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SUMMARY

Forkhead box P3 positive (Foxp3*) regulatory T
(Treg) cells suppress immune responses and regu-
late peripheral tolerance. Here we show that the
atypical inhibitor of NFkB (IkB) IkBys drives Foxp3
expression via association with the promoter and
the conserved noncoding sequence 3 (CNS3) of the
Foxp3 locus. Consequently, IkBys deficiency leads
to a substantial reduction of Foxp3* Treg cells in vivo
and impaired Foxp3 induction upon transforming
growth factor-g (TGF-B) treatment in vitro. Moreover,
fewer Foxp3* Treg cells developed from IkBys-defi-
cient CD25-CD4" T cells adoptively transferred into
immunodeficient recipients. Importantly, IkBys was
required for the transition of immature GITR*CD25*
Foxp3~ thymic Treg cell precursors into Foxp3*
cells. In contrast to mice lacking c-Rel or Carmal,
IkBys-deficient mice do not show reduced Treg
precursor cells. Our results demonstrate that IkByg
critically regulates Treg cell development in the
thymus and during gut inflammation, indicating that
strategies targeting IkBys could modulate the Treg
cell compartment.

INTRODUCTION

Regulatory T (Treg) cells represent an essential T cell subset
governing the maintenance of peripheral tolerance and immune
homeostasis. Their capacity to suppress the activity of effector
immune cells enables them to regulate the duration and intensity
of the immune response and to prevent autoimmunity (Saka-
guchi et al., 1995, 2007). Loss of functional Treg cells leads to
a fatal autoimmune disease, termed immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) in
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humans, or the homologous murine phenotype called scurfy.
Both are caused by mutations in the transcription factor
forkhead box P3 (Foxp3), which controls the development and
phenotypic maintenance of Treg cells (Bennett et al., 2001;
Brunkow et al., 2001; Hori et al., 2003).

The pool of Foxp3* Treg cells consists of induced (iTreg) and
natural (nTreg) cells, the former being generated in peripheral
lymphoid tissues by the conversion of naive CD4"Foxp3~
T cells into mature CD4*Foxp3* cells. This process takes place
in tissues such as the gut, which need high immune tolerance.
This conversion requires T cell receptor (TCR) triggering as
well as y. cytokine stimulation in order to enhance Foxp3
expression, Treg cell survival and expansion through the signal
transducer and activator of transcription 5 (STAT5) (Burchill
et al., 2007). Additionally, transforming growth factor- (TGF-f)
contributes to Treg cell maintenance and homeostasis via
Smad3 signaling, as TGF-p1-deficient mice display reduced
peripheral Treg cell numbers (Marie et al., 2005). In vitro, CD4*
Foxp3~ T cells are converted into Foxp3™ cells by activation in
the presence of TGF- (Chen et al., 2003). However, in contrast
to Treg cells developed in vivo, demethylation of CpG sites within
the conserved noncoding sequence 2 (CNS2) of the Foxp3 locus,
also known as Treg-specific demethylation region (TSDR), does
not occur (Floess et al., 2007; Zheng et al., 2010). As a result, the
in vitro-induced Foxp3 expression is less stable (Polansky et al.,
2008).

The essential signals for thymic nTreg cell development are
TCR engagement, CD28 costimulation, and vy, cytokine signals
(Vang et al., 2008). Interestingly, comparison of TCR specificities
between Foxp3~ and Foxp3* T cells revealed that Treg cells
express autoreactive TCRs (Apostolou et al., 2002; Hsieh et al.,
2004; Jordan et al., 2001; Liston and Rudensky, 2007). These
observations suggest that developing thymic nTreg cells
escape negative selection. The currently most accepted “two-
step model” of nTreg cell generation assumes that TCR-
mediated signals in autoreactive CD4* cells induce expression
of the interleukin-2 (IL-2) receptor o chain (CD25) and the
glucocorticoid-induced-TNF-receptor (GITR), leading to the
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development of nTreg precursor cells. Subsequently, Foxp3 is
induced in CD4*CD25*GITR*Foxp3™ precursors by y. cytokines
IL-2 and IL-15 (Burchill et al., 2008; Lio and Hsieh, 2008).

It was previously demonstrated that nTreg cell and iTreg cell
development depend on the transcription factor NFkB (Barnes
et al., 2009; Grigoriadis et al., 2011; Long et al., 2009; Ruan
et al., 2009). Due to its impact on proliferation, cell death, and
lymphocyte activation, NFkB is one of the most important
eukaryotic transcription factor networks (Baldwin, 1996; Weil
and lIsraél, 2006). Functional NF«B transcription factors are
dimers formed by two members of the Rel-protein family. TCR
stimulation involves p65, c-Rel and p50 (Bonizzi and Karin,
2004). The central event in NF«B signaling is the activation of
the IkB kinase (IKK) complex (Hayden and Ghosh, 2012). This
trimeric protein complex consists of two catalytic subunits,
IKKa. and IKKB, and the scaffold protein IKKy (Hayden and
Ghosh, 2012). The IKKB subunit of active IKK-complexes phos-
phorylates the cellular inhibitors of NFkB (termed I«xBs), which
sequester NFkB in the cytoplasm by masking their nuclear local-
ization signals. Upon phosphorylation, classical IkBs are polyu-
biquitinated and degraded. Eventually, NF«kB translocates into
the nucleus and binds to kB-sites on the DNA (Perkins and
Gilmore, 2006). Classical IkBs are distinguished from the atypical
IkB proteins of the BCL-3 subfamily, such as BCL-3, kB¢
(encoded by the Nfkbiz gene), and IkBys (encoded by the Nfkbid
gene) (Hayden and Ghosh, 2012). The latter proteins are not
degraded after NFkB activation but are highly induced and,
notably, act as transcriptional modulators with inductive and
repressive capacities by binding to NF«B transcription factors
in the nucleus (Ghosh and Hayden, 2008; Mankan et al., 2009).

Essential for nTreg cell lineage commitment is a protein kinase
C-@-activated complex formed by Carmal (encoded by the
Card11 gene), BCL-10, and MALT1 (CBM) (Barnes et al., 2009;
Thome, 2004). Notably, Card11-deficient mice lack thymic
CD25*GITR*Foxp3~ Treg precursor cells, leading to a massive
reduction in mature Treg cell numbers (Molinero et al., 2009)
Because the CBM complex is proximal to the TCR, constitutively
active IKKB rescues the induction of Foxp3 in Card11-deficient
Treg precursor cells (Long et al., 2009). Regarding distal NFkB
signaling, it was shown that c-Rel controls Treg cell precursor
generation and drives Foxp3 expression by binding to the
promoter, CNS2, and CNS3 within the Foxp3 locus (Hori, 2010;
Hsieh, 2009; Isomura et al., 2009; Ruan et al., 2009; Zheng
et al., 2010). However, whether or not atypical kB proteins
contribute to Treg cell development has not been analyzed yet.

The function of the BCL-3 subfamily protein IkBys is almost
completely unknown. It was first identified in autoreactive
T cells of a mouse model for peptide-induced negative selection
(Fiorini et al., 2002). However, neither distribution of CD4-
and CD8-positive cells in the thymus and secondary lymphoid
organs nor VB usage are affected by Nfkbid deficiency, but
CD8" T cells of Nfkbid-deficient mice show reduced IL-2 and
IFN-y production after TCR triggering (Touma et al., 2007). We
found that Nfkbid-deficient mice show a ~50% reduction of
mature Treg cells. Unlike Card11-deficient mice, which display
virtually no GITR*CD25"Foxp3~ Treg precursor cells, Nfkbid
deficiency leads to an increase of these precursor cells due to
impaired transition into Foxp3* Treg cells. Moreover, IkBys is
transiently expressed during thymic nTreg cell development

and drives Foxp3 induction by binding to the promoter and
CNS3 via p50 and c-Rel. Taken together, our data identify
IkBns as a crucial regulator of Foxp3 induction during Treg cell
development and Treg cell generation under chronic inflamma-
tory conditions.

RESULTS

IkBns Intrinsically Controls Treg Cell Numbers

A minority of autoreactive T cells is protected from negative
selection, commences Foxp3 expression, and develops into
nTreg cells (Lio and Hsieh, 2008; Liston and Rudensky, 2007).
Consequently, the majority of Foxp3* Treg cells express TCRs
recognizing self-peptides (Apostolou et al., 2002; Hsieh et al.,
2004; Jordan et al., 2001; Liston and Rudensky, 2007). Although
IkBns was first identified in autoreactive T cells (Fiorini et al.,
2002), negative selection is not altered in Nfkbid-deficient mice
as demonstrated by the normal percentages and development
of conventional T cells (see Figure S1A and S1B available online)
(Kuwata et al., 2006; Touma et al., 2007). To uncover whether
IkBns is crucial for directing autoreactive T cells to the Treg
cell lineage, we determined Treg cell frequencies by intracellular
staining of Foxp3 in Nfkbid-deficient and wild-type (WT) mice.
Nfkbid-deficient mice displayed a reduction of Treg cells in
thymus, spleen, mesenteric, and peripheral lymph nodes (Fig-
ure 1A and 1B). In line with reduced Treg cell frequencies, their
total number was diminished in Nfkbid-deficient mice as well
(Figure 1B). Numbers and frequencies of the total CD4" T cell
compartment were comparable between Nfkbid-deficient and
WT mice (Figure 1C). Moreover, frequencies of Foxp3* Treg cells
in WT, heterozygous, and Nfkbid-deficient littermate mice were
significantly different in thymus, mesenteric, and peripheral
lymph nodes, indicating that IkBys modulates the generation
of Treg cells in a dose-dependent manner (Figure S1C) without
affecting the total CD4* T cell compartment (Figure S1D). In addi-
tion, the activation status of conventional T cells assessed by
CD62L and CD44 expression was similar in Nfkbid-deficient
mice (Figure S1E and S1F).

To determine whether IkBys affects Treg cell generation by
extrinsic factors or via an intrinsic mechanism, we generated
mixed bone marrow chimeric mice. The composition of the
CD4*Foxp3* Treg cell compartment by Nfkbid**Thy1.1 and
Nfkbid~'~Thy1.2 cells was analyzed by flow cytometry 8 weeks
after bone marrow transfer (Figure 1D). Nfkbid~~Thy1.2 Treg
cells were virtually not detectable, whereas the CD4*Nfkbid™'*
Thy1.1 compartment exhibited normal Treg cell frequencies of
about 9% (Figure 1E). Because the presence of WT T cells could
not overcome Nfkbid deficiency in mixed bone marrow chimeric
mice, IkBys intrinsically regulates Treg cell development.

IkBns Deficiency Neither Enhances Treg Cell Apoptosis
nor Reduces Treg Cell Proliferation

NFkB is known to support proliferation and survival (Hayden and
Ghosh, 2012). To determine whether the reduced amount of
Treg cells in Nfkbid-deficient mice is caused by impaired prolif-
eration or enhanced apoptosis, Nfkbid-deficient mice were
crossed with Foxp3PT7 P reporter mice, allowing analysis of
nonfixed Treg cells. Similar to nonreporter mice, Treg cell
frequencies were reduced in Nfkbid ~'~Foxp3PTR*GF compared
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Figure 1. IkBns”~ Mice Display Reduced Treg Cell Frequencies and Numbers

(A) Flow cytometric analysis of Treg cell frequencies in the spleen, thymus, and mesenteric (MLN) and peripheral lymph nodes (pLN) of WT (Nfkbid*’*) and
IxBns-deficient (Nfkbid ~'~) mice assessed by intracellular Foxp3 staining. Representative pseudocolor dot plots of Foxp3* Treg cells within CD4* cells in 8-week-
old mice are shown. Numbers indicate the percentages of gated CD4*Foxp3* Treg cells.

(B) Percentages and absolute numbers of Foxp3* Treg cells within CD4* cells in spleen, thymus, and peripheral and mesenteric lymph nodes of WT (Nfkbid*'*)
and IkBys-deficient (Nfkbid /") mice (n = 9 each) are shown.

(C) Flow cytometric analysis of the CD4* T cell compartment. Percentages and absolute numbers of CD4 cells in spleen, thymus, and peripheral and mesenteric
lymph nodes of Nfkbid*’* and Nfkbid~'~ mice (n = 9 each) are shown.

(D) Mixed bone marrow chimeric mice were analyzed 8 weeks after transfer of Nfkbid**Thy1.1 and Nfkbid ~~Thy1.2 bone marrow cells into sublethally irradiated
WT recipient mice. Representative pseudocolor dot plots of splenic CD4*Thy1.1 and CD4*Thy1.2 cells and of CD4*Foxp3* cells pregated to Nfkbid*"*Thy1.1* or
kabid’/’Thy1 .2" cells are shown.

(E) Percentages (left panel) and absolute numbers (right panel) of splenic CD4*Foxp3* Treg cells of Nfkbid*’* and Nfkbid '~ origin in bone marrow chimeras. For
(B), (C), and (E), each symbol indicates an individual mouse. Horizontal lines represent the mean; error bars represent SEM. Statistical analyses were performed
by two-tailed Mann-Whitney tests; o < 0.05; n.s., not significant.

to Nfkbid**Foxp3PTReCFP mice (Figure S2A). The rates of gulated in the GO-arrest of the cell cycle. Remarkably, Foxp3*
apoptosis, analyzed by the frequencies of early apoptotic Treg cells of the thymus and peripheral lymphoid organs from
(AnnexinV*7AAD™) and late apoptotic (AnnexinV*7AAD*)  Nfkbid-deficient mice displayed increased amounts of Ki67-
CD4"GFP* Treg cells were comparable between WT and positive cells (Figures 2D and 2E). To confirm this data, we fed
Nfkbid~'~ mice (Figures 2A and 2B; Figure S2B). To corroborate  mice orally with BrdU, which is incorporated into the DNA during
this data, we also measured Treg cell viability by staining with  the S phase. Corresponding to the Ki67 data, peripheral Nfkbid-
tetramethylrhodamine ethyl ester (TMRE). Cells that have lost deficient Treg cells displayed increased BrdU incorporation
mitochondrial membrane integrity during early apoptosis are (Figures S2C and S2D). Proliferation of conventional T cells
TMRE low. In agreement with AnnexinV/7AAD analyses, was unaffected in vivo (Figures 2D and 2E; Figures S2C and
no significant difference between Treg cells of Nfkbid*’* S2D). Compendious, Nfkbid-deficient mice displayed neither
Foxp3PTReGP and Nfkbid ~/~Foxp3PTReSFP mice was detectable  increased basal apoptosis nor decreased proliferation of Treg
(Figure 2C). Also, cell death of CD4"Foxp3~ conventional T cells  cells but a certain increase in proliferation.

was unaffected by Nfkbid deficiency (Figures 2A-2C).

Previous studies reported reduced proliferation of Nfkbid- IxBys-Deficient Naive T Cells Display Reduced Foxp3
deficient conventional T cells upon stimulation via CD3 and Induction upon TGF- Treatment or Adoptive Transfer
CD28 in vitro (Touma et al., 2007). Thus, the possibility of into Rag1™~ Mice
defective Treg cell proliferation was investigated by analyzing As steady state generation of Treg cells was impaired upon
the expression of the Ki67 proliferation marker, which is downre-  Nfkbid deficiency, we analyzed whether IkByg affects iTreg cell
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Figure 2. IkBys-Deficient Treg Cells Undergo Enhanced Proliferation but Display Normal Apoptosis

(A) Representative zebra plots of the AnnexinV/7AAD distribution of thymic GFP* Treg and GFP~ Tcon cells from Nfkbid**Foxp3PTR-°6FP and
Nfkbid '~ Foxp3PTR°CFP mice.

(B) Statistical summary of apoptosis among GFP* Treg cells and GFP~ Tcon cells from the thymus of Nfkbid*"*Foxp3°T" eGP (filled bars) and
Nfkbid~'~Foxp3PTRGP (open bars) mice is shown (n = 6 for each). AxV/7AAD™ cells are living cells, AXV*/7AAD ™ are early apoptotic cells, and AxV*/7AAD* are
late apoptotic cells.

(C) CD4*Foxp3* Treg cells and CD4*Foxp3~ Tcon cells from spleen, thymus, and peripheral and mesenteric lymph nodes from Nfkbid**Foxp3PTH-°GFP and
Nfkbid~'~Foxp3PTR¢G P mice (n = 6 for each) were stained with TMRE to assess mitochondrial membrane potential. Statistical summary of the percentages of
TMRE low (early apoptotic) cells is shown.

(D) Flow cytometric analysis of Ki67 expression in pregated CD4*Foxp3™ Treg cells and CD4*Foxp3~ Tcon cells from thymi, spleens, and peripheral and
mesenteric lymph nodes. Representative Ki67-histogram overlays of cells from WT, heterozygous, and Nfkbid-deficient mice are shown.

(E) Statistical analysis of Ki67-positive cells among pregated CD4*Foxp3* Treg cells and CD4*Foxp3~ Tcon cells of WT (Nfkbid*/*; n = 3), heterozygous (Nfkbid*;
n = 4), and |kBys-deficient (Nfkbid ~'~; n = 5) mice are shown. For (B), (C), and (E) error bars display SEM. Statistical analyses were performed by two-tailed Mann-

Whitney tests; o < 0.05. n.s., not significant.

generation. Purified Nfkbid-deficient CD4*CD62L*CD25~ naive
T cells stimulated in vitro with low dose TGF-B in the presence
of IL-2 commenced less Foxp3 expression compared to WT
cells (Figure 3A). In the latter, IkBys was induced during the
early stages of TGF-B treatment (Figure S3A). High TGF-B
concentrations, however, could overcome Nfkbid deficiency
(Figure 3A). Staining of Ki67 revealed that the reduced amount
of Foxp3 expressing cells was not the result of a proliferation
defect (Figure 3B). Because in vitro differentiation implied
impaired iTreg cell development, naive CD25 CD4* T cells
from WT or Nfkbid-deficient mice were adoptively transferred
into Rag? ™'~ mice and Treg cell development in the gut was
monitored. Flow cytometric analysis of lamina propria mono-
nuclear cells (LPMC) revealed that CD4*Foxp3* Treg cells
barely developed from Nfkbid-deficient T cells, whereas approx-
imately 5% of Treg cells originated from WT cells (Figure 3C).
Accordingly, reduced frequencies and absolute numbers of
Foxp™ Treg cells were found in histological analyses (Figure 3D).
In contrast, frequencies of total CD4* T cells in the LPMCs
(Figure S3B) and IFN-y producing cells were comparable
between both groups (Figure 3E). However, Rag?~’~ mice that
had received Nfkbid-deficient T cells showed signs of severe

Immunity 37, 998-1008, December 14, 2012 ©2012 Elsevier Inc.

colitis compared to control recipients, as revealed by stronger
leukocyte infiltration of the large intestine (Figure 3F). Histopa-
thology revealed severe inflammation in recipients of Nfkbid-
deficient T cell, compared to recipients of WT T cells (Figure 3G).
Accordingly, weight loss was exacerbated upon transfer of
Nfkbid-deficient T cells (Figure 3H; Figure S3C), associated
with increased colon shortening (Figure S3D) and severe
diarrhea (Figure S3E). There was no statistical difference in
the IL-6 release between both groups, but IFN-y amounts
in colon sections of Nfkbid-deficient T cell recipients were
elevated, reflecting enhanced inflammation (Figure 3I). These
experiments illustrate that IkBys was required for Foxp3 induc-
tion upon TGF-p treatment and in adoptively transferred naive
T cells.

IkBys Does Not Modulate the Suppressor Function

of Mature Treg Cells

So far, our data indicated impaired induction of Foxp3 in Nfkbid-
deficient mice. To elucidate whether IkBygs is crucial for the
function and maintenance of mature Treg cells, we examined
the expression of Treg cell signature proteins CD25 (IL-2Ra),
GITR, Foxp3, CD122 (IL-2RB), and CTLA-4 in Treg cells from
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Figure 3. IkBys Deficiency Impairs TGF-B-Mediated Induction of Foxp3 and iTreg Cell Development from Adoptively Transferred Tcon Cells
(A) Purified naive CD4*CD62L*CD25 T cells were treated with the indicated TGF-B concentrations in the presence of 10 ng/ml of IL-2. Statistical summary of
Foxp3* cells analyzed by flow cytometry at days 1, 3, and 5 is shown. Filled bars represent WT; open bars indicate Nfkbid-deficient cells.

(B) Flow cytometry analyses of Ki67 expressing cells pregated to in vitro induced Foxp3* Treg cells and Foxp3~ Tcon cells (n = 6). Red indicates WT; blue
indicates Nfkbid-deficient cells. Grey represents Ki67 histogram at day 1.

(C) Treg cell induction in Rag1-deficient mice. The development of Treg cells from transferred Nfkbid*"* or Nfkbid ™'~ T cells, was analyzed by flow cytometry.
Representative pseudocolor dot-plots of CD4*Foxp3* Treg cells from the lamina propria pregated on CD4" T cells and statistical summary are shown.

(D) Frequencies and numbers of Treg cells of Nfkbid*"* (n = 9) or Nfkbid '~ (n = 5) origin in colon sections analyzed by immunohistology. Numbers of cells per 10
high power fields (HPF) are shown.

(E) Representative pseudocolor dot-plots of CD4*IFN-y* T cells pregated on CD4* T cells in the lamina propria from transferred Nfkbid*"* and Nfkbid '~ T cells
and statistical summary are shown. Numbers indicate the percentages of gated CD4*IFN-y* T cells.

(F) Representative hematoxylin and eosin stained colon sections from Rag7-deficient mice injected with PBS, WT (Nfkbid**) T cells, or IkBns-deficient (Nfkbid /)
T cells are shown. Scale bar represents 100 um.

(G) Histopathology scoring from Rag1-deficient mice injected with PBS (n = 4), Nfkbid*’* (n = 8), or Nfkbid~'~ (n = 5) T cells is shown. Diagram height indicates the
mean; error bars represent SEM.

(H) Normalized weights of Rag7-deficient mice, injected with PBS (n = 4), Nfkbid*’* (n = 8), or Nfkbid '~ (n = 5) T cells are shown. Each point indicates the mean;
error bars represent SEM.

1002 Immunity 37, 998-1008, December 14, 2012 ©2012 Elsevier Inc.



Immunity

IkBns Regulates Foxp3 Induction

Y%max.

CTLA-4  CD25 CD122 GITR Foxp3

B C
Treg Tcon
— — Nrfkbid

+/+
99.1| 0

— Nfkbid 7~ Treg
— Nfkbid */* Treg

Nfkbid

Figure 4. IkBys Is Dispensable for the
Phenotypic Maintenance of Regulatory T
Cells

(A) Flow cytometric analysis of the expression of
CD25, CD122, GITR, intracellular CTLA-4, and
Foxp3. Representative histogram overlays of the
indicated proteins of CD4*Foxp3~ Tcon cells and
CD4*Foxp3* Treg cells from the spleens of WT
(Nfkbid*"*) and IkBys-deficient (Nfkbid~~) mice
are shown. Results are representative for three

Nfkbid 7~ Teon
Nikbid */*+ Tcon

A

Nekbid **

0.5 100 | ¢

98.4| ¢ 0

CD25- CD25%¥CD25- CD25% colorcode othyiation %)

independent experiments.

(B) CD4*CD25* Treg cells and CD4*CD25~
80 conventional T cells (Tcon) were sorted by flow
60 cytometry to determine the CNS2/TSDR methyla-
40 tion status. Representative pseudocolor dot-plots

Nikbid 7~

14 100 | ¢

CD25

CD4

D 0:1 1:1 1:2 1:4 1:8

%max.

CFSE

CD3
CD28
IL-2

+
Treg [

+
Tcon [

& Nfkbid **
& Nifkbid 7

Nfkbid mRNA

]H.S‘

20 of sorted cells from Nfkbid*'* and Nfkbid '~ male
0 mice are shown. For each plot, the upper numbers
indicate percentages of CD4*CD25" Treg cells,
and lower numbers indicate the percentages of
CD4*CD25™ Tcon cells. Data are representative of
WT (n = 4) and Nfkbid-deficient (n = 8) cells.
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(D) The suppressive capacity of IkBys-deficient
(Nfkbid~'~) Treg cells compared to WT (Nfkbid*'*)
Treg cells was analyzed in vitro. Representative
histogram overlays of CFSE-labeled WT conven-
tional T cells (Tcon) cocultured for 3 days with Treg
cells of Nfkbid*"* and Nfkbid '~ mice at the indi-
cated ratios are shown.
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(F) Expression of IkBys in purified CD4*CD25* Treg cells and CD4*CD25~ Tcon cells, stimulated with 10 ug/ml anti-CD3, 5 ug/ml anti-CD28, and 10 ng/ml
murine IL-2, analyzed by qPCR (n = 4). Error bars display SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; a < 0.05; n.s., not

significant.

Nfkbid-deficient and WT mice. Mean-fluorescent intensities
were comparable in CD4"Foxp3* cells obtained from thymus,
spleen, peripheral, and mesenteric lymph nodes of Nfkbid-defi-
cient and WT mice (Figure 4A; Figure S4A).

To further characterize mature Treg cells, we analyzed the
epigenetic regulation of Foxp3 by determining the methylation
status of CNS2 in the Foxp3 locus. CpG motifs in the CNS2
are fully methylated in conventional T cells and demethylated
in Treg cells, a requirement for stable Foxp3 expression (Floess
et al., 2007; Polansky et al., 2008). CD4*CD25~ conventional
T cells and CD4*CD25"* Treg cells were purified from Nfkbid-
deficient and WT mice (Figure 4B), purity of the isolated popula-
tions was determined by Foxp3 staining (Figure S4B), and the
CNS2 methylation status was analyzed as previously reported
(Floess et al., 2007; Polansky et al., 2008). Both genotypes dis-

played full CNS2 methylation in CD4*CD25~ T cells and similar
demethylation of CNS2 in CD4*CD25* Treg cells (Figure 4C; Fig-
ure S4C). Furthermore, the suppressive capacity of mature
CD25" Treg cells in vitro isolated from Nfkbid-deficient and WT
mice was comparable (Figures 4D and 4E). Taken together, we
found no evidence that IkBns affects phenotype or function of
mature Treg cells.

IkBys Is Expressed by Treg Precursor Cells and Controls
Their Transition into Mature Treg Cells

A previous study reported that IkByg is directly repressed by
Foxp3 (Marson et al., 2007). Also, IkByns expression was not
inducible via CD3/CD28/IL-2 stimulation in purified Treg cells
in contrast to conventional T cells (Figure 4F) (Touma et al.,
2007). Because IkBys is suppressed in mature Treg cells, but

(I) Release of proinflammatory cytokines was determined via bead-based assays. IFN-y and IL-6 release in colon cultures of Rag7-deficient mice injected with
Nfkbid™'* (n = 7) or Nfkbid '~ (n = 5) T cells are shown. Diagram height indicates the mean; error bars represent SEM. Numbers indicate the percentages of CD4*
Foxp3* Treg cells. For (A), (G), and (I), horizontal lines indicate the mean. For (C), (D), and (E), each symbol indicates an individual mouse. Horizontal lines represent
the mean; error bars represent SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; a < 0.05. n.s., not significant.
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Figure 5. IkBns Controls Transition of Immature Treg Precursor Cells into Mature Regulatory T Cells

(A) Expression of IkBys (left panel) and c-Rel (right panel) in stages of nTreg cell development, analyzed by qPCR (n = 4).

(B) Representative dot-plots of CD25*GITR* T cells pregated on the CD4*CD8 Foxp3~ compartment in WT (Nfkbid*'*), heterozygous (Nfkbid™*), and IkByns-
deficient (kabid’/’) mice are shown. Numbers indicate the frequencies of gated Treg precursor cells.

(C) Statistical summary of the percentages of CD25*GITR*CD4*CD8 Foxp3~ Treg precursor cells in the thymi of Nfkbid*/* (n = 8), Nfkbid™* (n =
Nfkbid ™'~ (n = 10) mice is shown.

(D) Percentages of Foxp3~ Treg precursor cells and Foxp3* mature Treg cells within the thymic CD8~CD4*CD25*GITR* compartment were determined by flow
cytometry. Representative dot-plots of cells from Nfkbid*"*, Nfkbid~*, and Nfkbid '~ mice are shown. Lower numbers indicate percentages of CD4*Foxp3~
precursor cells, upper numbers indicate percentages of CD4*Foxp3* Treg cells.

(E) Summary of percentages of Treg precursor cells (right panel) and mature Treg cells (left panel) within the thymic CD8 CD4*CD25*GITR* subset in Nfkbid*'*
(n = 7), Nfkbid~"* (n = 9), and Nfkbid '~ (n = 9) mice is shown.

(F) Purified Treg precursor cells from Nfkbid~'~Foxp3PT"*C P or Nfkbid*/*Foxp3PTR*¢FP mice were stimulated with 100 ng/ml murine IL-2 or left untreated for
48 hr. Conversion of Treg precursor cells into mature Treg cells was determined by measuring GFP* cells. Representative zebra-plots and histograms of IL-2-
treated and untreated precursors from Nfkbid '~ Foxp3PTR°C P compared to Nfkbid**Foxp3PTR°FP mice are shown. Numbers indicate percentages generated
GFP expressing Treg cells.

(G) Statistical summary of the conversion of Nfkbid '~ Foxp3PTR-°GFP and Nfkbid*"*Foxp3PTR°GFP Treg precursor cells into mature Treg cells after IL-2 treatment
asin (F). For (C), (E), and (G), each symbol indicates an individual mouse. Horizontal lines represent the mean. For (A), (C), (E), and (G), error bars indicate the SEM.
Statistical analyses were performed by two-tailed Mann-Whitney tests; o < 0.05; n.s., not significant.

10), and

mixed bone-marrow chimeric mice demonstrated that IkBys  cells in thymi of Nfkbid-deficient mice (Figures 5B and 5C), indi-

intrinsically regulates Treg cell development (Figures 1D
and 1E), we speculated that IkBys is expressed during thymic
Treg cell maturation. To this end, we purified thymocytes
according to the developmental sequence of the two-step
model (Figure S5A). Strikingly, IkBns was strongly expressed
in CD4*CD25*GITR*Foxp3~ nTreg precursor cells and declined
upon Foxp3 induction (Figure 5A). In contrast, c-Rel expression
was maintained after transition of nTreg precursor cells into
Foxp3™ Treg cells (Figure 5A). Of note, Card117-deficient and
Rel-deficient mice display a reduction of precursors con-
tributing to the overall Treg cell reduction in these mice (Grigor-
iadis et al., 2011; Molinero et al., 2009). However, we found
a significant increase in the frequencies of nTreg precursor
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cating impaired transition of precursor cells into Foxp3* Treg
cells.

To explain this phenomenon, the distribution of Treg precursor
cells and mature Treg cells within the CD8 CD4*CD25*GITR*
population was analyzed. Foxp3™ Treg precursor cells made
up the majority of this compartment in the thymi of Nfkbid-
deficient mice, in contrast to heterozygous and WT littermates
(Figures 5D and 5E). According to the two-step model, Foxp3
induction in precursor cells is induced by IL-2 (Lio and Hsieh,
2008). To determine whether IkBys deficiency indeed re-
gulates transition of precursors into mature Treg cells,
Nfkbid~'~Foxp3PTReCFP and Nfkbid**Foxp3PTH°GP reporter
mice were used for IL-2-induced transition in vitro. Of note,
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increased frequencies of GFP™ Treg precursor cells were de-
tected in Nfkbid~’~Foxp3P™"*%FP mice as in nonreporter mice
excluding influences by the BAC transgene (Figure S5B). Upon
IL-2 treatment of isolated CD8 CD4*GITR*CD25"GFP~, Treg
precursor cells less than 25% of Nfkbid-deficient in contrast to
about 40% of Nfkbid** precursor cells cells developed into
mature Foxp3* Treg cells (Figures 5F and 5G). Despite a mild
difference in CD122 expression, steady-state phosphorylation
of STATS5 in Treg precursor cells from WT and Nfkbid-deficient
mice was similar, (Figure S5C), indicating normal IL-2 signal
transduction in Nfkbid-deficient T cells.

IkBys Interacts with p50 and c-Rel and Binds

to the Foxp3 Promoter and CNS3

To investigate how IkBys controls Treg cell development, we
asked whether it binds directly to the Foxp3 locus. Because
numbers of Treg precursor cells were too low to allow for
biochemical analyses, Nfkbid induction was analyzed in
thymic CD4*GITR™CD25 Foxp3~ cells, which give rise to Treg
precursor cells, and peripheral CD4*CD25~ cells. Nfkbid was
induced by TCR triggering in thymic and peripheral CD4*
T cells, but not by CD28 or IL-2 costimulation alone (Figure 6A).
Thus, the latter cell type was chosen to study the interaction of
IkBns with known NFkB components and the Foxp3 locus. Frac-
tionized cell lysis of PMA/ionomycin stimulated CD4"CD25~
T cells revealed nuclear translocation of p50, p65, and c-Rel (Fig-
ure 6B). IkBns appeared within the first 4 hr of stimulation as
a 35 kDa IkBysg protein in the cytoplasm and as two 70 kDa IkByg
isoforms in the nucleus, i.e., with similar kinetics as c-Rel (Fig-
ure 6B). Although the 70 kDa isoforms cannot be deduced
from the Nfkbid gene structure and have not been reported
before, their absence in Nfkbid-deficient cells indicates that
these isoforms are Nfkbid gene products (data not shown).
Because IkBys does not contain a DNA-binding motif, the
protein requires interaction with NFkB subunits to associate
with DNA. Coimmunoprecipitations (colP) using cytoplasmic
and nuclear extracts of stimulated CD4*CD25~ T cells revealed
that cytoplasmic 35 kDa IkByns did not interact with any NF«xB
subunit (Figure 6C). Strong coprecipitation of IkBys with p50
and to a weaker extent with c-Rel was found in nuclear extracts,
but interaction with p65 was not observed (Figure 6C).

NF«B binding to the promoter, CNS2, and CNS3 of the Foxp3
gene has been previously described (Figure S6A) (Long et al.,
2009; Ruan et al., 2009; Zheng et al., 2010). We found by native
chromatin immunoprecipitations (ChlP) binding of IkBys to the
Foxp3 promoter and CNS3 (Figures 6D and 6E). Furthermore,
pull-down analyses revealed binding of IkByns, c-Rel, and p50
to the single kB site of CNS3 (Figure 6F). Two DNA sequences
of the IL-2 promoter, a classical kB-binding site and a CD28-
responsive element known to bind p50 and c-Rel, respectively,
served as controls (Touma et al., 2007). The consequence of
IkBns deficiency for the transcriptional activity was addressed
in T cells isolated from WT and Nfkbid-deficient mice using
a luciferase-based reporter gene assay, as previously reported
(Polansky et al., 2010; Zheng et al., 2010). Of note, the Foxp3
promoter alone has only minimal transcriptional activity (Zheng
et al., 2010). Using a construct, in which the promoter is fused
to CNSS3, transcription is not enhanced (Figure 6G), because
the pioneer element functions as a chromatin opener of the

Immunity 37, 998-1008, December 14, 2012 ©2012 Elsevier Inc.

Foxp3 locus (Zheng et al., 2010). However, when the promoter
was fused to the CNS2 enhancer segment, strong luciferase
activity was observed (Zheng et al., 2010), which was reduced
by about 50% in Nfkbid-deficient T cells (Figure 6G), further
emphasizing that IkByg directly regulates Foxp3 induction.

DISCUSSION

Recent studies revealed the importance of NFkB signaling for Treg
cell generation, but the participating proteins remain largely
unknown (Lu and Rudensky, 2009). This study shows that the
atypical IkB protein IkBys regulates Foxp3 expression, leading
to a reduction of mature Treg cells in Nfkbid-deficient mice by
about 50%. Furthermore, we demonstrated IkBys expression
during thymic nTreg cell development and upon TGF-f treatment
of naive cells. Consequently, Nfkbid-deficient T cells showed
reduced induction of Foxp3 when stimulated with low doses of
TGF-B. Moreover, fewer Foxp3 expressing cells developed from
adoptively transferred Nfkbid-deficient conventional cells.
Frequencies of IFN-y-producing effector T cells and total CD4
cells were normal. Thus, it is conceivable that impaired Treg cell
generation caused the observed exacerbated colitis in recipients
of Nfkbid-deficient cells, although we cannot completely exclude
that altered Th1 cell activity contributes to this phenotype.
Because expression of Treg cell signature proteins, TSDR methyl-
ation, and suppressive activity of Treg cells from Nfkbid-deficient
and WT mice were comparable, IkBys seems dispensable for
maintenance of mature Treg cells. This is supported by the fact
that Nfkbid itself is suppressed in mature Treg cells (Marson
etal., 2007). Interestingly, Nfkbid-deficient Treg cells display mildly
stronger proliferation compared to WT cells as assessed by Ki67
and BrdU staining. Although apoptosis is not increased in
Nfkbid-deficient Treg cells, their absolute number is reduced.
Most likely, mature Nfkbid-deficient Treg cells try to compensate
their reduced generation by undergoing enhanced homeostatic
proliferation. However, because the starting population is
massively reduced, this is insufficient to restore normal Treg cell
numbers before they undergo apoptosis.

Previous work concluded that Carma1l is necessary for the
generation of Treg precursor cells, which are almost completely
abolished in Card11-deficient mice (Barnes et al., 2009; Molinero
et al.,, 2009). Similarly, Rel-deficient mice display less Treg
precursor cells (Grigoriadis et al., 2011). We present evidence
that IkBns, which is strongly expressed in Treg precursor cells,
triggers the transition of precursor cells into Foxp3* Treg cells
but is dispensable for precursor development. As further devel-
opment is delayed, IkBns deficiency causes an increase in
precursor cells. NFkB binds to the Foxp3 locus in Foxp3™
conventional cells upon TCR triggering, even without a Foxp3
inducing stimulus (Long et al., 2009; Ruan et al., 2009). Accord-
ingly, current models suggest NF«B to be a pioneer transcription
factor activated upon initial TCR stimulation. Thus, in addition to
the direct control of Foxp3 expression, NFkB renders the locus
responsive for secondary transcription factors activated, e.g.,
by v, cytokines (Hori, 2010; Hsieh, 2009). An obvious conse-
quence of this model is reduced responsiveness of Treg
precursor cells to v, cytokines, when the instructive NF«B signal
is impaired. In line with this prediction, we demonstrated that
IkBns is required for Foxp3 induction upon IL-2 treatment of
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Figure 6. IkBys Binds to the Foxp3 Promoter and CNS3, Is Induced by CD3 Mediated Signals, and Interacts with c-Rel and p50

(A) Expression of IkBys in thymic CD4*CD25 GITR Foxp3~ cells (left panel, n = 6) and peripheral CD4*CD25" cells (right panel, n = 4) stimulated with the
indicated combinations of 10 pg/ml anti-CD3, 5 ug/ml anti-CD28, or 10 ng/ml IL-2, respectively, analyzed by qPCR.

(B) NFkB activation was analyzed by immunoblotting of cytoplasmic and nuclear extracts. CD4*CD25~ Tcon cells were purified by FACS, expanded for 7 days
in vitro, and, subsequently, stimulated with 1 uM ionomycin and 10 ng/ml PMA for the indicated time periods.

(C) CD4*CD25~ Tcon cells were expanded as described above and stimulated for 4 hr with PMA/ionomycin. Cytoplasmic and nuclear extracts were used for
immunoprecipitations (IP) of IkBys, c-Rel, and p50/p105 with rabbit polyclonal antibodies. ColP of the proteins was analyzed via immunoblotting.

(D) ChIP using an IkBys-specific rabbit polyclonal antibody in WT and Nfkbid-deficient CD4*CD25~ Tcon cells, stimulated for the indicated times with PMA/
ionomycin. Representative PCR results of amplification of promoter, CNS2, and CNS3 are shown. Nfkbid-deficient cells served as controls.

(E) Representative gPCR analysis of chromatin IPs, corresponding to (D). Anti-Acetyl-Histone 3 antibody and input served as positive controls, unspecific rabbit
IgG as a negative control.

(F) Interaction of IkBngs with the single kB site of the CNS3/pioneer element was analyzed by DNA pull-down. Nuclear extracts were prepared from expanded and
stimulated CD4*CD25~ T cells as described in (B) and (C). Eluted proteins were analyzed via immunoblot. Nuclear and cytoplasmic extracts were used as
stimulation controls. Classical NFkB binding site and the CD28 response element of the IL-2 locus, known to bind IkBns/p50 and c-Rel, respectively, were used as
interaction controls.

(G) Luciferase-based reported gene assay using constructs containing regulatory elements of the Foxp3 locus fused to the Foxp3 promoter. Fold induction of the
indicated constructs, nucleofected into WT (filled bars; n = 3), and IxBys-deficient (empty bars; n = 3) CD4*CD25~ T cells are shown. For (B), (C), (D), and (F), each
blot is representative of at least three independent experiments. For (A), (E), and (G), error bars represent SEM. Statistical analyses were performed by two-tailed
Mann-Whitney tests; o < 0.05.

Treg precursor cells. Similar findings were recently reported for
c-Rel, demonstrating that it functions in precursor generation
as well as Foxp3 induction (Grigoriadis et al., 2011). However,
in Rel-deficient precursors phosphorylation of STAT5 was
impaired (Grigoriadis et al., 2011), whereas we found no
evidence for altered phosphorylation of STAT5 in Nfkbid-
deficient precursors. Regarding the functional differences of
Carmai, c-Rel and IkBys, it is conceivable that those proteins
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are sequentially activated during nTreg cell generation. The
activity of Carma1 is essential for Treg cell precursor generation
(Barnes et al., 2009), IkBys forces transition into mature Treg
cells, and c-Rel participates in both processes (Grigoriadis
et al.,, 2011). Therefore, NFkB activity critically regulates both
checkpoints of the two-step model.

Binding of c-Rel to the promoter, CNS2, and CNS3 of the
Foxp3 locus has been previously reported (Figure S6A) (Long
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et al., 2009; Ruan et al., 2009; Zheng et al., 2010). We detected
binding of IkBys to the promoter and CNS3 using ChIP. More-
over, transcriptional activity in Nfkbid-deficient T cells is reduced
as assessed by reporter gene assays. Thus, binding of IkBys to
the promoter is necessary for full transcriptional activation of the
Foxp3 locus. Via DNA pull-down experiments, we additionally
found binding of IkBns, p50, and c-Rel to CNS3. Because this
segment is thought to be an origin of chromatin opening during
Foxp3 induction, it is likely that IkByg participates in that
process. This idea is further supported by previous studies,
which demonstrated that atypical IkBs interact with chromatin
remodeling enzymes (Dechend et al., 1999). Because Foxp3 is
the master transcription factor for Treg cell development and
function, we conclude that regulation of Foxp3 expression is
a major mechanism of IkBys driving Treg cell development
though we cannot formally exclude that indirect mechanisms
involving other IkBys target genes may exist.

In summary, our data highlight the importance of the NF«B
regulator IkBys for the development of thymic derived and
induced Treg cells. A recent study illustrated that Th17 cell
development and function depends on the BCL-3 class protein
kB¢, which shows high sequence similarity to IkBys (Okamoto
et al., 2010). In line with our findings, the group of atypical IkBs
might be of particular importance for the development of distinct
T helper cell subsets and could represent suitable pharmacolog-
ical targets for the treatment of chronic inflammatory diseases.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 Nfkbid~/~ mice and Foxp3°™F-°¢FP (DEREG) mice have been
described previously and were kept under pathogen-free conditions in the
animal facilities of the Heinrich-Heine University Disseldorf and Helmholtz-
Centre for Infection Research (HZI), Braunschweig (Fiorini et al., 2002; Lahl
et al., 2007). Thy1.1 congenic mice were bred in the animal facility at the
HZI, Braunschweig. All animal experiments and breeding were performed in
accordance with the guidelines of national and local authorities.

Generation of Mixed Bone Marrow Chimeric Mice

Bone marrow cells were isolated from femurs and tibias of donor animals
(Nfkbid~/~Thy1.2* and Nfkbid*"*Thy1.1*). C57BL/6 WT recipient mice were
coinjected with 5 x 10° cells of each type 6 hr after sublethal irradiation
(9 Gy). Eight weeks later, mice were sacrificed and analyzed by flow cytometry.

Adoptive Transfer Colitis

Freshly isolated CD4*CD25~ T cells (5 x 10° from C57BL/6 and Nfkbid-
deficient mice were injected intraperitoneally into Rag7’/’ mice in 200 pl of
PBS. CD4*CD25™ T cells were isolated from spleens and lymph nodes by
MACS separation (CD4 T Cell Isolation Kit, CD25-PE Kit, Miltenyi) to a purity
of >98% as evaluated by flow cytometry. WT and IkBns-deficient mice were
obtained from the animal facility of the Heinrich-Heine-University, Disseldorf.
F?ag1’/’ mice were bred at the animal facility of the Charité Berlin. All mice
were kept under specific pathogen-free conditions and used according to
local animal care regulations. Further information can be found online in the
Supplemental Experimental Procedures.

Expansion CD4*CD25™ T Cells

For IP analyses, DNA pull-downs and luciferase assays CD4*CD25~ T cells
were expanded in vitro. Purified T cells (4 x 10°) were resuspended in 4 ml
fully supplemented RPMI and stimulated with 1 pug/ml plate-bound anti-
CD3 (145-2C11, Biolegend) and 2 ng/ml soluble CD28 (eBioscience) in the
presence of 10 ng/ml murine IL-2 (402-ML, R&D) in a 6-well plate. On
day 3, cells were transferred in a total of 15 ml fresh RPMI without antibodies
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and transferred into a 10 cm dish. Cells were used on day 6 for further
experiments.

Luciferase Assays

Luciferase constructs of the Foxp3 locus were a kind gift of Dr. Ye Zheng (Salk
Institute for Biological Studies, La Jolla, CA, USA). Luciferase assays were
performed as described (Polansky et al., 2010).

DNA Pull-Down

For DNA pull-down, cytoplasmic extracts of CD4*CD25~ cells, stimulated for
4 hr with 10 ng/ml PMA and 1 pM ionomycin, were prepared as described
above. Nuclear extracts were prepared using HGMK buffer (0.1% NP-40,
10 mM HEPES, pH7.9, 5 mM MgCl,, 100 mM KCI, 1 mM DTT, 10% glycerol
with inhibitors), and incubated overnight with 8 png DNA-oligo, bound to
paramagnetic streptavidin beads (MyOne Streptavidin C1, Invitrogen).
Unbound proteins were removed and eluates were analyzed by immunoblot-
ting. Sequences for DNA-oligos of CNS3, of the classical kB-site and of
the CD28-responsive element of the IL-2 promoter, were taken from Zheng
et al. (2010) and Touma et al. (2007).

Chromatin Immunoprecipitation

For ChIP analyses, WT and Nfkbid-deficient CD4*CD25~ T cells were
stimulated with 10 ng/ml PMA and 1 pM ionomycin for the indicated times.
ChIP was performed using ChIP-IT® Express Enzymatic kit (Active Motif).
The customer’s procedure was modified to achieve ChIP without crosslinking.
As a result, procedural steps to remove PFA and revert crosslinking were
not performed. After elution of the precipitated promoter DNA, CNS2 and
CNS3 were amplified by PCR. Primer sequences can be found online in the
Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/
10.1016/j.immuni.2012.08.023.
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