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Running title: IκBNS regulates Foxp3 induction 

 

Summary 

Forkhead box P3 positive (Foxp3+) regulatory T (Treg) cells are potent suppressors 

of the immune response and essential regulators of peripheral tolerance. Here we 

show that the atypical inhibitor of NFκB (IκB) protein IκBNS intrinsically drives Foxp3 

expression via association with the promoter and the conserved non-coding 

sequence 3 (CNS3) pioneer element of the Foxp3 locus. Consequently, IκBNS 

deficiency leads to a substantial reduction in Foxp3+ Treg cells in vivo and during 

transforming growth factor-β (TGF-β)-mediated in vitro differentiation. Moreover, 

fewer Foxp3+ Treg cells developed from IκBNS-deficient CD25-CD4+ T cells 

adoptively transferred into immunodeficient recipients leading to exacerbated colitis. 

Importantly, IκBNS was selectively required for the transition of immature 

GITR+CD25+Foxp3- thymic Treg precursors into Foxp3+ cells. In contrast to mice 

lacking c-Rel or Card11, IκBNS-deficient mice do not show a reduction in thymic Tred 

precursor cells. Our results demonstrate that IκBNS critically regulates Treg 

development in the thymus and during gut inflammation, indicating that strategies 

targeting IκBNS could effectively modulate the Treg compartment. 

 

Highlights 

Regulatory T cells are reduced in Nfkbid-deficient mice 

Thymic Treg development is impaired at the precursor stage in Nfkbid-deficient mice 

IκBNS deficiency impairs iTreg induction during gut inflammation 

IκBNS enhances Foxp3 transcription by binding to the Foxp3 locus 
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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 prevents autoimmunity (Sakaguchi et al., 

1995; Sakaguchi et al., 2007). Loss of functional Treg cells leads to a fatal 

autoimmune disease, termed immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked syndrome (IPEX) in humans and the homologous murine 

phenotype scurfy that are due to mutations in the transcription factor 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 naïve 

CD4+Foxp3- T cells into CD4+Foxp3+ cells. This process takes place in tissues such 

as the gut, which need high immune tolerance.  Conversion requires T cell receptor 

(TCR) triggering as well as γc 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 beta 1 (TGF-β1) contributes to Treg cell maintenance and homeostasis 

via Smad3 signaling, as TGF-β1-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-β (Chen et al., 2003). However, in contrast 

to Treg cells developed in vivo, demethylation of CpG sites within the conserved non-

coding 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).  
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The essential signals for thymic nTreg cell development comprise TCR engagement, 

CD28 costimulation and γc 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 IL-2 receptor α-chain 

(CD25) and the glucocorticoid-induced-TNF-receptor (GITR), leading to the 

development of nTreg precursor cells. Subsequently, Foxp3 is induced in 

CD4+CD25+GITR+Foxp3- precursors by γc 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 NFκB (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, NFκB is one of the most important eukaryotic transcription 

factor networks (Baldwin, 1996; Weil and Israel, 2006). Functional NFκB 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 NFκB 

signaling is the activation of the IκB kinase (IKK) complex (Hayden and Ghosh, 

2012). This trimeric protein complex consists of two catalytic subunits, IKKα and 

IKKβ and the scaffold protein IKKγ (Hayden and Ghosh, 2012). The IKKβ subunit of 

active IKK-complexes phosphorylates the cellular inhibitors of NFκB (termed IκBs), 

which sequester NFκB in the cytoplasm by masking the nuclear localization signal. 

Upon phosphorylation, classical IκBs are polyubiquitinated and degraded. Eventually, 
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NFκB translocates to the nucleus and binds to κB-sites on the DNA (Perkins and 

Gilmore, 2006). Classical IκBs are distinguished from the atypical IκB proteins of the 

BCL-3 subfamily, such as BCL-3, IκBζ (encoded by the Nfkbiz gene) and IκBNS 

(encoded by the Nfkbid gene) (Hayden and Ghosh, 2012). The latter proteins are not 

degraded after NFκB activation, but are highly induced and, notably, act as 

transcriptional modulators with inductive and repressive capacities by binding to 

NFκB transcription factors in the nucleus (Ghosh and Hayden, 2008; Mankan et al., 

2009). 

Essential for nTreg lineage commitment is a protein kinase C-Θ-activated complex 

formed by Carma1 (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 of mature 

Treg cell numbers (Molinero et al., 2009) As the CBM complex is proximal to the 

TCR constitutively active IKKβ rescues the induction of Foxp3 in Card11-deficient 

Treg precursor cells (Long et al., 2009). Regarding distal NFκB 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 IκB proteins contribute to Treg cell development 

has not been analyzed yet. 

The function of the BCL-3 subfamily protein IκBNS is almost 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 Vβ usage are affected by 

Nfkbid deficiency, but CD8+ T cells of Nfkbid-deficient mice show reduced IL-2 and 
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IFN-γ 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 their increase due to impaired transition into Foxp3+ Treg cells. 

Moreover, IκBNS 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 IκBNS as a crucial regulator of Foxp3 induction 

during Treg cell development and Treg cell generation under conditions of chronic 

inflammation. 
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Results 

 

IκBNS intrinsically controls Treg 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 IκBNS 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 development of conventional T cells (Fig. S1A 

and S1B) (Kuwata et al., 2006; Touma et al., 2007). We asked whether IκBNS is 

crucial for directing autoreactive T cells to the Treg cell lineage and determined Treg 

cell frequencies by intracellular staining of Foxp3 in Nfkbid-deficient and wildtype 

mice. Nfkbid-deficient mice displayed a reduction of Treg cells in thymus, spleen, 

mesenteric and peripheral lymph nodes (Fig. 1A and 1B). In line with reduced Treg 

cell frequencies, their total number was diminished in Nfkbid-deficient mice as well 

(Fig. 1B). Numbers and frequencies of the total CD4+ T cell compartment were 

comparable between Nfkbid-deficient and wildtype mice (Fig. 1C). Moreover, 

frequencies of Foxp3+ Treg cells in wildtype, heterozygous and Nfkbid-deficient 

littermate mice were significantly different in thymus, mesenteric and peripheral 

lymph nodes indicating that IκBNS modulates the generation of Treg cells in a dose-

dependent manner (Fig. S1C) without affecting the total CD4+ T cell compartment 

(Fig. S1D). In addition, the activation status of conventional T cells assessed by 

CD62L and CD44 expression was similar in Nfkbid-deficient mice (Fig. S1E and 

S1F).	  
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To determine whether IκBNS affects Treg cell generation by extrinsic factors or an 

intrinsic mechanism, mixed bone-marrow chimeric mice were generated. 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 (Fig. 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% (Fig. 1E). As the presence of wildtype T cells could not overcome 

Nfkbid-deficiency in mixed bone marrow chimeric mice, IκBNS intrinsically regulates 

Treg cell development. 

 

IκBNS deficiency does not enhance Treg apoptosis or reduce Treg proliferation  

NFκB 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 proliferation or enhanced apoptosis, Nfkbid-deficient mice were 

crossed with Foxp3DTR-eGFP reporter mice, allowing analysis of non-fixed Treg cells. 

Similar to non-reporter mice, Treg cell frequencies were reduced in Nfkbid-/-Foxp3DTR-

eGFP compared to Nfkbid+/+Foxp3DTR-eGFP mice (Fig. S2A). The rates of apoptosis, 

analyzed by the frequencies of early apoptotic (AnnexinV+7AAD-) and late apoptotic 

(AnnexinV+7AAD+) CD4+GFP+ Treg cells were comparable between wildtype and 

Nfkbid-/- mice (Fig. 2A and 2B, Fig. S2B). To corroborate this data, Treg cell viability 

was also measured by staining with tetramethylrhodamine ethyl ester (TMRE). Cells 

that have lost mitochondrial membrane integrity during early apoptosis appear as 

TMRE low. In agreement with AnnexinV/7AAD analyses, no significant difference 

between Treg cells of Foxp3DTReGFPNfkbid+/+ and Foxp3DTReGFPNfkbid-/- mice was 

detectable (Fig. 2C). Also cell death of CD4+Foxp3- conventional T cells was 

unaffected by Nfkbid deficiency (Fig. 2A to 2C). 
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Previous studies reported reduced proliferation of Nfkbid-deficient conventional T 

cells upon stimulation via CD3 and CD28 in vitro (Touma et al., 2007). Thus, the 

possibility of defective Treg cell proliferation was analyzed by the expression of the 

Ki67 proliferating marker, which is downregulated in the G0-arrest. Remarkably, 

Foxp3+ Treg cells of the thymus and peripheral lymphoid organs from Nfkbid-

deficient mice displayed increased frequencies of Ki67-positive cells (Fig. 2D and 

2E). To confirm this data, mice were fed orally with BrdU, which is incorporated into 

the DNA in the S-phase. Corresponding to the Ki67 analyses, peripheral Nfkbid-

deficient Treg cells displayed increased BrdU incorporation (Fig. S2C and S2D). 

Proliferation of conventional T cells was unaffected in vivo (Fig. 2D, 2E, S2C, S2D). 

Taken together, Nfkbid-deficient mice displayed neither increased basal apoptosis 

nor decreased proliferation of Treg cells, but a certain increase of proliferation. 

 

Nfkbid-deficient naïve T cells display reduced Foxp3 induction upon TGF-β 

treatment or adoptive transfer into Rag1-/- mice 

As steady state generation of Treg cells was impaired upon Nfkbid deficiency, we 

analyzed whether IκBNS affects iTreg cell generation. Purified Nfkbid-deficient 

CD4+CD62L+CD25- naïve T cells stimulated in vitro with low dose TGF-β in the 

presence of IL-2 commenced less Foxp3 expression compared to wildtype cells (Fig. 

3A). In the latter, IκBNS was induced in the early stages of TGF-β treatment (Fig. 

S3A). High TGF-β concentrations, however, could overcome Nfkbid deficiency 

(Fig. 3A). Staining of Ki67 revealed again that the reduced amount of Foxp3 

expressing cells was not the result of a proliferation defect (Fig. 3B). As in vitro 

differentiation implied impaired iTreg cell development, naïve CD25-CD4+ T cells 

from wildtype or Nfkbid-deficient mice were adoptively transferred into Rag1-/- mice 

and Treg cell development in the gut was monitored. Flow cytometric analysis of 
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lamina propria mononuclear cells (LPMC) revealed that CD4+Foxp3+ Treg cells 

barely developed from Nfkbid-deficient T cells, whereas approximately 6% of Treg 

cells originated from wildtype cells (Fig. 3C). Accordingly, reduced frequencies and 

absolute numbers of Foxp+ Treg cells were found in histological analyses (Fig. 3D). 

In contrast, frequencies of total CD4+ T cells in the LPMCs (Fig. S3B) and IFNγ 

producers were comparable between both groups (Fig. 3E). Although the amount of 

CD4+ T cells and induction of IFNγ producers was identical, Rag1-/- mice that had 

received Nfkbid-deficient T cells showed signs of severe colitis compared to control 

recipients, as revealed by stronger leukocyte infiltration into the large intestine 

(Fig. 3F). Histopathology revealed severe inflammation in the group of Nfkbid-

deficient T cell recipients, compared to recipients of wildtype T cells (Fig. 3G). 

Accordingly, weight loss was exacerbated upon transfer of Nfkbid-deficient T cells 

(Fig. 3H and S3C), associated with increased colon shortening (Fig. S3D) and severe 

diarrhea (Fig. S3E). There was no statistical difference in the IL-6 release between 

both groups, but IFNγ amounts in colon sections of recipients of Nfkbid-deficient T 

cells were elevated, reflecting enhanced inflammation (Fig. 3I). These experiments 

illustrate that IκBNS was required for Foxp3 induction upon TGF-β treatment and 

adoptive transfer. 

 

IκBNS
 does not modulate the suppressor function of mature Tregs 

The data above indicated impaired induction of Foxp3 in Nfkbid-deficient mice. To 

elucidate whether IκBNS is crucial for function and maintenance of mature Treg cells 

the expression of Treg cell signature proteins CD25 (IL-2Rα), GITR, Foxp3, CD122 

(IL-2Rβ) and CTLA-4 in Treg cells from Nfkbid-deficient and wildtype mice was 

examined. Mean-fluorescent intensities were comparable in CD4+Foxp3+ cells 
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obtained from thymus, spleen, peripheral and mesenteric lymph nodes of Nfkbid-

deficient and wildtype mice (Fig. 4A and 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 exclusively 

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 wildtype mice (Fig. 4B), the purity of the 

isolated populations was determined by staining for Foxp3 (Fig. S4B) and CNS2 

methylation status was analyzed as previously reported (Floess et al., 2007; 

Polansky et al., 2008). Both genotypes displayed full CNS2 methylation in 

CD4+CD25- T cells and similar demethylation of CNS2 in CD4+CD25+ Treg cells (Fig. 

4C and Fig. S4C). Furthermore, the suppressive capacity of mature CD25+ Treg cells 

in vitro isolated from Nfkbid-deficient and wildtype mice was comparable (Fig. 4D and 

4E). Taken together, we found no evidence that IκBNS affects phenotype or function 

of mature Treg cells. 

 

IκBNS is expressed by Treg precursor cells and controls their transition into 

mature Tregs  

A previous study reported that Nfkbid is directly repressed by a Foxp3/AP-1 complex 

(Marson et al., 2007). In line, IκBNS expression was not inducible via CD3/CD28/IL-2 

stimulation in purified Treg cells in contrast to conventional T cells (Fig. 4F) (Touma 

et al., 2007). As IκBNS is suppressed in mature Treg cells, but mixed bone-marrow 

chimeric mice demonstrated that IκBNS intrinsically regulates Treg cell development 

(Fig. 1D and 1E), we speculated that IκBNS is expressed during thymic Treg cell 

maturation. To this end, we purified thymocytes according to the developmental 
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sequence of the two-step model (Fig. S5A). Strikingly, IκBNS was strongly expressed 

in CD4+CD25+GITR+Foxp3- nTreg precursor cells and declined upon Foxp3 induction 

(Fig. 5A). In contrast, c-Rel expression was maintained after transition of nTreg 

precursor cells into Foxp3+ Treg cells (Fig. 5A). Of note, Card11-deficient and Rel-

deficient mice display a reduction of precursors contributing to Treg cell reduction in 

these mice (Grigoriadis et al., 2011; Molinero et al., 2009). However, we found a 

significant increase in the frequencies of nTreg precursor cells in thymi of Nfkbid-

deficient mice (Fig. 5B and 5C), indicating 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 wildtype littermates (Fig. 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 IκBNS deficiency indeed regulates 

transition of precursors into mature Treg cells, Nfkbid-/-Foxp3DTR-eGFP and 

Nfkbid+/+Foxp3DTR-eGFP reporter mice were used for IL-2-induced transition in vitro. Of 

note, increased frequencies of GFP- Treg precursor cells were detected in 

Nfkbid-/-Foxp3DTR-eGFP mice as in non-reporter mice excluding influences by the BAC 

transgene (Fig. S5B). Upon IL-2 treatment of isolated CD8-CD4+GITR+CD25+GFP- 

Treg precursor cells less than 25% of Nfkbid-deficient cells turned into Foxp3+ 

mature Treg cells, whereas about 40% of Nfkbid+/+ precursor cells were converted 

(Fig. 5F and 5G). Despite a mild difference in CD122 expression, steady state 

phosphorylation of STAT5 in Treg precursor cells from wildtype and Nfkbid-deficient 

mice was similar, (Fig. S5C), indicating normal IL-2 signal transduction in Nfkbid-

deficient T cells. 
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IκBNS interacts with p50 and c-Rel and binds to the Foxp3 promoter and CNS3 

To investigate how IκBNS controls Treg cell development, we asked whether it binds 

directly to the Foxp3 locus. Since numbers of Treg precursor cells were too low to 

allow for biochemical analyses, IκBNS induction was analyzed in thymic CD4+GITR-

CD25-Foxp3- cells, which give rise to Treg precursor cells, and peripheral 

CD4+CD25- cells. IκBNS was induced by TCR triggering in thymic and peripheral 

CD4+ T cells, but not by CD28 or IL-2 co-stimulation alone (Fig. 6A). Thus, the latter 

cell type was chosen to study the interaction of IκBNS with known NFκB components 

and the Foxp3 locus. Fractionized cell lysis of PMA/ionomycin stimulated CD4+CD25- 

T cells revealed nuclear translocation of p50, p65 and c-Rel (Fig. 6B). IκBNS 

appeared within the first 4 hours of stimulation as a 35 kDa IκBNS protein in the 

cytoplasm and two about 70 kDa IκBNS isoforms in the nucleus simultaneously to c-

Rel (Fig. 6B). Although the 70 kDa isoforms cannot be deduced from the Nfkbid gene 

structure and has not been reported before, its absence in Nfkbid-deficient cells 

indicates that this isoform is an Nfkbid gene product (data not shown). As IκBNS does 

not contain a DNA-binding motif, the protein requires interaction with NFκB subunits 

to associate with DNA. Co-immunoprecipitation from cytoplasmic and nuclear 

extracts of stimulated CD4+CD25- T cells revealed that cytoplasmic 35 kDa IκBNS did 

not interact with any NFκB subunit (Fig. 6C). In the nucleus strong coprecipitation of 

IκBNS with p50 and to a weaker extent with c-Rel was found, whereas no interaction 

with p65 was observed (Fig. 6C). 

NFκB binding to the promoter, CNS2 and CNS3 of the Foxp3 gene has been 

previously described (Long et al., 2009; Ruan et al., 2009; Zheng et al., 2010). We 

found by native chromatin immunoprecipitations binding of IκBNS to the Foxp3 

promoter and CNS3 (Fig. 6D and 6E) and pull-down analyses revealed binding of 
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IκBNS, c-Rel and p50 to the single κB site within CNS3 (Fig. 6F). Two DNA 

sequences of the IL-2 promoter, a classical κB-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 IκBNS deficiency for the transcriptional activity was 

addressed in T cells isolated from wildtype 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 CNS3, transcription is not enhanced (Fig. 6G), as the pioneer element 

functions as a chromatin opener of the Foxp3 locus (Zheng et al., 2010). However, 

when the promoter was fused to the CNS2 enhancer segment strong luciferase 

activity is observed (Zheng et al., 2010), which is reduced by about 50% in 

Nfkbid-deficient T cells (Fig. 6G). Taken together, IκBNS directly regulates Foxp3 

induction in T cells. 
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Discussion 

Recent studies revealed the importance of NFκB signaling for Treg cell generation, 

but the participating proteins remain largely unknown (Lu and Rudensky, 2009). This 

study shows that the atypical IκB protein IκBNS (the Nfkbid gene product) regulates 

Foxp3 expression leading to a reduction of mature Treg cells in Nfkbid-deficient mice 

by about 50%.	  Furthermore, we demonstrated IκBNS expression during thymic nTreg 

cell development and upon TGF-β treatment of naïve cells. Consequently, Nfkbid-

deficient T cells showed reduced induction of Foxp3 when stimulated with low doses 

of TGF-β. Moreover, less Foxp3 expressing cells developed from adoptively 

transferred Nfkbid-deficient conventional cells. Frequencies of IFNγ 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. As expression of Treg cell signature proteins, TSDR 

methylation and suppressive activity of Treg cells from Nfkbid-deficient and wildtype 

mice are comparable, IκBNS seems dispensable for maintenance of mature Treg 

cells, which is supported by the fact that IκBNS itself is suppressed in mature Treg 

cells (Marson et al., 2007). Interestingly, Nfkbid-deficient Treg cells display mildly 

stronger proliferation compared to wildtype cells as assessed by Ki67 and BrdU 

staining. Although apoptosis is not increased Nfkbid-deficient Treg cells, they are 

reduced in absolute numbers. Most likely, Nfkbid-deficient Treg cells try to 

compensate the reduced generation by undergoing enhanced homeostatic 

proliferation. However, as the starting population is massively reduced homeostatic 

proliferation is insufficient to restore normal Treg cell numbers before undergoing 

apoptosis. 
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Previous work concluded that Carma1/Card11 is necessary for generation of Treg 

precursor cells, which are almost completely abolished in Card11-deficient mice 

(Barnes et al., 2009; Molinero et al., 2009). Similarly, c-Rel-deficient mice display 

less Treg precursor cells (Grigoriadis et al., 2011). We present evidence that IκBNS, 

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 development is delayed, IκBNS deficiency causes an increase of precursor 

cells. NFκB 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). Accordingly, current models suggest NFκB to be a pioneer transcription factor 

activated upon initial TCR stimulation. Thus, in addition to the direct control of Foxp3 

expression NFκB renders the locus responsive for secondary transcription factors 

activated e.g. by γc cytokines (Hori, 2010; Hsieh, 2009). An obvious consequence of 

this model is reduced responsiveness of Treg precursor cells to γc cytokines, when 

the instructive NFκB signal is impaired. In line with this prediction, we demonstrated 

that IκBNS is required for Foxp3 induction upon IL-2 treatment of 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 c-Rel-deficient precursors phosphorylation of STAT5 was impaired (Grigoriadis et 

al., 2011), while we found no evidence for altered phosphorylation of STAT5 in 

Nfkbid-deficient precursors. Regarding the functional differences of Carma1, c-Rel 

and IκBNS, it is conceivable that those proteins are sequentially activated during 

nTreg generation. The activity of Carma1 is essential for Treg cell precursor 

generation (Barnes et al., 2009), IκBNS forces transition into mature Treg cells and 
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c-Rel is participating in both processes (Grigoriadis et al., 2011). Therefore, NFκB 

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 (Long et al., 2009; Ruan et al., 2009; Zheng et al., 2010). We 

detected binding of IκBNS to the promoter and CNS3 using chromatin 

immunoprecipitation. Moreover, transcriptional activity in Nfkbid-deficient T cells is 

reduced as assessed by reporter gene assays. Thus, binding of IκBNS to the 

promoter is necessary for full transcriptional activation of the Foxp3 locus. Via DNA-

pulldown experiments we additionally found binding of IκBNS, p50 and c-Rel to CNS3. 

As this segment is thought to be an origin of chromatin opening during Foxp3 

induction, it is likely that IκBNS participates in that process. This idea is further 

supported by previous studies, which demonstrated that atypical IκBs interact with 

chromatin remodeling enzymes (Dechend et al., 1999). Since Foxp3 is the master 

transcription factor for Treg cell development and function, we conclude that 

regulation of Foxp3 expression is a major mechanism of IκBNS driving Treg cell 

development though we cannot formally exclude that indirect mechanisms involving 

other IκBNS target genes may exist.  

Taken together, our study highlights IκBNS as an important transiently expressed 

factor for the development of thymic derived and induced Tregs. A recent study 

illustrated that Th17 cell development and function depends on the BCL-3 class 

protein IκBζ, which shows high sequence similarity to IκBNS (Okamoto et al., 2010). 

In line with our findings, the group of atypical IκBs might be of particular importance 

for the development of distinct T helper cell subsets and could represent suitable 

pharmacological targets for the treatment of chronic inflammatory diseases. 
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Experimental Procedures 

Mice 

C57BL/6 Nfkbid-/- mice and Foxp3DTR-eGFP (DEREG) mice have been described 

previously and were kept under pathogen-free conditions in the animal facilities of the 

Heinrich-Heine University Düsseldorf 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+). 5*106 cells of each type were coinjected into C57BL/6 

wildtype recipient mice 6 hours after sublethal irradiation (9 Gy). 8 weeks later, mice 

were sacrificed and analyzed by flow cytometry. 

 

Adoptive Transfer Colitis 

Freshly isolated CD4+CD25- T cells (5*105) from C57BL/6 and Nfkbid-deficient mice 

were injected intraperitoneally into Rag1-/- mice in 200 µl 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. Wildtype and IκBNS-deficient mice were obtained from the animal facility of 

the Heinrich-Heine-University, Düsseldorf. Rag1-/- 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 supplementary experimental procedures. 
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Expansion CD4+CD25- T cells 

For IP analyses, DNA pull-downs and luciferase assays CD4+CD25- T cells were 

expanded in vitro. 4*106 purified T cells were resuspended in 4 ml fully supplemented 

RPMI and stimulated with 1 µg/ml plate-bound anti-CD3 (145-2C11, Biolegend) and 

2 µg/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 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 hours 

with 10ng/ml PMA and 1 µM ionomycin were prepared as described above. Nuclear 

extracts were prepared using HGMK buffer (0.1% NP-40, 10 mM HEPES, pH7.9, 5 

mM MgCl2, 100 mM KCl, 1 mM DTT, 10% glycerol with inhibitors) and incubated 

overnight with 8 µg DNA-oligo, bound to paramagnetic streptavidin beads (MyOne 

Streptavidin C1, Invitrogen). Unbound proteins were removed and eluates were 

analyzed by immunoblotting. Sequences for DNA-oligos of CNS3, of the classical κB-

site and of the CD28-responsive element of the IL-2 promoter were taken from Zheng 

et al. (2010) and Touma et al. (2007). 
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Chromatin Immunoprecipitation 

For ChIP analyses wildtype and Nfkbid-deficient CD4+CD25- T cells were stimulated 

with 10 ng/ml PMA and 1 µM 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 cross-linking. 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 Supplementary Experimental Procedures. 

 

Supplemental Information 

Supplemental Information includes Supplemental Experimental Procedures and six 

figures and can be found with this article online at http:// 
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Figure 1: Nfkbid-/- mice display reduced Treg cell frequencies and numbers 

(A) Flow cytometric analysis of Treg cell frequencies in the spleen, thymus, 

mesenteric (mLN) and peripheral lymph nodes (pLN) of wildtype (Nfkbid+/+) and 

IκBNS-deficient (Nfkbid-/-) mice assessed by intracellular Foxp3 staining. 

Representative pseudo-color dot plots of Foxp3+ Treg cells within CD4+ cells in eight 

weeks old mice are shown. Numbers indicate the percentages of CD4+Foxp3+ Treg 

cells. (B) Percentages and absolute numbers of Foxp3+ Treg cells within CD4+ cells 

in spleen, thymus, peripheral and mesenteric lymph nodes of wildtype (Nfkbid+/+) and 

IκBNS-deficient (Nfkbid-/-) mice (n=9 each) are shown. (C) Flow cytometric analysis of 

the CD4+ T cell compartment. Percentages and absolute cell numbers in spleen, 

thymus, 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 recipient wildtype recipient mice. Representative pseudo-color 

dot plots of splenic Thy1.1 to Thy1.2 ratio and percentages of CD4+Foxp3+ cells of 

pregated on Nfkbid+/+Thy1.1 or Nfkbid-/-Thy1.2 origin 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 the standard error of the mean. Statistical analyses were performed by 

two-tailed Mann-Whitney tests; α< 0.05; n.s. = not significant. 
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Figure 2: Nfkbid-deficient Tregs 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+/+Foxp3DTR-eGFP compared to Nfkbid-/-Foxp3DTR-

eGFP mice. (B) Statistical summary of apoptosis among GFP+ Treg cells and GFP- 

Tcon cells from the thymus of Nfkbid+/+Foxp3DTR-eGFP (filled bars) and Nfkbid-/-

Foxp3DTR-eGFP (open bars) mice are shown (n=6 for each). AxV-/7AAD- cells are living 

cells, AxV+/7AAD- early apoptotic and AxV+/7AAD+ late apoptotic cells. (C) Treg cells 

and Tcon cells from spleen, thymus, peripheral and mesenteric lymph nodes from 

Nfkbid+/+Foxp3DTR-eGFP and Nfkbid-/-Foxp3DTR-eGFP mice (n=6 for each) were stained 

with TMRE to assess mitochondrial integrity. Statistical summary 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, peripheral 

and mesenteric lymph nodes. Representative histogram overlays of cells from 

wildtype (red line), heterozygous (blue line) and Nfkbid-deficient (green line) mice are 

shown. (E) Statistical analysis of Ki67 positive cells among pregated CD4+Foxp3+ 

Treg cells and CD4+Foxp3- Tcon cells of wildtype (Nfkbid+/+; n=3), heterozygous 

(Nfkbid+/-; n=4) and IκBNS-deficient (Nfkbid-/-; n=5) mice are shown. For B, C and E 

error bars display the standard error of the mean. Statistical analyses were 

performed by two-tailed Mann-Whitney tests; α< 0.05. n.s. = not significant. 

 

Figure 3: IκBNS deficiency impairs TGF-β mediated induction of Foxp3 and 

iTreg cell development from adoptively transferred Tcon cells 

(A) Purified naïve CD4+CD62L+CD25- cells were treated with the indicated TGF-β 

concentrations in the presence of 10 ng/ml IL-2. Statistical summary of Foxp3+ cells 

analyzed by flow cytometry at days 1, 3 and 5 is shown. Filled bars represent 
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wildtype, open bars indicate Nfkbid-deficient cells. (B) Flow cytometry analyses of 

Ki67 expressing cells pregated to in vitro induced Foxp3+ and Foxp3- cells (n=6). Red 

indicates wildtype, blue 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 pseudo-color dot-plots of CD4+Foxp3+ Treg cells from the lamina 

propria pregated on CD4+ T cells and a statistical summary graph are shown. (D) 

Frequency and number of Treg cells in colon sections analyzed by immunohistology 

of Nfkbid+/+ (n=9) or Nfkbid-/- (n=5) origin. Number of cells per 10 high power fields 

(HPF) is shown.  (E) Representative pseudo-color dot-plots of CD4+IFNγ+ T cells 

pregated on CD4+ T cells from transferred Nfkbid+/+ and Nfkbid-/- T cells from the 

lamina propria and a statistical summary graph are shown. Numbers indicate the 

percentages of CD4+IFNγ+ T cells. (F) Representative hematoxylin and eosin stained 

colon sections from Rag1-deficient mice injected with PBS, wildtype (Nfkbid+/+) T 

cells or IκBNS-deficient (Nfkbid-/-) T cells are shown. Scale = 100 µm (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 the standard error of the mean. (H) Normalized weights of Rag1-

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 the standard error of the 

mean. (I) Release of pro-inflammatory cytokines was determined by bead-based 

assays. IFNγ and IL-6 release in colon cultures of Rag1-deficient mice injected with 

Nfkbid+/+ (n=7) or Nfkbid-/- (n=5) T cells are shown. Diagram height indicates the 

mean; error bars represent the standard error of the mean. 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 
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represent the mean; error bars represent the standard error of the mean. Statistical 

analyses were performed by two-tailed Mann-Whitney tests; α< 0.05. n.s. = not 

significant. 

 

Figure 4: IκBNS 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 CD4+Foxp3- conventional 

T cells and CD4+Foxp3+ Treg cells from the spleens of wildtype (Nfkbid+/+) and IκBNS-

deficient Nfkbid-/-) mice are shown (upper panels). Comparison of the mean 

fluorescence intensities (MFI) of CD4+Foxp3+ Treg cells from the spleens of Nfkbid+/+ 

and Nfkbid-/- mice (n=3 each; lower panels). (B) CD4+CD25+ Treg cells and 

CD4+CD25- conventional T cells (Tcon) were sorted by flow cytometry to determine 

the CNS2/TSDR methylation status. Representative pseudo-color dot-plots of CD4 

and CD25 expression from Nfkbid+/+ and Nfkbid-/- male mice are shown. For each 

plot the upper numbers indicate percentages of CD4+CD25+ Treg cells and lower 

numbers are the percentages of CD4+CD25- Tcon cells. Data are representative of 

wildtype (n=4) and Nfkbid-deficient (n=8) cells. (C) Representative CNS2/TSDR 

methylation patterns of purified CD4+CD25+ Treg cells and CD4+CD25- conventional 

T cells isolated as in B. Amplicons are vertically arranged, each representing a single 

CpG-motif. Color code indicates the percentage of CNS2/TSDR methylation in the 

purified population according to the scale. Data are representative for 3 independent 

experiments. (D) The suppressive capacity of IκBNS-deficient (Nfkbid-/-) Tregs 

compared to wildtype (Nfkbid+/+) Tregs was analyzed in vitro. Representative 

histogram overlays of CFSE-labeled wildtype conventional T cells (Tcon) co-cultured 

for 3 days at the indicated ratios with Treg cells of Nfkbid+/+ and Nfkbid-/- mice are 
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shown (upper panels). (E) Percentage of proliferating cells and average number of 

cell divisions (proliferation index) are shown (lower panels). Data are representative 

of three independent triplicate measurements. Each symbol represents the mean; 

error bars represent the standard deviation. (F) Expression of IkBNS in purified 

CD4+CD25+ Treg cells and CD4+CD25- Tcon cells, stimulated via CD3, CD28 and 

IL-2, analysed by qPCR (n=4). Error bars display the standard error of the mean. 

Statistical analyses were performed by two-tailed Mann-Whitney tests; α< 0.05. n.s. 

= not significant. 

 

Figure 5:  IκBNS controls transition of immature Treg precursor cells into 

mature regulatory T cells 

(A) Expression of IkBNS (left panel) and c-Rel (right panel) in developmental stages of 

nTreg cell development, analyzed by qPCR (n=4). (B) Representative pseudo-color 

dot-plots of CD25+GITR+ T cells pregated on the CD4+CD8-Foxp3- compartment in 

wildtype (Nfkbid+/+), heterozygous (Nfkbid+/-) and IκBNS-deficient (Nfkbid-/-) mice are 

shown. (C) Increase of Treg precursor cells in Nfkbid-deficient mice. Percentages of 

CD25+GITR+ T cells pregated on the CD4+CD8-Foxp3- compartment in Nfkbid+/+ 

(n=8), Nfkbid+/- (n=10) and Nfkbid-/ (n=10) mice are shown. (D) Percentages of 

Foxp3- Treg precursor cells and Foxp3+ mature Treg cells within the thymic CD8-

CD4+CD25+GITR+ compartment were analyzed by flow cytometry. Representative 

pseudo-color dot-plots of Nfkbid+/+, Nfkbid+/- and Nfkbid-/- mice are shown. Numbers 

on the left indicate percentages of CD4+Foxp3- precursor cells, numbers on the right 

indicate percentages of CD4+Foxp3+ Treg cells. (E) 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 

are shown. (F) Purified Treg precursor cells from Nfkbid-/-Foxp3DTR-eGFP or 
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Nfkbid+/+Foxp3DTR-eGFP mice were stimulated with 100 ng/ml murine IL-2 or left 

untreated for 48 hours. Conversion of Treg precursor cells into mature Treg cells was 

determined by measuring GFP+ cells. Representative zebra-plots of IL-2-treated and 

untreated precursors from Nfkbid-/-Foxp3DTR-eGFP compared to Nfkbid+/+Foxp3DTR-eGFP 

mice are shown. Numbers indicate percentages for each quadrant. (G) Statistical 

summary of conversion of Nfkbid-/-Foxp3DTR-eGFP and Nfkbid+/+Foxp3DTR-eGFP Treg 

precursor cells into mature Treg cells after IL-2 treatment. For A, C, E and G error 

bars indicate the standard error of the mean. For C, E and G each symbol indicates 

an individual mouse. Horizontal lines represent the mean, error bars display the 

standard error of the mean. Statistical analyses were performed by two-tailed Mann-

Whitney tests; α < 0.05. n.s. = not significant.  

 

Figure 6: IκBNS binds to the Foxp3 promoter and CNS3 is induced by CD3 

mediated signals and interact with c-Rel and p50  

(A) Expression of IκBNS in purified 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 IL-2 anti-CD3 or anti-CD28, respectively, analyzed by qPCR. (B) 

NFκB 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 1µM 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 hours with PMA/ionomycin. Cytoplasmic and nuclear 

extracts were used for immunoprecipitation (IP) of IκBNS, c-Rel and p50/p105 with 

rabbit polyclonal antibodies. Co-IP of the proteins was analyzed via immunoblot. (D) 

Chromatin IP using an IκBNS-specific rabbit polyclonal antibody in wildtype and 

Nfkbid-deficient CD4+CD25- Tcon cells, stimulated for the indicated times with 
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PMA/ionomycin. Representative PCR results of amplification of promoter, CNS2 and 

CNS3 are shown. Nfkbid-deficient cells served as controls. (E) Representative qPCR 

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 IκBNS with the single κB 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 NFκB binding site and the CD28 response element of the IL-2 

locus, known to bind IκBNS/p50 and c-Rel, respectively, were used as interaction 

controls. (G) Fold induction of the indicated constructs, nucleofected into wildtype 

(filled bars; n=3) and IκBNS-deficient (empty bars; n=3) CD4+CD25- T cells are 

shown. For B, C, and F each blot is representative of at least 3 independent 

experiments. For A, E and G error bars represent the standard error of the mean. 

Statistical analyses were performed by two-tailed Mann-Whitney tests; α< 0.05. 


