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The transcription factors Blimp-1 and IRF4 jointly
control the differentiation and function of effector

regulatory T cells

Erika Cretney!>%, Annie Xin!>%, Wei Shi'3>, Martina Minnich?, Frederick Masson!2, Maria Miasari'?,
Gabrielle T Belz!2, Gordon K Smyth!»>, Meinrad Busslinger?, Stephen L Nutt!? & Axel Kallies!>?

Regulatory T cells (T cells) are required for peripheral tolerance. Evidence indicates that Ty, cells can adopt specialized
differentiation programs in the periphery that are controlled by transcription factors usually associated with helper T cell
differentiation. Here we demonstrate that expression of the transcription factor Blimp-1 defined a population of T, cells that
localized mainly to mucosal sites and produced IL-10. Blimp-1 was required for IL-10 production by these cells and for their
tissue homeostasis. We provide evidence that the transcription factor IRF4, but not the transcription factor T-bet, was essential
for Blimp-1 expression and for the differentiation of all effector T, cells. Thus, our study defines a differentiation pathway that
leads to the acquisition of Ty, cell effector functions and requires both IRF4 and Blimp-1.

Naturally occurring CD4*Foxp3™ regulatory T cells (T, cells) are
derived from the thymus and are essential for the preservation of
immune homeostasis and suppression of autoimmune pathology-2.
Treg cells depend on interleukin 2 (IL-2) for their maintenance and
peripheral homeostasis and consequently have high expression of
CD25 (the IL-2 receptor o.-chain)>* Many aspects of the differen-
tiation and function of T, cells are controlled by the forkhead fam-
ily transcription factor Foxp3 (ref. 5). Foxp3 deficiency results in an
absence of T, cells and severe systemic autoimmune pathology in
mice and humans®”. Theg cells exert their immunoregulatory functions
through a variety of effector mechanisms, such as upregulation of the
immune modulator CTLA-4 (refs. 8,9), consumption of IL-2 (ref. 10)
and the production of immunomodulatory cytokines such as IL-10
(ref. 1). Although IL-10 production by T, cells is not required for the
suppression of systemic autoimmunity, it is essential for the control of
local immune responses in the lungs and intestinal tract!!.

Analysis of human Foxp3™ T cells has provided evidence for the
existence of a subset of T, cells with high expression of IL-10 and the
inducible costimulator ICOS'2. Similarly, subpopulations of mouse
T, cells with an activated phenotype and distinct homing character-
istics are enriched in IL-10 (refs. 13-15). In line with those reports,
studies of IL-10 reporter mice have demonstrated that Foxp3*IL-10~
cells predominate in lymphoid tissues, whereas Foxp3*IL-10* cells
tend to localize to the intestinal tract!®.

It has become apparent that the phenotypic and functional diversity
of Ty, cells is driven by specific transcription factors distinct from

Foxp3. The transcription factor IRF4 acts downstream of Foxp3, which
suggests that T, cells use the transcriptional machinery of T helper
type 2 (T2) effector cells to specifically control this subset of helper
T cells!”. In an analogous manner, the transcription factors T-bet and
STATS3 control the homeostasis and function of T, cells during T;1
and Tp;17 inflammation, respectively!®1°. Notably, IL-10 acts as an
effector molecule of all these specialized T, cell subsets'”~%.

The transcription factor Blimp-1 is encoded by Prdm1 (called
‘Blimp’ here), which is a target of Foxp3 in Ty, cells**. Blimp-1 is
a transcriptional repressor well known for its role in promoting the
differentiation of plasma cells?>-24. It is also required for the mainte-
nance of T cell homeostasis, as mice that lack Blimp-1 specifically in
T cells, or mice reconstituted with Blimp-1-deficient fetal liver cells,
accumulate activated T cells and develop immune pathology, includ-
ing colitis and lung inflammation?>26. In T cells, Blimp-1 is induced
by IL-2 but then represses II2 transcription in a negative feedback
loop?”28, In CD4™ T cells, Blimp-1 attenuates Ty1 differentiation?’
and represses the formation of follicular helper T cells*’. In mouse
models of virus infection, Blimp-1 is required for the differentiation
of CD8* cytotoxic effector T cells and functional memory cells3!32,

Although the severe T cell-mediated immune pathology observed
in Blimp-1-deficient mice?>2% suggests that Blimp-1 has a critical
role in Treg cell function, studies so far have not been conclusive?>2°,
Here we show that Blimpl expression was restricted to a subpopu-
lation of mature effector Ty, cells, where it was required for IL-10
production and high ICOS expression. Blimp-1 limited expression of
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the prosurvival molecule Bcl-2 and the chemokine receptor CCR6,
thereby leading to the accumulation of effector T, cells in mucosal
sites in the absence of Blimp-1. We further found that IRF4 directly
regulated Blimp1 expression in T, cells and was indispensable for the
generation of all effector T, cells. Blimp-1 and IRF4 acted together to
directly regulate the expression of IL-10 and CCRé. Thus, our study
demonstrates a central role for the IRF4-Blimp-1 axis in the function

and homeostasis of T, cells.

RESULTS

Expression of Blimp-1 in IL-10-producing T, cells

Tieq cells are enriched in Blimp1 mRNA?>?6. To examine the expres-
sion of Blimp1 in T,,, cells, we made use of the reporter function of
a Blimp 1GTP allele, which allows monitoring of Blimp1 expression
at the single-cell level via expression of green fluorescent protein
(GFP) as a surrogate marker®3. Flow cytometry of splenocytes from
naive BlimpI*/C'? mice showed that 8-12% of the CD4*CD25*
T cells expressed GFP (Fig. 1a). The proportion of Blimp1-GFP*
cells was over 20% greater in aged mice (Supplementary Fig. 1a).
Real-time PCR confirmed that GFP expression precisely corre-
lated with expression of Blimpl mRNA (Fig. 1b). The percentage of
Blimp-1-GFP* T, cells in mesenteric lymph nodes of Blimp!1 +/GEP
mice was similar to that in the spleen, but it was lower in the
thymus (2-4%) and peripheral lymph nodes (5-8%; Fig. 1c
and data not shown). Both Blimp-1-GFP* and Blimp-1-GFP~
CD25*CD4* T cells expressed Foxp3 protein and mRNA (Fig. 1d
and Supplementary Fig. 1b) and thus were true T, cells. In support
of that conclusion, sorted Blimp-1-GFP* and Blimp-1-GFP~ T,,
cells efficiently suppressed the proliferation of CD4*CD25~ T cells
in vitro (Fig. 1e).

Flow cytometry of T,,, cells showed high expression of the integrin
CD103, the leukocyte marker CD44, ICOS, the immunomodulatory
receptor GITR, the costimulatory molecule CD38 and the activation
marker CD69 on Blimp-1-GFP* cells, whereas expression of the lymph
node-homing receptor CD62L was low, consistent with an effector
phenotype (Fig. 2a). As the phenotype of Blimp-1-GFP* T, cells
resembled that of IL-10-producing T;., cells in humans'? and mice'>'°,
we sorted these cells according to their expression of Blimp-1-
GFP and examined IL-10 expression by quantitative RT-PCR and
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cytokine bead array. IL-10 was restricted to Blimp-1-expressing cells.
The amount of IL-10 in these cells was significantly higher than that
in conventional CD25"CD62L" effector-memory or CD25-CD62L*
naive CD4* T cells (Fig. 2b). Expression of the gene encoding trans-
forming growth factor-B was similar in both T, cell populations
(Supplementary Fig. 1c). As expected, production of IFN-vy, a Ty1
effector cytokine, was restricted to conventional effector-memory
CD4" T cells and was almost undetectable in T, cells (Fig. 2b).
Consistent with the specific requirement for IL-10 in the control of
mucosal immune responses' 16, analysis of Peyer’s patches, intraepi-
thelial lymphocytes and bronchoalveolar fluid of the lung showed
they had a very large proportion of Blimp-1-GFP* T, cells (Fig. 2c
and data not shown). Blimp-1-GFP* T, cells had high expression of
two other transcription factors, IRF4 and T-bet (encoded by Tbx21),
both of which have been linked to T, cell differentiation and IL-10
production!”-!® (Fig. 2d). These data demonstrate that Blimp-1 is
expressed in a subset of Foxp3* Ty, cells with an effector phenotype

that produce IL-10.

IL-10 production in T, cells requires Blimp-1
Blimp-1-deficient mice develop severe T cell-mediated immune
pathology despite the presence of Foxp3* T cells?®. Reconstitution
of mice with a mixture of wild-type and Blimp-1-deficient bone mar-
row substantially delays pathology?®, which suggests that wild-type
Theg cells can suppress the pathological activation of Blimp-1-deficient
T cells. To determine whether Blimp-1 has an intrinsic role in T, cells,
we generated mixed chimeric mice containing LyS.Z*BlimplGéP/GFP
and Ly5.1* wild-type bone marrow, which allowed direct compari-
son of Blimp-1-sufficient and Blimp-1-deficient T, cells. Both
wild-type and Blimp-1-deficient cells contributed to the splenic
Treq cell compartment in these mice (Fig. 3a). In the Blimp ] GFP/GFP
T cell compartment, large numbers of Blimp-1-GFP* CD25*CD4*
T cells were present that expressed Foxp3 and had a phenotype simi-
lar to that of their counterparts in Blimp1*/GF? mice (Fig. 3a,b and
Supplementary Fig. 2a,b), which indicated that Blimp-1 was not
required for the generation of effector Ty, cells. In line with that con-
clusion, wild-type and Blimp-1-deficient T, cells expressed similar
amounts of CTLA-4, and both populations generated ICOS*CD103*
cells (Supplementary Fig. 2¢).
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Figure 1 Expression of Blimp-1 in a subset of T cells. (a) Blimp-1-GFP expression (right) in CD4*CD25* splenic

T cells isolated from a 51-week-old BlimpI*/GFP mouse. Number in outlined area (left) indicates percent CD25+CD4+
cells. Data are representative of seven independent experiments with similar results, each with one to three mice.

(b) Quantitative RT-PCR analysis of Blimpl mRNA expression in sorted CD4* T cells pooled from the spleens and lymph T 40
nodes of BlimpI*SFP mice (n = 10); results are presented relative to the expression of Hprtl (hypoxanthine guanine 20
phosphoribosyl transferase). *P = 0.04 (t-test). Data are representative of three independent experiments (mean and
s.e.m. of triplicate wells). (¢) Blimp-1-GFP expression on CD4* T cells from the spleen, mesenteric lymph nodes
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each. Data are representative of three to eight experiments. (d) Foxp3 expression in splenic CD4*CD25* T cells (filled histograms) and CD4+*CD25~

T cells (open histograms) pooled from Blimp1*+/6FP mice (n = 3) and isolated according to Blimp-1-GFP expression. Numbers in plots indicate percent
Foxp3* cells. Data are representative of two independent experiments. (e) Proliferation (assessed as [3HIthymidine incorporation) of CD4*CD25~
responder T cells (CD257) cultured in vitro at various ratios (horizontal axis) with GFP~ or GFP* CD4*CD25* T cells (CD25%) pooled from the spleens
and lymph nodes of BlimpI+/GP mice. R (far right), responder cells cultured without CD4+CD25* cells. Data are representative of two independent

experiments with similar results (mean + s.e.m. of triplicate wells).
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Figure 2 Blimp-1-expressing T cells have an

effector phenotype, produce IL-10 and localize to a 54 5_34 ez ¢ 20 o CD2531
mucosal sites. (a) Flow cytometry of CD4*CD25* ‘ j a w15

T cells from the mesenteric lymph nodes of PP S 1o

Blimp1*/GFP mice. Numbers in quadrants indicate - 2 ol el e

percent cells in each. (b) Cytokine production :D; é 8 '; 0
by pooled Blimp1*/SFP splenic and lymph node 15 010710 10631[1’
CD4+ T cells sorted according to various markers ’
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monoclonal anti-CD3 and anti-CD28. *P = 0.005 § g T D 5 s

and **P = 0.0005 (t-test). (c) Blimp-1-GFP g 18, | 48 8 5 o /
expression in CD4+*CD25* T cells from Peyer’s 0102 10%10* 10° 0102 10°10*10°
patches (PP) and among intraepithelial Blimp-1-GFP Blimp-1-GFP —

lymphocytes (IEL) of B/impI1*GFP mice. Numbers b 1 000 P . d °° 1,000
in plots indicate percent Blimp-1-GFP* cells. ' 2,000 08 .
o . ) 7
(d) Quantitative RT-PCR analysis of the expression . 800 = 1,500 5 ge 2 100
. . = =1, % 0.
of Irf4 and Tbx21 in BlimpI*/6FP T, cells and £ 600 £ 8 05 g
. . =N
conventional CD4+ T cell populations sorted S 40 < 1,000 g 04 °
as in b; results are presented relative to Hprt1 5 £ 500 g g'z E 10
expression. Data are representative of two to three 200 0.1
X . . 0 = 0 1
f;(perllmgnts W(;th rwo fo Fhreetm(lgedeach (a,c)é)r CD25" CD25 CD25"  CD25 CD25" CD25 CD25" CD25°
ree independent experiments (b,d; mean an — . - . — = — = — =
GFP~ GFP' CD62L" CD62L GFP~ GFP* CD62L CD62L GFP CDBAL GFE CDEAL

s.d. (b) or s.e.m. (d)).
Tyeg cells isolated from mice that lack Blimp-1 in the T cell compart-
ment do not contain /10 transcripts?>2°. Although that is consist-
ent with an essential role for Blimp-1 in the expression of IL-10 by
Treg cells, it could also be a consequence of the perturbed cytokine
environment due to ongoing inflammation and immune pathology
in Blimp-1-deficient mice. Blimp-1-deficient T,., cells isolated from
healthy mixed chimeric mice as described above failed to secrete
IL-10, and II10 transcripts were almost completely undetectable
regardless of GFP expression (Fig. 3¢ and Supplementary Fig. 3a).
These data indicate that Blimp-1 is dispensable for the formation of
effector T, cells but is essential for their ability to produce IL-10.

Blimp-1 regulates T, cell homeostasis and activation
Quantitative analysis of lymph node CD4* T cells of chimeric mice gener-
ated with a mixture of wild-type and Blimp 15F*/GF bone marrow showed
there were similar proportions of Foxp3* T cells in the Blimp ] GFP/GFP
and wild-type compartments (Fig. 3d,e), which indicated that Blimp-1
does not have a role in the homeostasis of naive Ty, cells. In contrast,
Blimp-1-deficient Ty, cells were more abundant than wild-type cells in the
spleen and Peyer’s patches and were considerably overrepresented among
lymphocytes of the gastrointestinal epithelium and bronchoalveolar fluid
of the lungs (Fig. 3d,e and Supplementary Fig. 3b), which suggested that
Blimp-1 controls the tissue homeostasis of effector Ty cells.
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(t-test). (f) ICOS expression on T cells from the lungs and lung-draining
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mediastinal lymph nodes (mLN) of wild-type—B/imp1GFP/GFP mixed chimeras before (Naive) 10 d after (HKx31) infection with influenza virus (strain
HKx31). (g) ICOS expression on wild-type and Blimp1GFP/GFP Foxp3+CD4+ cells in the lungs of naive mice (open histograms) and influenza-infected
mice (filled histograms). Numbers in quadrants (a,b,d,f) indicate percent cells in each. Data are representative of two to three independent experiments
with similar results, each with three to five mice per group (mean and s.e.m. of triplicate wells in ¢; mean and s.d. in e).
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To assess the role of Blimp-1 in the activation and tissue migration
of Ty, cells during inflammation, we examined ICOS expression
and the recruitment of T, cells into the lungs and the lung-draining
mediastinal lymph nodes of naive and influenza virus-infected
mixed-bone marrow chimeras at the peak of the antiviral T cell
response. After infection, both wild-type and Blimp-1-deficient T, g
cells were efficiently recruited into the lungs, but only wild-type
Tyeq cells upregulated ICOS expression, whereas Blimp-1-deficient
Tyeq cells failed to substantially increase their expression of ICOS
(Fig. 3f,g). This suggests that Blimp-1 deletion impairs effector
Tyeq cell activation.

Inducible Blimp1 expression in T, cells

To assess the properties of Blimp-1-expressing T, cells in vivo,
we made use of a T cell-induced colitis model of immunosuppres-
sion®%. We injected mice deficient in recombination-activating gene 1
(RagI™'~ mice) with colitogenic CD4*CD25" T cells and with puri-
fied congenically marked populations of Blimp-1-GFP~ or Blimp-1-
GFP™ Ty cells isolated from Blimp1*/GFP mice. We monitored the
recipient mice for weight loss and analyzed them after 8 weeks. Both
populations were able to suppress colitis induced by CD4*CD25~
T cells (data not shown). Analysis of the transferred Ty, cells showed
that most of the initially Blimp-1-GFP~ T, cells had induced Blimp-1-
GFP expression in the course of the experiment, whereas Blimp-1-
GFP* T, cells retained their phenotype (Fig. 4a). Furthermore,
Blimp-1-GFP~ T, cells had produced more T, cells than their
GFP* counterparts had produced at the completion of the experiment
(Fig. 4b). These data indicate that Blimp-1~ Ty, cells can mature into
Blimp-1* effector Ty, cells in the periphery and support our conclu-
sion that Blimp-1 controls T, cell homeostasis.

As IL-2 has a key role in the survival and function of
T,eq cells>* and can induce Blimpl expression in conventional
CD4* T cells?”?8, we investigated whether increasing the IL-2
concentration by injecting complexes of IL-2 and antibody to IL-2
(anti-IL-2)’* would modulate Blimp1 expression in Ty, cells in vivo.
We observed seven- to tenfold more Ty, cells after administration
of IL-2-anti-IL-2 complexes. Although both Blimp-1-GFP~ and
Blimp-1-GFP* T, cells were greater in absolute number, the pro-
portion of Blimp-1-GFP* Ty, cells was much greater after induc-
tion by IL-2-anti-IL-2 complexes (Fig. 4c and Supplementary
Fig. 4a). A similar increase in the fraction of Blimp-1-expressing
T,eq cells occurred after repeated injection of Blimp1*/CF¥ mice
with antibody to the costimulatory molecule CD40 (Fig. 4d). This
protocol induces considerable Ty1-type inflammation!®, which

suggests that inflammatory signals contribute to Blimp-1 induction

Figure 4 Blimp-1 limits numbers of T, cells and is induced by IL-2
and inflammatory signals. (a,b) GFP expression in CD4* T cells (a) and
number of Ly5.2+*CD4* T cells (b) in the spleens of Ragl~~ Ly5.1* mice
8 weeks after transfer of CD4+tCD25-CD62L* T cells, isolated from wild-
type (Ly5.1%) mice, plus either GFP~ or GFP* CD4+CD25* T cells, sorted
from BlimpI+/6FP(Ly5.2+) mice. *P = 0.002 (t-test). (c) Blimp-1-

GFP expression in CD4*CD25* T cells (left) and number of GFP*+ and
GFP-CD4+CD25* T cells (right) in the spleen 7 d after injection of PBS
or IL-2-anti-IL-2 complexes (IL-2¢) into Blimp1*/6FP mice. Numbers

in plots indicate percent Blimp-1-GFP* cells. (d) Flow cytometry of
CD4* T cells on day 5 after injection of PBS or monoclonal anti-CD40 or
PBS into Blimp1*/6FP mice on days O, 2 and 4. Numbers in quadrants
(a,d) indicate percent cells in each. Data are representative of three
independent experiments with similar results with three mice per group
(a,b; mean and s.e.m. in b) or two independent experiments with similar
results, with one to two mice per group (PBS) or two to three mice per
group (IL-2-anti-IL-2 or anti-CD40; c,d; mean £ s.d. in c).
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in Ty cells. Consistent with that conclusion, purified T, cells cul-
tured in the presence of IL-2 had moderate expression of Blimp-1-
GFP, whereas culture of T,,, cells with IL-2 in combination with
inflammatory cytokines such as IL-12, IL-6 and IL-4induced large
amounts of Blimp-1-GFP (Supplementary Fig. 4b,c). These data
indicate that IL-2 and proinflammatory cytokines can induce
Blimp1 expression in natural Ty, cells and that Blimp-1* T, cells

are the functionally mature effector cells of this lineage.

IRF4 is required for the generation of effector Ty, cells

The Blimp-1* T, population was enriched for both IRF4 and
T-bet (Fig. 2d). Although IRF4 is required for the activation of Blimp1
expression during plasma cell differentiation®S, the relationship
between T-bet and Blimp-1 is unclear. To determine whether T-bet
was necessary for the generation of Blimp-1* effector T, cells, we
used Tbx217/~Blimp1*/S*? mice. T-bet was not essential for the differ-
entiation of Blimp-1-expressing effector Ty cells, for their expression
of ICOS, CD103 or CD62L or for their tissue distribution (Fig. 5a
and Supplementary Fig. 5a—c). Notably, however, Blimp-1-GFP* T,
cells were absent from Irf4~/~Blimp 1*/GF? mice (Fig. 5b). The lack of
Blimp1 expression in T, cells was lineage specific, as conventional
effector-memory CD4* T cells (CD25'°CD44*CD62L") had normal
expression of Blimp-1-GFP (Fig. 5b and data not shown). Chromatin
immunoprecipitation (ChIP) analysis of purified T,,, cells showed
that IRF4 bound strongly to two previously identified binding sites
in the 3’ region3” and between exons 5 and 6 of Blimp1 (conserved
noncoding sequence 9)3° (Fig. 5¢c), which indicated that IRF4 directly
regulated Blimp1 expression in Ty, cells.

IRF4 is required for the function of conventional T cells and T,
cells during Ty2 responses!'’. Furthermore, IRF4-deficient mice
have a series of additional immune deficiencies, including impaired
Ty17 and Ty9 differentiation®8-4%, To determine if the absence of
Blimp-1-GFP* IRF4-deficient T, cells was intrinsic to Ty cells, we
generated mixed chimeric mice generated with wild-type and Irf4~/~
bone marrow. In agreement with a published report!’, Irf4™/~ T,
cells lacked ICOS expression (Fig. 5d); however, they also showed
impaired CD62L downregulation and diminished expression of
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Figure 5 IRF4 is required for the generation of Blimp-1-expressing effector T, cells, but T-bet is not. (a,b) Flow cytometry of CD4* T cells from the
spleens and mesenteric lymph nodes of Tbx21~/~Blimp1+/GFP mice (a) or Irf4~"~Blimp1+/SFP mice (b) and their respective littermate controls. (c) ChIP
analysis of purified T cells with an IRF4-specific antibody and PCR primers specific for the following regulatory regions of Blimp1: promoter (Prom),
conserved noncoding sequence (CNS) and region 3’ to Blimp1I (3’). Numbers above bars indicate enrichment relative to results obtained with the /rf4-/"~
control. (d-f) Flow cytometry of T, cells and CD4* T cells from the mesenteric lymph nodes (d,e) and mediastinal lymph nodes and lungs (f) of wild-
type (Ly5.1%)-/rf4~"= (Ly5.2+) mixed—bone marrow chimeras (WT—/rf4=-). (g) Contribution of IRF4-deficient Treg Cells to various tissues in wild-type-
Irf4="= chimeric mice, presented as the ratio of Ly5.2*CD4*Foxp3* T cells to Ly5.2-CD4*Foxp3+ T cells. *P < 0.01, **P < 0.001 and ***P < 0.0001
(t-test). (h) Flow cytometry of CD4*Foxp3* T cells from mediastinal lymph nodes and lungs before and 10 d after infection of wild-type—/rf4~'~ chimeric
mice with influenza virus (strain HKx31). Numbers in outlined areas or quadrants (a,b,d,e,f,h) indicate percent cells in each. Data are representative of
two to three experiments with two to three mice in each (a,b,d,e), three independent experiments (c) or two independent experiments with three to five

mice per group (f-h; mean and s.e.m. in g).

CD103 and CTLA-4 (Fig. 5d,e), which suggested that the differentia-
tion of effector Ty, cells was blocked in the absence of IRF4.

We next examined the distribution of wild-type and Irf4~/~ Treg
cells in mixed-bone marrow chimeras. Irf4~/~ Tyeq cells were only
slightly less abundant in lymphoid organs; however, they were almost
completely absent from mucosal sites such as the lungs (Fig. 5f,g). To
determine if inflammation would be sufficient to induce the acquisi-
tion of an effector phenotype in IRF4-deficient T, cells and their
recruitment to mucosal sites, we infected wild-type-Irf4~/~ mixed-
bone marrow chimeras with influenza virus and examined T, cells
in the lungs and draining lymph nodes at the peak of the response.
Although wild-type T, cells upregulated ICOS and were efficiently
recruited to the lung, Irf4~/~ T cells did not express ICOS and did
not migrate to the lung (Fig. 5h). In addition, Irf4~/~ Theg cell did not
express the differentiation marker KLRG1 (Supplementary Fig. 6a),
which indicated that IRF4-deficient Ty, cells were unable to acquire
an effector phenotype even in the presence of activation signals.

Our data suggested that IRF4 was not only involved in T, cell dif-
ferentiation during Ty 2-type immune responses!” but also required
during in Ty;1-type inflammatory conditions, such as viral infection.
To examine this possibility in detail, we labeled T, cells from wild-
type-Irf4~'~ mixed-bone marrow chimeras with the cytosolic dye
CFSE and transferred the cells into recipients deficient in the signal-
transduction molecule CD3g, in which T1 inflammation and T cell
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activation are induced by injection of anti-CDA40 (ref. 18). At 6 d after
transfer, both wild-type and Irf4~/~Foxp3* T cells had proliferated
extensively. Most wild-type Foxp3™* cells had lost CD62L expression
and upregulated T-bet (Supplementary Fig. 6b), indicative of T,
cell differentiation under Ty1 conditions. Irf4~/~ Tyeg cells, however,
were considerably impaired in CD62L downregulation and almost
completely lacked T-bet expression. Consistent with the observation
that Blimp-1 is not required for the generation of effector T, cells,
Blimp-1-deficient T, cells isolated from mice with loxP-flanked
Blimp1 alleles, with expression of Cre recombinase from the pro-
moter of the gene encoding the kinase Lck®!, downregulated CD62L
and expressed normal amounts of T-bet, similar to wild-type T, cells
(Supplementary Fig. 6b). These results suggest that IRF4 is required
for the differentiation of all effector T, cells.

Coregulation of effector T, cell function by Blimp-1 and IRF4
To identify genes whose expression in T, cells was deregulated in
the absence of Blimp-1, we sorted Blimp-1-GFP* T, cells from
Blimp1*/SFP and Blimp 1SF?/GFP mice and subjected them to micro-
array analysis. We found 758 unique genes with differences in expres-
sion in the two populations (Fig. 6a, Supplementary Table 1 and data
not shown). Quantitative real-time PCR as well as flow cytometry
confirmed the differences in expression of a panel of selected genes
(Fig. 6b-d), including known Blimp-1 target genes such as Id3 and
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Figure 6 Blimp-1 and IRF4 jointly regulate a
the effector Tyeq cell differentiation program.
(a) Microarray analysis of Blimp-1-GFP*

Treg Cells isolated from the BlimpIGFP/GFP o
Blimp1*/GFP compartment of bone-marrow
chimeric mice, presented as a heat map of
the 30 genes with the greatest differences in
expression (presented as normalized intensity
(logy)). Data are from three experiments
(mean). (b) Quantitative RT-PCR analysis

of gene expression in T, cell populations
from Blimp1*/SFP and Blimp1GFP/GFP mice,
presented as expression in Blimp-1-GFP*
cells relative to that in Blimp-1-GFP~

Treg cells. NS, not significant (P = 0.13);
*P=0.03, **P=0.02 and ***P=0.01 d
(t-test). Data are representative of three
experiments (mean =+ s.d. of three biological
replicates). (c,d) Flow cytometry of Ty, cells
from wild-type (Ly5.1*)—BIimp1GFP/GFPg(Ly5.2+)
or wild-type (Ly5.1%)-Blimp1*/GFP (Ly5.2+)
mixed—bone marrow chimeras before or after
infection with influenza virus (strain HKx31);

6 10
Expression

mLN

GFP/GFP +/GFP

HKx31 (CD4*Foxp3*)

ARTICLES

Naive (CD4*Foxp3™)

1,000 7 o +/GFP
B GFP/GFP *

85e
ostdc
1700012B07Rik 100 A WT
5330403D14Rik S
Sic11a2 il
Slc2a6 %

<

g 10 NS
Lif o *x
él;lj277515 @
ram 0
%m’rnr;2 1 *x e GFP/GFP
Arhgefs
4pp.
prod ;
;;;gz]mozomk L P——
Serpinadt - 010% 10° 10* 10°

Tcf7  1d3  Ccr6 Rorc Blimp1

Bcl2 ——

e Blimp1  Irf4
DE DE
Naive (CD4"CD25%)

Slc7a10
BC017612
Pdcd1
Tnfsf14
Bzrap1
Stx11
Gpr15
Arnt2
Spock2

+/GFP

cell gating, above plots; genotype or organ,
left margins. Numbers in quadrants indicate
percent cells in each. Data are representative
of three experiments with two to three mice
each. (e) Comparative analysis of genes with

Lung

0116.9.

~=48.5

Adam8
Prdm1
Actg2
Ccer5
Rnase4
Rai14
Pdzk1ip1
o

GFP/GFP

Kirg1

different expression (DE) in the Blimp-1 data
set (Blimp1GFP/GFP and Blimp1+/GFP mice)

010% 10° 10* 10°

Ly5.2 ———

Gent1
Ifng

010 10° 10* 10°
Blimp-1-GFP —»

-4 0
Expression

and the IRF4 data set (mice expressing Cre recombinase from the Foxp3 promoter, with /oxP-flanked (fl) alleles: /rf4~/f and Irf4+/); results are
presented as normalized intensity (log,) relative to those of wild-type mice. Data are from three (B/imp1 DE) or two (/rf4 DE) experiments (mean).

Blimp]I itself 4142, Among the genes with differences in expression,
the genes encoding Bcl-2 and the chemokine receptor CCR6 were sig-
nificantly upregulated in Blimp-1-deficient T;., cells as both mRNA
(P =0.0002 and P = 0.0000003, respectively) and protein (Fig. 6a-d
and Supplementary Fig. 7a), a finding that could explain the accumu-
lation of Blimp-1-deficient effector T, cells in nonlymphoid tissues.
In line with that conclusion, the proliferation of Blimp-1-deficient T,
cells was not markedly altered (Supplementary Fig. 7b), and Blimp-1-
GFP* T,,, cells accumulated significantly in mice deficient in the
proapoptotic Bcl-2 family member Bim (P = 0.0006; Supplementary
Fig. 7c,d), which suggested that the balance of prosurvival and proa-
poptotic proteins regulates the survival of effector T, cells.

To identify the individual contributions of Blimp-1 and IRF4 to
the differentiation of effector T, cells, we compared our microarray
analysis with previously identified IRF4-dependent genes in Ty,
cells!”. In both the Blimp-1 and IRF4 data sets, there was significant
enrichment for genes with differences in expression (P =5 x 10716),
including 1110, Kirgl, Ebi3, Ccr6, Bcl2, Rorc and Blimp1 (Fig. 6e and
Supplementary Fig. 8a,b). Most of these genes required IRF4 for
their expression (P = 0.006; Fig. 6e, Supplementary Fig. 8a,b and
Supplementary Table 2), and their expression was very different
in Blimp-1-GFP~ and Blimp-1-GFP* T, cells (Supplementary
Fig. 8c-e), which indicated a distinct differentiation program that
requires both IRF4 and Blimp-1. In support of that idea, overexpression
of Blimp-1 alone was not sufficient to restore the effector differentia-
tion of IRF4-deficient T,  cells (Supplementary Fig. 9).

Published studies have identified conserved noncoding DNA
sequences and promoter elements important for the IRF4-mediated
regulation of 1110 expression in conventional T cells*>*4; further-
more, our computational analysis showed the presence of putative
IRF4-binding sites in the first introns of 1110 and Ccr6. ChIP analysis
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confirmed strong binding of IRF4 to these elements (Fig. 7a), which
indicated that IRF4 directly regulates the expression of 1110 and Ccr6
in T, cells. We detected prominent acetylation of histone H3 at Lys9
and trimethylation of histone H3 at Lys4, consistent with active tran-
scription, in these elements in the Il10 locus in wild-type T, cells but
not in IRF4-deficient T, cells. Conversely, trimethylation of histone
H3 at Lys27, an inhibitory modification, was overrepresented in the
1110 promoter region in IRF4-deficient T, cells. Blimp-1-deficient
T cells, however, lacked such trimethylation and had fewer activat-
ing histone marks (Fig. 7b) despite the unchanged binding of IRF4 to
these sites (Supplementary Fig. 10). These results indicate that both
Blimp-1 and IRF4 are required for the remodeling of active chromatin
at the 1110 locus.

Computational analysis of intron 1 of I110 showed the presence
of several putative Blimp-1-binding sites, two of which were con-
served between mice and humans (Supplementary Fig. 11). To
investigate whether Blimp-1 was able to bind to this region in vivo,
we did antibody-independent ChIP analysis of Blimp-1 by taking
advantage of Blimp 1819/Bi°Rosq 26BrA/BiIrA mice, which express bioti-
nylated Blimp-1 in all BlimpI-expressing cells (M.M. and M.B.,
unpublished data). By streptavidin-mediated ChIP and quanti-
tative PCR analysis of T, cells, we detected binding of Blimp-1
specifically in intron 1 of 1110 (Fig. 7¢). Binding of Blimp-1 was
undetectable in control sequences located in the 3’ region of the
B cell-specific gene Cd19 or when assessed by ChIP with control
immunoglobulin G beads. These results demonstrate that Blimp-1
binds specifically in intron 1 of the I110 locus and, together with
IRF4, directly regulates 1110 expression in T, cells. Collectively,
these data suggest a model in which IRF4 is essential for effector
T cell differentiation, whereas Blimp-1 is required for their func-
tional maturation (Supplementary Fig. 12).
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DISCUSSION

Functional diversification is well known for conventional CD4*
T cells. However, it is now realized that unexpected phenotypic and
functional diversity of T, cells exists, driven by transcription factors
distinct from Foxp3 (ref. 45). Notably, the production of IL-10 by
Treg cells occurs in a variety of different conditions, which raises the
possibility that these T,., cell subsets use a common differentiation
program. Here we have identified Blimp-1 as the transcription factor
required for IL-10 production and tissue homeostasis of T,,, cells and
have demonstrated a broader role than previously proposed for IRF4
in the differentiation of effector Ty cells.

Despite the fact that Blimp-1 has been linked to T, cell function
before?>26, its role in this lineage has remained elusive. We have dem-
onstrated here that Blimp-1 expression in T, cells was restricted to a
distinct population of cells with an effector phenotype that produced
large quantities of IL-10, had high expression of ICOS, tended to
localize to nonlymphoid tissues and thus represented the counter-
parts of the ICOS*IL-10* T, cells described in humans'?. Blimp-1
was dispensable for the differentiation of effector-phenotype T, cells
but it was absolutely required for IL-10 expression, for the upregula-
tion of ICOS after activation and for the homeostasis of Ty, cells, in
particular at mucosal surfaces and tissues. Our findings are in line
with the similarities in the disease pathology of Blimp-1-deficient
mice and mice with T, cell-specific I/10 deficiency and suggest that
the lack of IL-10 production by T, cells is the main contributor to
the pathology of Blimp-1-deficient mice!'°. Our data have further
demonstrated that Blimp-1 restricted the number of effector T,,, cells
at environmental interfaces such as the gastrointestinal tract and the
lungs. This seemed to be mediated by limitation of the expression of
Bcl-2 and of CCR6, which mediates the migration of Ty;17 cells and
T,eq cells to inflammatory sites and nonlymphoid tissues'>46:47.

IL-2 has a central role in Ty, cell biology. Foxp3 directly regulates
high expression of the IL-2 receptor o.-chain (CD25), and signals from
the IL-2 receptor complex are required for the survival of peripheral T,
cells*+6. Here we have shown that IL-2, together with inflammatory
cytokines, induced Blimp1 expression. Natural T, cells upregulated
Blimp1 expression during active suppression in vivo, which suggested
that Blimp-1 provides a common molecular signature for T, cells in
action’ regardless of their location and polarization.

IRF4 is important for plasma cell differentiation3®3%48 and induces
Blimp1 expression during this process*. We found that IRF4-deficient
Treq cells failed to differentiate into effector Ty, cells and lacked

Blimp1 expression and that IRF4 directly activated Blimpl expres-
sion, thus demonstrating that IRF4 acts upstream of Blimp-1 in the
differentiation of effector T,y cells. IRF4-deficient Ty, cells not only
lacked ICOS expression and IL-10 production but also were impaired
in the regulation of activation markers and molecules required for
homing, such as CD62L, CD103 and CCR6, and suppressor function,
such as CTLA-4. IRF4 is required for the suppression of T2-driven
autoimmunity by T;, cells!”. Notably, our experiments showed that
Irfa~'= Tyeq cells failed to upregulate T-bet under Ty1 inflammatory
conditions, which demonstrated that IRF4 is required for the differ-
entiation of effector T, cells not only in Ty;2 environments but also
in Ty1 environments. We therefore propose a broader role for IRF4
in the differentiation of all effector T, cells.

The degree to which IRF4 and Blimp-1 act together in the differen-
tiation of effector Ty, cells was demonstrated by comparative analysis
of our microarray results and published microarray datal”. Among the
probes with differences in expression in wild-type and Blimp-1-deficient
Tieg cells, we found significant enrichment for genes that required IRF4 for
their expression. These genes included most prominently /10, which we
found to be a direct target of IRF4 in T, cells. Examination of the histone
marks of the 1110 locus provided evidence for distinct effects of IRF4 and
Blimp-1 on this gene. Whereas IRF4 functioned to prime the /10 regula-
tory regions by removing repressive trimethylation of histone H3 at Lys27
before active transcription, Blimp-1 was required for the normal deposition
of active chromatin marks. Although Blimp-1 has been reported to act only
as a transcriptional repressor?4, its direct binding to a conserved region in
intron 1 of I110 raises the possibility that it also has a positive role in gene
expression. Future molecular work should examine in detail how Blimp-1
can act as both a suppressor and an activator of gene expression.

The relationship between Blimp-1 and T-bet is less clear. T-bet-
deficient T, cells had expression normal of Blimp-1-GFP and ICOS,
which suggested that T-bet is not required for the formation of effector
Tyeg cells. Furthermore, T-bet expression in Blimp-1-deficient T, cells
was similar to that in their wild-type counterparts, in both naive and
Ty inflammatory conditions, which suggests that T-bet and Blimp-1
do not regulate each other’s expression in Ty, cell differentiation.

The idea that Foxp3* T, cells undergo a differentiation and
specialization program in the periphery analogous to that of conven-
tional CD4* T cells is clinically important, as modulation of T, cell
function is of great interest in many medical conditions**. The proposal
that naive Ty, cells differ from differentiated effector Ty, cells sug-
gests that in conditions such as autoimmunity, organ transplantation
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or cancer, the critical parameters that control immune responses may
be not only the number of T, cells but also their acquisition of an
effector phenotype. Understanding the factors that guide the differ-
entiation program of effector T, cells is essential in considering the
therapeutic potential of IL-2 complex-induced or transforming growth
factor-B-induced T,., cells or in assessing the success of strategies that
inhibit or delete Ty, cells. In this study, we have defined some of the
critical molecular requirements for effector Ty, cells and have identi-
fied extrinsic signals crucial for regulation of this population. Our data
have shown that IL-2 and inflammatory signals and two conserved
transcription factors, IRF4 and Blimp-1, jointly regulate the differentia-
tion, function and homeostasis of effector Ty cells.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Accession codes. GEO: Blimpl microarray data, GSE27143.
Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Mice. Blimp 1*/GFP and Blimp 1" ck-Cre mice were generated as described?!:33,
Irf4~/~ mice, CD3e-deficient mice®®, Foxp3*/~ mice®, Bim™'~ mice®® and
Tbx217/~ mice® have been described. Ragl~/~ mice were from The Jackson
Laboratory. Blimp1GFP/GFP mice were generated as described®2. The Blimp151°/Bio
knock-in mouse (M.M. and M.B., unpublished data) carries a biotin accep-
tor sequence at the carboxyl terminus of Blimp-1, which was biotinylated
in vivo by coexpression of the Escherichia coli biotin ligase BirA% from the
Rosa26P™A allele®*. Wild-type-Irf4~/~ or wild-type-Blimp1GFP/GFP mixed-
bone marrow chimeras were generated by reconstitution of lethally irradiated
Ly5.1* recipients with a mixture of bone marrow cells isolated from wild-type
(Ly5.1%) mice and Irf4~/~ or Blimp1SFP/GFP (Ly5.2*) mice. Chimeric mice were
analyzed after a minimum of 6 weeks. To allow for variation in the reconsti-
tution frequency, data were normalized for the proportion of the total CD4*
T cell compartment in the peripheral lymph nodes. All mice were bred and
maintained on a C57BL/6 background at The Walter and Eliza Hall Institute
of Medical Research. Animal experiments were done according to Animal
Experimental Ethics Committee guidelines and approval.

Antibodies and flow cytometry. The following monoclonal antibodies to
mouse were used for multiparameter flow cytometry (all from BD Biosciences
Pharmingen): phycoerythrin-indotricarbocyanine-anti-CD4 (L3T4),
allophycocyanin-anti-CD8 (53-6.7), phycoerythrin-anti-CD25 (PCé61),
biotin-anti-CD25 (7D4), phycoerythrin-anti-Foxp3 (FJK-16s), allophycocy-
anin-anti-CD62L (MEL-14), fluorescein isothiocyanate—anti-Ly5.2, peridinin
chlorophyll protein (PerCP)-cyanine 5.5-anti-Ly5.2 or allophycocyanin-anti-
Ly5.2 (104), PerCP-cyanine 5.5-anti-Ly5.1 (A20), phycoerythrin-indodi-
carbocyanine-anti-ICOS or biotin-anti-ICOS (7E.17G9), PerCP-cyanine
5.5-anti-IL7R (A7R34), phycoerythrin-anti-CD44 (IM7), biotin—-anti-GITR
(DTA-1), biotin-anti-CD69 (H1.2F3), phycoerythrin-anti-CD103 (2E7),
biotin-anti-CD103 (M290), biotin-anti-CD38 (NIM-R5), phycoerythrin—
anti-CTLA-4 (JC10-4F10-11), fluoroscein isothiocyanate-anti-Ki67 (B56) and
phycoerythrin-anti-Bcl-2 (3F11). Biotinylated monoclonal antibodies were
visualized with streptavidin-indodicarbocyanine or streptavidin-PerCP-cya-
nine 5.5. A Foxp3-PE staining kit and phycoerythrin-anti-CD103 (M290),
phycoerythrin-indotricarbocyanine-anti-CD4, PerCP-cyanine 5.5-anti-
Ly5.1, phycoerythrin-indotricarbocyanine-anti-ICOS and PerCP-cyanine
5.5-anti-IL-7Ro. were used according to the manufacturer’s protocol (eBio-
science). Mouse anti-T-bet (4B10; Santa Cruz) was visualized with allophyco-
cyanin-conjugated antibody to immunoglobulin G1 (x56; BD Biosciences
Pharmingen). The Foxp3 staining kit was used for staining for CTLA-4, T-bet,
Ki67 (fluorescein isothiocyanate) and Bcl-2 (phycoerythrin). Streptavidin-
indodicarbocyanine was from Southern Biotechnology, and phycoerythrin-
anti-CCR6 (FAB590P) was from R&D Systems. Viable cells were identified by
propidium iodide exclusion or SytoxBlue exclusion (Invitrogen). Cells were
analyzed on an LSR II, FACSCalibur or FACSCanto (Becton Dickinson) and
were sorted on a MoFlo (Becton Coulter) or FACSAria (Becton Dickinson).
Data were processed with Flowjo and Weasel software.

Cell isolation and culture. Unless described otherwise, lymph node and
splenic cells were isolated and pooled for cell sorting by flow cytometry.
Samples were pre-enriched for CD4*CD25" cells (pooled from spleen and
lymph nodes) by magnetic-activated cell sorting with biotin-anti-CD25 and
anti-biotin MACS beads according to the manufacturer’s protocol (Miltenyi)
and were subsequently sorted according to their Blimp-1-GFP expression
to >96% purity. Cells were cultured for 7 d on plates coated with anti-CD3
(10 pg/ml; 145-2C11) in the presence of monoclonal anti-CD28 (2 pg/ml;
37.51) and recombinant mouse IL-2 (100 U/ml; R&D Systems) together with
recombinant mouse IL-6 (20 ng/ml; eBioscience), recombinant mouse IL-4
(20 ng/ml; R&D Systems) or recombinant mouse IL-12 (5 ng/ml; R&D
Systems). For ChIP experiments, Ty, cells were purified with a CD4*CD25*
Regulatory T Cell Isolation kit (Miltenyi). Purity was between 93% and 95%.
Lung lymphocytes were examined in bronchoalveolar lavage fluid.

Isolation of intraepithelial lymphocytes. Before isolation of intraepithelial

lymphocytes, Peyer’s patches were removed from the small intestine. The small
intestine was then washed in Hanks2.5 medium (Hank’s medium without
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calcium or magnesium, supplemented with 2.5% (vol/vol) FCS) and were cut
in small pieces. Intraepithelial lymphocytes were separated from the intes-
tine epithelial layer by successive incubation for 30 min at 25 °C in Hanks2.5
medium containing 1 mM dithiothreitol and then four times for 30 min each
at 37 °C in Hanks2.5 medium containing 1 mM EDTA. The two fractions were
combined and lymphocytes were further purified by centrifugation at 900g for
25 min at 25 °C on a Percoll density gradient (67-44%).

Cytokine assays. CD4" T cells were sorted by flow cytometry from pooled
spleen and lymph nodes from Blimp1*/G*P mice and were stimulated for 22-24 h
with monoclonal anti-CD3 and anti-CD28. Supernatants were collected and
assayed for cytokines with a Bioplex cytokine bead assay (Mouse 23-Plex Panel;
Bio-Rad).

ChIP assays. For ChIP experiments, Ty, cells enriched by magnetic-
activated cell sorting were cultured for 4 d as described above in the presence
of IL-2 and IL-6. IRF4 was precipitated from 1.0 x 107 Treq cells with 10 pg
anti-IRF4 (M-17; Santa Cruz) as described®. Irf4~/~ thymocytes served as
a negative control. Histone ChIP analysis was done with monoclonal anti-
body to histone H3 trimethylated at Lys4 (17-614) and polyclonal antibody
to histone H3 acetylated at Lys9 (07-352) or to histone H3 trimethylated at
Lys27 (07-449; all from Millipore), with 0.5 x 10° to 1.0 x 10° T, cells per
experiment. Quantitative PCR was used for analysis of enrichment (prim-
ers, Supplementary Methods). Standard curves were generated from serial
dilutions of whole-cell extract DNA. Reactions were done in triplicate with
SYBR Green PCR Master mix (Invitrogen) or GoTaq (Promega) on an ABI
7900HT. For chromatin precipitation by streptavidin, CD25" cells purified by
magnetic-activated cell sorting and sorted from spleen and lymph nodes of
Blimp150/BioRosq26BirA/BIrA mice were stimulated as described above, followed
by chromatin precipitation by magnetic streptavidin or immunoglobulin G
beads (Dynal) as described?®. Precipitated DNA was quantified by real-time
PCR analysis on a MyiQ (Bio-Rad) as described®”.

Real-time PCR analysis. Total RNA was prepared with the RNeasy kit
(Qiagen) from CD4*CD25*GFP*, CD4*CD25*GFP~, CD4*CD25-CD62L"~
and CD4*CD25-CD62L" T cells purified by flow cytometry. Then, cDNA was
synthesized from total RNA with random hexamers and SuperScript III reverse
transcriptase (Invitrogen). Real-time PCR was done with the QuantiTect SYBR
Green PCR kit (Qiagen; primer sequences, Supplementary Methods). Real-
time PCR analysis of Irf4 was done with a Tagman Gene Expression Assay
(Applied Biosystems) and real-time PCR analysis of Blimpl was done with
the Quantitect Primer Assay (Qiagen). Analyses were done in triplicate and
mean normalized expression was calculated with the Q-Gene application with

Hprt1 as the reference gene3>.

In vitro suppression assays. Suppression assays were done as described?®.
CD4*CD25" cells (responders) sorted by flow cytometry were used at a den-
sity of 2 x 10* cells per well and were cultured together with 8 x 10* irradi-
ated splenocytes and a 1:2 ‘titration’ of either GFP* or GFP~ CD4*CD25*
T cells as suppressors at a starting density of 8 x 10* cells per well in the pres-
ence of monoclonal anti-CD3 (0.5 pg/ml). Cells were cultured for 72 h and
were pulsed with [3H]thymidine (1 uCi per well) for the final 8 h of culture.
Cells were collected and incorporation of [*H]thymidine was measured by
counting of scintillation with a MicroBeta TriLux 1450 Liquid Scintillation &
Luminescence Counter (PerkinElmer).

Colitis model. Colitis was induced in Ragl~'~ Ly5.1* mice by intraperito-
neal injection of 3.5 x 10° flow cytometry-sorted naive CD4*CD25-CD62L*
responder cells isolated from pooled spleens and lymph nodes of Ly5.1* mice
with or without 4 x 10* to 7.5 x 10* sorted GFP* or GFP~ CD4*CD25* cells
isolated from pooled spleens and lymph nodes of Blinp1*/SFF mice. Mice were
monitored weekly for weight loss and were analyzed 8 weeks after cell transfer
or when they had lost more than 10% of their body weight.

Retroviral transduction of T, cells and Irf47'= T,,, cell ‘rescue’ experi-
ments. Retroviral constructs were generated by cloning of full-length mouse
Irf4 or Blimp1 cDNA into the pMIG retroviral vector. Retroviral supernatants
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were generated by transient transfection of human embryonic kidney
293T cells with plasmids by calcium phosphate precipitation (CalPhos
Mammalian Transfection kit; Clontech). Retrovirus was spun for 60 min at
2,500g and 4 °C onto plates coated with RetroNectin (Takara). Ty cells puri-
fied by magnetic-activated cell sorting were cultured on plates coated with
anti-CD3 in the presence of 100 U IL-2, 5 ng/ml of transforming growth fac-
tor-B (R&D Systems) and 2 pug/ml of anti-CD28. After 48 h, T, cells were
cultured on retrovirus-coated plates in the presence of 2 pg/ml of polybrene
and IL-2 for 1 more day before transfer into recipient mice. For the generation
of recipient mice, fetal liver cells of Foxp3~/~ embryos isolated at embryonic
day 14.5 were used for reconstitution of hematopoiesis in lethally irradiated
Ragl™'~ mice. At 2 weeks after reconstitution, recipients were left untreated or
were injected with Ty, cells purified from wild-type or Irf4~'~ mice transduced
with retroviral vector containing a GFP expression cassette only or GFP plus
Irf4 or Blimp1 cDNA as described above. Recipient mice were analyzed 4 weeks
after reconstitution.

IL-2-anti IL-2 experiments and Ty1 inflammation model. IL-2-anti-IL-2
complexes were produced by incubation (30 min at 37 °C) of 1.5 g recom-
binant mouse IL-2 (eBioscience) with 7.5 g monoclonal antibody to mouse
IL-2 (JES6.1; produced ‘in house’) as described®. Blimp1*/GFP mice were
injected intraperitoneally on days 0, 1 and 2 with either IL-2-anti-IL-2 com-
plexes or PBS as a control and were collected on day 7. For analysis of T;, cell
differentiation under Ty1 inflammatory conditions, CD3e-deficient mice
were injected intravenously with 5 x 10° CD4*CD25" cells enriched from
pooled spleens and lymph nodes. Then, mice were injected intraperitoneally
with 20 pg anti-CD40 (IC10; produced ‘in house’) on days 0, 2 and 4 after
cell transfer. Donor cells were examined on day 6 (ref. 21).

Viral infections. Mice were inoculated intranasally with 1 x 10*> plaque-
forming units of the influenza virus strain HKx31 (H3N2) as described>®.

Statistics. Non-microarray data were analyzed with a two tailed, unpaired
Student’s t-test. P values of less than 0.05 were considered significant.

Microarray and binding sequence analysis. RNA was extracted from Blimp-
1-GFP* T, cells from BlimpI*/S** and Blimp15**/SF® mice. Three biological
replicates of each were hybridized to Illumina mouse WG-6 Version 1.1
BeadChips at the Australian Genome Research Facility. Intensity values were
background corrected and normalized by the neqc method™®. Probes were fil-
tered as ‘not expressed’ if they failed to achieve a BeadStudio detection P value
of 0.1 on at least three arrays. Manufacturer probe annotation was used. Data
from two replicates of RNA from Irf41/* Foxp3-Cre and Irf41/~Foxp3-Cre mice,
hybridized to Affymetrix Mouse Genome 430 Version 2 Arrays, were obtained
from a published study'$. Affymetrix data were corrected for background
and were normalized with the gcRMA algorithm. Probe sets were filtered as
‘not expressed’ if they failed to achieve a MAS5 ‘present call’ on at least two
arrays. Bioconductor probe set annotation was used. Differences in expression
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were assessed with empirical Bayes moderated ¢-statistics®’. Genes were con-
sidered to have different expression if they achieved a false-discovery rate of
less than 0.05 for the Blimp-1 data or unadjusted P value of less than 0.05 for
the Irf4 data. All analyses were done with Bioconductor software®!. Probes
were matched between platforms by Entrez Gene accession codes. Where there
were multiple probes or probe sets for the same accession code, the probe with
highest average expression was chosen. Overlap of gene lists in the Blimp1- and
Irf4-based arrays was judged by Fisher’s exact test. For further analysis and
to account for intergene correlations, ROAST gene set tests®? showed that a
significant group of the Blimp-1 target genes were downregulated in IRF4-
deficient cells (P = 0.006). The log, ‘fold’ changes for Rorc and Bcl2 in the Irf4
data were averaged over multiple probe sets for these genes, and P values were
combined P values from the ROAST gene set tests (Supplementary Fig. 7b).
Searches for putative Blimp-1- and IRF4-binding sites in the I/10 locus were
made with the MATCH program in the TRANSFAC database®. The ClustalX
program was used to align the sequence of first intron of mouse I/10 to that
of human IL10 (ref. 64).
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