 WT and Ly5.1– KO animals and mea-
sured global gene expression in WT and KO CD4SP cells that had
developed within the same host (Supplementary Fig. 8 and Sup-
plementary Table 1). Gene set enrichment analysis (GSEA) of this data
set (Supplementary Tables 2–6) indicated the loss of genes known to be
dependent upon FOXP3 (ref. 2) or directly bound by FOXP3 (Sup-
plementary Fig. 9a)18. Consistent with these observations, Foxp3
mRNA itself showed the greatest fold-reduction in expression amongst
all transcripts measured (Fig. 2b and Supplementary Fig. 9b). Conse-
quently,weobserved anear complete absence of FOXP31 cells amongst
KO CD4SP thymocytes in WT:KO mixed BM chimaeric animals
(Fig. 2c and Supplementary Fig. 10). In animals reconstituted with
either KO BM alone (Fig. 2c) or equal mixtures of KO and FoxP3sf

BM (Supplementary Fig. 11), however, FOXP31 KO cells were present
in both the thymus and spleen but at a lower frequency than whenWT
cells were transferred. Taken together, these findings indicated a cell-
autonomous requirement forBACH2 in the formationofTreg cells in the
thymus with an incomplete defect in non-competitive environments.

Whereas a proportion of Treg cells found in peripheral tissues arise
in the thymus (thymic Treg or tTreg)16, induced Treg (iTreg) cells develop
from conventional FOXP3– CD41 T cells in extrathymic tissues. To
test whether BACH2 was required for efficient formation of iTreg cells,
we tracked the fate of naive CD41 T cells upon transfer into Rag1–/–

hosts. Although a proportion of WT CD41 T cells converted into
FOXP31 iTreg cells, significantly fewer KO cells underwent similar
conversion (Supplementary Fig. 12). By contrast, KO cells showed
similar stability of FOXP3 expression and survival upon transfer into
Rag1–/– hosts over acute time points (Supplementary Fig. 13).
Consistent with in vivo data, KO naive CD41 T cells were markedly
impaired in their ability to induce Foxp3 mRNA and form FOXP31

iTreg cells upon stimulation in the presence of TGF-b in vitro (Fig. 2d,
Supplementary Fig. 14). Despite this, KO cells exhibited intact TGF-b
and IL-2 signalling (Supplementary Fig. 15). Importantly, defective
iTreg induction in KO cells was rescued by reconstitution with
Bach2-expressing retroviruses (Fig. 2e), confirming that BACH2 is
required during induction for the formation of iTreg cells. In addition,
Bach2 overexpression in WT cells enhanced FOXP3 induction under
suboptimal polarizing conditions (Supplementary Fig. 16).
Taken together, our results demonstrated a requirement for BACH2

in the efficient generation of both tTreg and iTreg cells. Accordingly,
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Figure 1 | Spontaneous lethal inflammation in Bach2 knockout animals.
a, b, Body weight at 3months of age (a) and survival (b) of Bach2 knockout
(KO) andwild-type (WT) littermate females. c, Titre of anti-dsDNA antibodies
and anti-nuclear antibodies (ANA) in the sera ofWT andKO animals. d, Gross
morphology of lungs fromWT andKOmice. e, Histopathology scoring of lung
tissue from WT and KO mice (n5 7 per group). f, Haematoxylin and eosin
(H1E) and immunohistochemical (IHC) stains ofWTandKO lung tissuewith
hypertrophy of bronchial epithelium (B), eosinophilic crystals (C), perivascular
lymphocytic infiltration (L) andmacrophage infiltration (M). g, H1E and IHC

stains of small intestinal tissue lesions with hypertrophic crypts (C),
lymphocytic infiltration (L) and macrophage infiltration (M). h, Expression of
CCR4 and CCR9 on the surface of splenic CD41 T cells. i, Quantification of
CD41 T cells in lungs of WT and KO animals. j, k, Percentage of CD41 T cells
expressing CD69 (j) and GATA3 (k) in lungs and spleen. l, Flow cytometry of
IFN-c and IL-13 expression by CD41 T cells from spleen, lymph nodes (LN)
and lungs. Mice were analysed at 3months of age unless otherwise specified.
Data are representative of$ 2 independent experiments with$ 3 mice per
genotype. Error bars, s.e.m.; P values (Student’s t-test).
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mRNA in CD4SP thymocytes, however, we wished to determine the
cell-intrinsic function of BACH2 in regulating gene transcription
within these cells. We reconstituted Rag1–/– hosts with equal mixtures
of lineage-depleted bone marrow cells (hereafter BM) from congeni-
cally distinguishable Ly5.11 WT and Ly5.1– KO animals and mea-
sured global gene expression in WT and KO CD4SP cells that had
developed within the same host (Supplementary Fig. 8 and Sup-
plementary Table 1). Gene set enrichment analysis (GSEA) of this data
set (Supplementary Tables 2–6) indicated the loss of genes known to be
dependent upon FOXP3 (ref. 2) or directly bound by FOXP3 (Sup-
plementary Fig. 9a)18. Consistent with these observations, Foxp3
mRNA itself showed the greatest fold-reduction in expression amongst
all transcripts measured (Fig. 2b and Supplementary Fig. 9b). Conse-
quently,weobserved anear complete absence of FOXP31 cells amongst
KO CD4SP thymocytes in WT:KO mixed BM chimaeric animals
(Fig. 2c and Supplementary Fig. 10). In animals reconstituted with
either KO BM alone (Fig. 2c) or equal mixtures of KO and FoxP3sf

BM (Supplementary Fig. 11), however, FOXP31 KO cells were present
in both the thymus and spleen but at a lower frequency than whenWT
cells were transferred. Taken together, these findings indicated a cell-
autonomous requirement forBACH2 in the formationofTreg cells in the
thymus with an incomplete defect in non-competitive environments.

Whereas a proportion of Treg cells found in peripheral tissues arise
in the thymus (thymic Treg or tTreg)16, induced Treg (iTreg) cells develop
from conventional FOXP3– CD41 T cells in extrathymic tissues. To
test whether BACH2 was required for efficient formation of iTreg cells,
we tracked the fate of naive CD41 T cells upon transfer into Rag1–/–

hosts. Although a proportion of WT CD41 T cells converted into
FOXP31 iTreg cells, significantly fewer KO cells underwent similar
conversion (Supplementary Fig. 12). By contrast, KO cells showed
similar stability of FOXP3 expression and survival upon transfer into
Rag1–/– hosts over acute time points (Supplementary Fig. 13).
Consistent with in vivo data, KO naive CD41 T cells were markedly
impaired in their ability to induce Foxp3 mRNA and form FOXP31

iTreg cells upon stimulation in the presence of TGF-b in vitro (Fig. 2d,
Supplementary Fig. 14). Despite this, KO cells exhibited intact TGF-b
and IL-2 signalling (Supplementary Fig. 15). Importantly, defective
iTreg induction in KO cells was rescued by reconstitution with
Bach2-expressing retroviruses (Fig. 2e), confirming that BACH2 is
required during induction for the formation of iTreg cells. In addition,
Bach2 overexpression in WT cells enhanced FOXP3 induction under
suboptimal polarizing conditions (Supplementary Fig. 16).
Taken together, our results demonstrated a requirement for BACH2

in the efficient generation of both tTreg and iTreg cells. Accordingly,
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Figure 1 | Spontaneous lethal inflammation in Bach2 knockout animals.
a, b, Body weight at 3months of age (a) and survival (b) of Bach2 knockout
(KO) andwild-type (WT) littermate females. c, Titre of anti-dsDNA antibodies
and anti-nuclear antibodies (ANA) in the sera ofWT andKO animals. d, Gross
morphology of lungs fromWT andKOmice. e, Histopathology scoring of lung
tissue from WT and KO mice (n5 7 per group). f, Haematoxylin and eosin
(H1E) and immunohistochemical (IHC) stains ofWTandKO lung tissuewith
hypertrophy of bronchial epithelium (B), eosinophilic crystals (C), perivascular
lymphocytic infiltration (L) andmacrophage infiltration (M). g, H1E and IHC

stains of small intestinal tissue lesions with hypertrophic crypts (C),
lymphocytic infiltration (L) and macrophage infiltration (M). h, Expression of
CCR4 and CCR9 on the surface of splenic CD41 T cells. i, Quantification of
CD41 T cells in lungs of WT and KO animals. j, k, Percentage of CD41 T cells
expressing CD69 (j) and GATA3 (k) in lungs and spleen. l, Flow cytometry of
IFN-c and IL-13 expression by CD41 T cells from spleen, lymph nodes (LN)
and lungs. Mice were analysed at 3months of age unless otherwise specified.
Data are representative of$ 2 independent experiments with$ 3 mice per
genotype. Error bars, s.e.m.; P values (Student’s t-test).
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).
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Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).
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Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).

a

Colon

Lung

Time post-transfer (d)

B
od

y 
w

ei
gh

t c
ha

ng
e

0 24 48 72
0.8

1.0

1.2

1.4

b

BM Treg

KO WT Sf WT

KO-gated

BM: KO→Rag1–/– KO+WT→Rag1–/–

CD44

C
D

62
L

77 6.1

c

L

L

L

L

L

L

KO→Rag1–/– KO+WT→Rag1–/–

Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).
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Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).
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Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.

RESEARCH LETTER

5 0 8 | N A T U R E | V O L 4 9 8 | 2 7 J U N E 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

Lineage	
  depleted	
  BM	
  cells:	
  Ly5.1+	
  WT	
  and	
  Ly5.1-­‐	
  KO	
  

Foxp3	
  expression	
  in	
  CD4	
  SP	
  thymocytes	
  

WT	
   KO	
  



BACH2	
  is	
  required	
  for	
  suppression	
  of	
  lethal	
  inflamma)on	
  in	
  a	
  Treg	
  dependent	
  manner	
  

analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).
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Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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Figure 2 | BACH2 is required for efficient formation of Treg cells.
a, Expression of Bach2mRNA in thymic Foxp3GFP– DP and CD4SP (SP), and
Foxp3GFP1 CD4SP Treg cells and splenic CD41 Foxp3GFP– Tnai and Teff, and
Foxp3GFP1 Treg cells isolated from Foxp3GFP reporter mice relative to Actb
mRNA. Thy, thymus; Spl, spleen. b, Volcano plot indicating differentially
expressed genes in KO compared with WT CD4SP thymocytes from WT:KO
mixed BM chimaeric animals. c, Intracellular FOXP3 expression in CD4SP
thymocytes from mice reconstituted with individual or mixed transfers of WT
and KO BM. d, FOXP3 expression in WT and KO naive splenic CD41 T cells
stimulated in the presence of indicated amounts of TGF-b in vitro. e, FOXP3

expression in Thy1.11 (transduced) WT and KO naive splenic CD41 T cells
stimulated in the presence of 2 ngml21 TGF-b and transduced with indicated
retroviruses. f, Ratio of FOXP31 cells in thymic (gated on CD4SP) and
extrathymic tissues (gated on CD31 CD41 cells) of 3-month-old WT (open
circles) and KO (closed circles) littermates. iLN, inguinal lymph nodes.
g, Expression of CD25, CTLA4 and GITR on the surface of splenic FOXP31

and FOXP3– CD41 cells from WT and KO mice. Error bars, s.e.m.; P values
(Student’s t-test). All data are representative$ 2 independent experiments
with$ 3 mice per genotype (a–c, f, g) or$ 4 experiments (d, e).
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Figure 3 | BACH2 is required for suppression of lethal inflammation in a
Treg-dependent manner. a, CD44 and CD62L expression on splenic CD41 T
cells descended from KO BM 6weeks following individual or mixed
reconstitution of Rag1–/– mice with KO andWT BM. b, CD3 staining of large
intestine and lung tissue from mice 6weeks following reconstitution with
indicated BM. Arrows indicate KO T cells (L). c, Mass of mice following
individual or mixed reconstitution of Rag1–/– animals with BM from Scurfy
(FoxP3sf), KO or WTmice with or without transfer of 43 105 purified splenic
CD41 CD251 Treg cells. Data are representative of$ 3 independent
experiments. Mass measurements were continued until , 3 mice were
remaining (c). Error bars, s.e.m.
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analysis of primary and secondary lymphatic tissues from KO mice
at 3months of age revealed a deficiency in Treg cells resembling
that in mice individually reconstituted with KO BM (Fig. 2f). Similar
reduction in thymic Treg cell frequency was observed in neonatal mice
before evidence of autoimmune disease (Supplementary Fig. 17).
Furthermore, Treg cell formation was Bach2 gene-dose dependent
because mice heterozygous for the KO allele had reduced frequencies
of Treg cells (Supplementary Fig. 18). Thus, Treg cells are found at low
frequencies in KO mice despite the presence of inflammation in these
animals. Characterization of these cells revealed higher levels of
expression of Treg cell suppressive molecules CD25, CTLA4 and
GITR (also known as TNFRSF18), the activation marker CD69 and
the marker of terminal differentiation, KLRG1 (Fig. 2g and Sup-
plementary Fig. 19; P, 0.05)19. Consistent with this terminally differ-
entiated phenotype, Treg cells from Bach2-deficient mice failed to
prevent colitis in long-termassays despite possessing acute suppressive
function (Supplementary Fig. 20a–e)19.
Because Treg cells maintain immune homeostasis in an immunodo-

minant fashion, disorders resulting from their deficiency are amenable
to rescue by provision of wild-type Treg cells. To test whether failure to
maintain immune homeostasis in the absence of BACH2 was a con-
sequence of defective immunoregulatory capacity, we reconstituted
lethally irradiated Rag1–/– mice with KO BM in the presence or
absence of WT BM. Strikingly, although we observed massive induc-
tion of effector differentiation amongst KOCD41 T cells andmucosal
thickening of the large intestine accompanied by infiltration of KO
cells when KO BM was transferred independently, these changes
were prevented by co-transfer of WT BM (Fig. 3a, b and Supplemen-
tary Fig. 21a). Consequently, animals reconstituted with KO BM
showed profound weight loss and diminished survival whereas co-
transfer of WT BM prevented the induction of disease (Supplemen-
tary Fig. 21b, c). The dominant immunoregulatory effect exerted by
Bach2-sufficient (WT) BM was dependent upon FOXP3 because BM
from mice which possess an intact Bach2 locus but lack functional
FOXP3 protein (Foxp3sf)20 could not rescue the phenotype induced
by KO BM (Fig. 3c). Moreover, the lethal phenotype induced by KO

BMwas rescued by transfer of purified splenic CD41CD251 Treg cells
fromWT mice. Thus, BACH2 is required for the prevention of lethal
autoimmunity through its role in Treg cell formation.
Taken together, these results demonstrated a non-redundant role

for BACH2 in Treg-mediated immune homeostasis. For transcrip-
tional repression, BACH2 is dependent upon a DNA-binding basic
leucine zipper region located near the carboxy terminus of the protein21.
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We found that overexpression of a truncation mutant deficient in this
region (Bach2DZip) did not complement defective iTreg induction in KO
CD41 T cells (Fig. 4a), implicating its function as a transcriptional
regulator in Treg cell formation. To identify genes whose expression is
controlled by BACH2, we performed massively parallel RNA sequen-
cing of KO naive CD41 T cells stimulated under iTreg polarizing con-
ditions. Consistent with its role as a transcriptional repressor, a majority
of differentially expressed genes were upregulated in Bach2-deficient
cells (Supplementary Fig. 22). Strikingly, whenwe compared these genes
with transcripts thatwere inducedupondifferentiationof naive cells into
effector-lineage TH1, TH2 or TH17 cells, we found that 31.8% (877) of
all upregulated genes (2,754) in Bach2-deficient cells were effector-lin-
eage-associated genes (Fig. 4b, c).
To test whether BACH2 has a direct role in mediating these trans-

criptional differences, we measured genome-wide BACH2 binding in
iTreg cells by chromatin immunoprecipitation with massively para-
llel sequencing (ChIP-Seq), validating selected loci by quantitative
PCR (Supplementary Fig. 23 and Supplementary Table 7). Remark-
ably, BACH2 bound 43.6% of all derepressed genes, including 408
derepressed effector lineage-associated genes (Fig. 4b, c). Examples
from this group of genes are provided (Fig. 4d and Supplementary
Fig. 24a), notably, BACH2 bound and repressed Prdm1, which
encodes Blimp-1, a transcription factor critical in driving full effector
differentiation in CD41 T cells22. BACH2 also repressed genes with

effector-lineage-specific functions such as Gata3, Irf4 and Nfil3,
and Il12rb1, Il12rb2, Map3k8 and Gadd45g, which have important
roles in TH2 and TH1 differentiation, respectively23–27. Additionally,
BACH2 repressed Ahr, which is involved in Th17 differentiation28.
Importantly, a number of effector-lineage-associated genes repressed
by BACH2 encode proteins that transduce signals antagonistic to Treg

cell differentiation itself, including Il12rb1, Il12rb2 and Tnfsf429,30.
Repression of Ccr4 and Ccr9 by BACH2 (Supplementary Fig. 24b)
was also of interest since it provides some explanation for the predom-
inance of lung and gut immunopathology in KO animals.
These data indicated that an important aspect of the function of

BACH2 is to repress the differentiation programs of multiple effector
lineages during iTreg cell development. Accordingly, KO CD41 T cells
stimulated under iTreg conditions aberrantly expressed cytokines
associated with effector lineages (Fig. 4e). To test whether BACH2
stabilizes iTreg cell development through repression of effector differ-
entiation, we examined whether blockade of effector cytokines, which
play an important role in positive reinforcement of effector cell differ-
entiation, could restore iTreg induction in KO cells. Whereas KO cells
stimulated under iTreg conditions preferentially differentiated into
FOXP3– cells expressing T-bet, GATA3 or RORct, master regulators
of the TH1, TH2 and TH17 differentiation programs, respectively
(Fig. 4f), addition of neutralizing antibodies against IFN-c and IL-4
partially reverted this phenotype, preventing aberrant induction of

–2 –1 0 1 2

a

FOXP3

pMIG pMIG BACH2 BACH2ΔZip

WT KO

12 65 1695

WT
KOmRNA

Il12rb1

WT
KOmRNA

Irf4

BACH2 ChIP
WT
KOmRNA

Prdm1

WT
KOmRNA

Gata3

e

f

d

b

TH1 cond. TH2 cond. TH17 cond.

0.70.30.1

1.23.218.7

Anti-IL-4
Anti-IFN-γ:

WT

KO

(–) (+)

WT

KO

FO
XP

3

T

CFSE

IF
N

-γ

IL
-1

3

IL
-1

7A

CFSE

IF
N

-γ

IL
-1

3

IL
-1

7A

iTreg cond.

(–) (+) (–) (+)

c

g

68.0 0.5

0.1

83.1 0.2

0.0

64.0 4.7

0.6

77.6 2.2

0.3

68.3 4.3

0.6

70.0 2.4

0.4

3.1 10.0

58.0

36.0 10.8

9.7

8.6 4.6

26.4

35.8 2.6

2.3

12.1 3.5

16.0

26.4 14.1

21.3

-bet GATA3 RORγT

BACH2 binding

1,877 (68.2%)

877 (31.8%)BACH2 binding

Bound
Unbound

Genes induced
in TH1, TH2, TH17
Others

No binding

1,552 (56.4%)
794 (28.8%)

Derepressed
in BACH2 KO TH1 TH2 TH17

Upregulated in KO (iTreg conditions):

408
(14.8%)

iTreg cond.

expression
Relative gene

120.0
80.0
80.0

4.6

280.0
280.0

4.9

30.0
30.0

7.7

Others

120.0
120.0

13.0

BACH2 ChIP

BACH2 ChIP

BACH2 ChIP

FO
XP

3

FO
XP

3

13.8 3.6 10.2

84.2 22.2 21.3

Figure 4 | BACH2 represses effector programs to
stabilize iTreg cell development. a, FOXP3
expression in GFP1 (transduced) WT and KO
naive splenic CD41 T cells stimulated in the
presence of 2 ngml21 TGF-b and transduced with
indicated retroviruses. b, Derepressed genes in KO
compared with WT naive CD41 T cells stimulated
under iTreg polarizing conditions. Proportion of
effector-lineage-associated transcripts
(upregulated upon stimulation of naive CD41 T
cells in TH1, TH2 or TH17 conditions respectively
(pie chart) and genes that are directly bound by
BACH2 in iTreg cells (outer arc) are shown. c, Heat
map indicating expression of effector-lineage-
associated transcripts derepressed inKOcells (iTreg

conditions), their expression inwild-type TH1, TH2
and TH17 cells and binding at their respective gene
loci by BACH2 (gene-body6 2 kb). d, Alignments
showing binding of BACH2 to selected genes and
their mRNA expression in WT and KO cells
cultured under iTreg conditions. e, Proliferation
and effector cytokine expression in CFSE-labelled
WT and KO naive CD41 T cells stimulated under
iTreg conditions (cond.) for 3 days. f, Transcription
factor expression upon stimulation of WT and KO
naive CD41 T cells under iTreg conditions for
3 days in the presence or absence of indicated anti-
cytokine neutralizing antibodies. g, Proliferation
and effector cytokine expression in CFSE-labelled
WT and KO naive CD41 T cells stimulated under
indicated polarizing conditions for 3 days. Data are
representative of$ 2 independently repeated
experiments (a, e–g).
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We found that overexpression of a truncation mutant deficient in this
region (Bach2DZip) did not complement defective iTreg induction in KO
CD41 T cells (Fig. 4a), implicating its function as a transcriptional
regulator in Treg cell formation. To identify genes whose expression is
controlled by BACH2, we performed massively parallel RNA sequen-
cing of KO naive CD41 T cells stimulated under iTreg polarizing con-
ditions. Consistent with its role as a transcriptional repressor, a majority
of differentially expressed genes were upregulated in Bach2-deficient
cells (Supplementary Fig. 22). Strikingly, whenwe compared these genes
with transcripts thatwere inducedupondifferentiationof naive cells into
effector-lineage TH1, TH2 or TH17 cells, we found that 31.8% (877) of
all upregulated genes (2,754) in Bach2-deficient cells were effector-lin-
eage-associated genes (Fig. 4b, c).
To test whether BACH2 has a direct role in mediating these trans-

criptional differences, we measured genome-wide BACH2 binding in
iTreg cells by chromatin immunoprecipitation with massively para-
llel sequencing (ChIP-Seq), validating selected loci by quantitative
PCR (Supplementary Fig. 23 and Supplementary Table 7). Remark-
ably, BACH2 bound 43.6% of all derepressed genes, including 408
derepressed effector lineage-associated genes (Fig. 4b, c). Examples
from this group of genes are provided (Fig. 4d and Supplementary
Fig. 24a), notably, BACH2 bound and repressed Prdm1, which
encodes Blimp-1, a transcription factor critical in driving full effector
differentiation in CD41 T cells22. BACH2 also repressed genes with

effector-lineage-specific functions such as Gata3, Irf4 and Nfil3,
and Il12rb1, Il12rb2, Map3k8 and Gadd45g, which have important
roles in TH2 and TH1 differentiation, respectively23–27. Additionally,
BACH2 repressed Ahr, which is involved in Th17 differentiation28.
Importantly, a number of effector-lineage-associated genes repressed
by BACH2 encode proteins that transduce signals antagonistic to Treg

cell differentiation itself, including Il12rb1, Il12rb2 and Tnfsf429,30.
Repression of Ccr4 and Ccr9 by BACH2 (Supplementary Fig. 24b)
was also of interest since it provides some explanation for the predom-
inance of lung and gut immunopathology in KO animals.
These data indicated that an important aspect of the function of

BACH2 is to repress the differentiation programs of multiple effector
lineages during iTreg cell development. Accordingly, KO CD41 T cells
stimulated under iTreg conditions aberrantly expressed cytokines
associated with effector lineages (Fig. 4e). To test whether BACH2
stabilizes iTreg cell development through repression of effector differ-
entiation, we examined whether blockade of effector cytokines, which
play an important role in positive reinforcement of effector cell differ-
entiation, could restore iTreg induction in KO cells. Whereas KO cells
stimulated under iTreg conditions preferentially differentiated into
FOXP3– cells expressing T-bet, GATA3 or RORct, master regulators
of the TH1, TH2 and TH17 differentiation programs, respectively
(Fig. 4f), addition of neutralizing antibodies against IFN-c and IL-4
partially reverted this phenotype, preventing aberrant induction of
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Figure 4 | BACH2 represses effector programs to
stabilize iTreg cell development. a, FOXP3
expression in GFP1 (transduced) WT and KO
naive splenic CD41 T cells stimulated in the
presence of 2 ngml21 TGF-b and transduced with
indicated retroviruses. b, Derepressed genes in KO
compared with WT naive CD41 T cells stimulated
under iTreg polarizing conditions. Proportion of
effector-lineage-associated transcripts
(upregulated upon stimulation of naive CD41 T
cells in TH1, TH2 or TH17 conditions respectively
(pie chart) and genes that are directly bound by
BACH2 in iTreg cells (outer arc) are shown. c, Heat
map indicating expression of effector-lineage-
associated transcripts derepressed inKOcells (iTreg

conditions), their expression inwild-type TH1, TH2
and TH17 cells and binding at their respective gene
loci by BACH2 (gene-body6 2 kb). d, Alignments
showing binding of BACH2 to selected genes and
their mRNA expression in WT and KO cells
cultured under iTreg conditions. e, Proliferation
and effector cytokine expression in CFSE-labelled
WT and KO naive CD41 T cells stimulated under
iTreg conditions (cond.) for 3 days. f, Transcription
factor expression upon stimulation of WT and KO
naive CD41 T cells under iTreg conditions for
3 days in the presence or absence of indicated anti-
cytokine neutralizing antibodies. g, Proliferation
and effector cytokine expression in CFSE-labelled
WT and KO naive CD41 T cells stimulated under
indicated polarizing conditions for 3 days. Data are
representative of$ 2 independently repeated
experiments (a, e–g).
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We found that overexpression of a truncation mutant deficient in this
region (Bach2DZip) did not complement defective iTreg induction in KO
CD41 T cells (Fig. 4a), implicating its function as a transcriptional
regulator in Treg cell formation. To identify genes whose expression is
controlled by BACH2, we performed massively parallel RNA sequen-
cing of KO naive CD41 T cells stimulated under iTreg polarizing con-
ditions. Consistent with its role as a transcriptional repressor, a majority
of differentially expressed genes were upregulated in Bach2-deficient
cells (Supplementary Fig. 22). Strikingly, whenwe compared these genes
with transcripts thatwere inducedupondifferentiationof naive cells into
effector-lineage TH1, TH2 or TH17 cells, we found that 31.8% (877) of
all upregulated genes (2,754) in Bach2-deficient cells were effector-lin-
eage-associated genes (Fig. 4b, c).
To test whether BACH2 has a direct role in mediating these trans-

criptional differences, we measured genome-wide BACH2 binding in
iTreg cells by chromatin immunoprecipitation with massively para-
llel sequencing (ChIP-Seq), validating selected loci by quantitative
PCR (Supplementary Fig. 23 and Supplementary Table 7). Remark-
ably, BACH2 bound 43.6% of all derepressed genes, including 408
derepressed effector lineage-associated genes (Fig. 4b, c). Examples
from this group of genes are provided (Fig. 4d and Supplementary
Fig. 24a), notably, BACH2 bound and repressed Prdm1, which
encodes Blimp-1, a transcription factor critical in driving full effector
differentiation in CD41 T cells22. BACH2 also repressed genes with

effector-lineage-specific functions such as Gata3, Irf4 and Nfil3,
and Il12rb1, Il12rb2, Map3k8 and Gadd45g, which have important
roles in TH2 and TH1 differentiation, respectively23–27. Additionally,
BACH2 repressed Ahr, which is involved in Th17 differentiation28.
Importantly, a number of effector-lineage-associated genes repressed
by BACH2 encode proteins that transduce signals antagonistic to Treg

cell differentiation itself, including Il12rb1, Il12rb2 and Tnfsf429,30.
Repression of Ccr4 and Ccr9 by BACH2 (Supplementary Fig. 24b)
was also of interest since it provides some explanation for the predom-
inance of lung and gut immunopathology in KO animals.
These data indicated that an important aspect of the function of

BACH2 is to repress the differentiation programs of multiple effector
lineages during iTreg cell development. Accordingly, KO CD41 T cells
stimulated under iTreg conditions aberrantly expressed cytokines
associated with effector lineages (Fig. 4e). To test whether BACH2
stabilizes iTreg cell development through repression of effector differ-
entiation, we examined whether blockade of effector cytokines, which
play an important role in positive reinforcement of effector cell differ-
entiation, could restore iTreg induction in KO cells. Whereas KO cells
stimulated under iTreg conditions preferentially differentiated into
FOXP3– cells expressing T-bet, GATA3 or RORct, master regulators
of the TH1, TH2 and TH17 differentiation programs, respectively
(Fig. 4f), addition of neutralizing antibodies against IFN-c and IL-4
partially reverted this phenotype, preventing aberrant induction of
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Figure 4 | BACH2 represses effector programs to
stabilize iTreg cell development. a, FOXP3
expression in GFP1 (transduced) WT and KO
naive splenic CD41 T cells stimulated in the
presence of 2 ngml21 TGF-b and transduced with
indicated retroviruses. b, Derepressed genes in KO
compared with WT naive CD41 T cells stimulated
under iTreg polarizing conditions. Proportion of
effector-lineage-associated transcripts
(upregulated upon stimulation of naive CD41 T
cells in TH1, TH2 or TH17 conditions respectively
(pie chart) and genes that are directly bound by
BACH2 in iTreg cells (outer arc) are shown. c, Heat
map indicating expression of effector-lineage-
associated transcripts derepressed inKOcells (iTreg

conditions), their expression inwild-type TH1, TH2
and TH17 cells and binding at their respective gene
loci by BACH2 (gene-body6 2 kb). d, Alignments
showing binding of BACH2 to selected genes and
their mRNA expression in WT and KO cells
cultured under iTreg conditions. e, Proliferation
and effector cytokine expression in CFSE-labelled
WT and KO naive CD41 T cells stimulated under
iTreg conditions (cond.) for 3 days. f, Transcription
factor expression upon stimulation of WT and KO
naive CD41 T cells under iTreg conditions for
3 days in the presence or absence of indicated anti-
cytokine neutralizing antibodies. g, Proliferation
and effector cytokine expression in CFSE-labelled
WT and KO naive CD41 T cells stimulated under
indicated polarizing conditions for 3 days. Data are
representative of$ 2 independently repeated
experiments (a, e–g).
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Discussion	
  and	
  conclusions	
  

•  BACH2	
  represses	
  the	
  differen)a)on	
  programs	
  of	
  mul)ple	
  effector	
  lineages	
  in	
  CD4+	
  

T	
  cells.	
  	
  

•  By	
  doing	
  so,	
  BACH2	
  stabilizes	
  the	
  development	
  of	
  Treg	
  while	
  limi)ng	
  full	
  effector	
  

differen)a)on	
  in	
  conven)onal	
  T	
  cell	
  lineages.	
  	
  

•  Thus	
  BACH2	
  func)ons	
  to	
  constrain	
  immune	
  ac)va)on,	
  enabling	
  it	
  to	
  play	
  a	
  cri)cal	
  

role	
  in	
  the	
  maintenance	
  of	
  immune	
  homeostasis.	
  	
  


