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Abstract

The proto-oncogene c-Maf is a transcription factor that plays a critical role in the differentiation of 

various T helper (TH) cell subsets. The amount of c-Maf increases after stimulation of the T cell 

receptor (TCR), which results in the production of multiple cytokines. We showed that two 

essential regulators of the transcription factor nuclear factor κB (NF-κB), the scaffold protein 

CARMA1 and the kinase IKKβ [inhibitor of NF-κB (IκB) kinase β], are also critical for the 

activation of c-Maf. Although CARMA1 deficiency did not affect the TCR-dependent increase in 

c-Maf abundance in T cells, CARMA1-dependent activation of the IKK complex was required for 

the nuclear translocation of c-Maf and its binding to the promoters of its target genes. Consistent 

with a role for c-Maf in the development of T follicular helper (TFH) cells, which provide help to 

B cells in the germinal centers of the spleen, CARMA1- or IKKβ-deficient mice immunized with 

peptide antigen had defects in the generation of TFH cells, formation of germinal centers, and 

production of antigen-specific antibodies. Together, these data suggest a mechanism by which c-

Maf is regulated during T cell activation and differentiation.

INTRODUCTION

CD4+ T cells, also known as T helper (TH) cells, are key components of the adaptive 

immune response. Once activated through their cell surface T cell receptor (TCR), these 

cells differentiate into various TH subsets, including TH1, TH2, and TH17 cells, as well as 
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regulatory T (Treg) cells, all of which have distinct transcription factors and secrete distinct 

cytokines (1). Initial stimulation of the TCR results in the rapid activation of multiple 

transcription factors, including nuclear factor κB (NF-κB), activator protein 1 (AP-1), and 

nuclear factor of activated T cells (NFAT), which leads to cell proliferation (2). TCR-

induced NF-κB activity has been intensively studied, and multiple signaling molecules 

transduce signals from the TCR to this transcription factor (3, 4). Nuclear localization of 

NF-κB is prevented by its interaction with inhibitor of NF-κB (IκB) proteins. Upon TCR 

stimulation, the IκB kinase (IKK) complex, which consists of the kinases IKKα and IKKβ 
and the regulatory subunit IKKγ (also known as NEMO), phosphorylates IκB proteins, 

which target them for polyubiquitylation and proteasomal degradation (5).

TCR-mediated activation of the IKK complex is controlled by CARMA1 (also known as 

CARD11), a scaffold protein found exclusively in hematopoietic tissues (4). Loss of 

CARMA1 impairs TCR-dependent activation of IKK and the production of the cytokine 

interleukin-2 (IL-2) (6–8), which drives T cell proliferation. We previously showed that 

CARMA1 is indispensible for the TCR-dependent activation of the mitogen-activated 

protein kinase (MAPK) c-Jun N-terminal kinase 2 (JNK2), and that it is required for the 

accumulation of the transcription factors c-Jun and JunB (9, 10) in the nucleus, as well as for 

TH2 cell–associated inflammation (10).

Other studies indicated that CD4+ T cells localized in germinal centers (GCs), called T 

follicular helper (TFH) cells, are distinct from the previously defined TH1, TH2, and TH17 

subsets (11), and that they are essential to provide cognate help to B cells for the generation 

of high-affinity plasma cells and memory cells that are crucial for long-term protection 

against infections (12). Although TFH cells produce IL-21, which is necessary for GC 

formation (11, 13–15), the development of TFH cells also requires IL-21 and the increased 

abundance of the transcription factor c-Maf (16). c-Maf, the cellular homolog of avian viral 

v-maf, is a member of the AP-1 family of proteins, and it contains basic region/leucine 

zipper domains (17). Initially, c-Maf was found to be required for the expression of Il4 in 

TH2 cells (17, 18), but later studies demonstrated that c-Maf protein abundance is also 

increased in other TH subsets, such as TH17 and TFH cells (12, 16, 19, 20). Loss of the gene 

encoding c-Maf results in impaired IL-21 production (16), whereas transduction of CD4+ T 

cells with retrovirus expressing c-Maf results in a marked increase in the numbers of IL-21–

producing cells (20). A biochemical study further demonstrated that c-Maf directly activates 

Il21 expression (21); however, how TCR-dependent signaling regulates c-Maf and IL-21 in 

activated and differentiating T cells is unclear.

Here, we found that CARMA1-deficient CD4+ T cells produced less IL-4 and IL-21 than did 

wild-type cells because they had reduced activation of c-Maf. Although the TCR-dependent 

increase in c-Maf abundance was not affected by the loss of CARMA1, the extent of the 

nuclear localization of c-Maf was reduced, and its DNA binding ability was impaired. We 

found that CARMA1-dependent activation of the IKK complex was required for the nuclear 

translocation of c-Maf and for its binding to the promoters of target genes, such as Il4 and 

Il21. Consistent with previous findings that showed that c-Maf and IL-21 contribute to the 

development of TFH cells and the regulation of humoral immunity, we found that loss of 

CARMA1 or conditional deletion of IKKβ in CD4+ T cells resulted in the generation of 

Blonska et al. Page 2

Sci Signal. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreased numbers of TFH cells and GC B cells, as well as impaired the production of 

antigen-specific antibodies upon immunization of mice with T cell–dependent antigen. 

Therefore, our study suggests a previously uncharacterized mechanism by which the 

CARMA1-IKKβ signalosome contributes to T cell differentiation and the immune response.

RESULTS

Loss of CARMA1 in CD4+ cells leads to reduced production of IL-21

We previously showed that CARMA1 is required mainly for the initial production of IL-4, 

IL-5, IL-10, and IL-13 upon TCR stimulation, and that it directs the differentiation of TH2 

cells (10). To further investigate the role of CARMA1 in TH cell differentiation, we analyzed 

the expression profiles of 26 cytokines and inflammatory proteins in TCR-stimulated CD4+ 

splenocytes isolated from CARMA1-deficient mice and wild-type control mice. We used the 

multiplex suspension array system formatted on magnetic beads, which enables the 

simultaneous detection of multiple biomarkers in the same sample and their quantification 

based on mean fluorescence intensity (MFI). We found that CARMA1 deficiency affected 

not only the initial (first 48 hours) release of IL-4 as reported previously (10) but also the 

release of IL-21 and CD40 ligand (CD40L) (fig. S1A). Although both of these proteins 

provide a costimulatory signal for B cells, IL-21 supports the development of TFH cells and 

the formation of GCs in response to T cell–dependent antigens (11, 13). Thus, we decided to 

determine the molecular mechanism by which CARMA1 regulated IL-21 production. First, 

we used enzyme-linked immunosorbent assay (ELISA) to investigate whether IL-21 

production depended on CARMA1, and we found that CARMA1-deficient CD4+ 

splenocytes secreted reduced amounts of this cytokine compared to wild-type cells upon 

TCR stimulation (Fig. 1A). We also tested whether a deficiency in the direct CARMA1-

binding partner, Bcl10, resulted in a similar defect. Indeed, TCR-stimulated CD4+ 

splenocytes isolated from Bcl10-deficient mice produced less IL-21 than did control cells 

from wild-type mice (fig. S1B).

Previous studies indicated that Il21 expression is dependent on c-Maf (16, 21). Activation of 

the Il4 promoter also requires c-Maf (17, 18), and c-Maf–deficient mice have impaired IL-4 

production compared to that of wild-type mice (18). Therefore, we hypothesized that 

CARMA1 might be involved in the regulation of c-Maf after TCR stimulation. Because 

naïve T cells do not have detectable amounts of c-Maf, and because c-Maf protein 

abundance is slowly increased after TCR stimulation, we activated CD4+ splenocytes with 

plate-bound anti-CD3 and anti-CD28 antibodies for 2 days. We found that c-Maf protein 

was similarly abundant in wild-type and CARMA1-deficient cells (Fig. 1B), which suggests 

that c-Maf abundance is regulated by a CARMA1-independent mechanism. These results 

were also confirmed by real-time polymerase chain reaction (PCR) analysis (Fig. 1C and fig. 

S2). Next, we performed a chromatin immunoprecipitation (ChIP) assay to examine the 

binding of c-Maf to the c-Maf response element (MARE) motif in the promoters of Il21 and 

Il4 in TCR-stimulated CARMA1-deficient cells. Because the expression of Maf gene is 

enhanced by IL-6 (Fig. 1C) (22), we activated CD4+ splenocytes with plate-bound anti-CD3 

and anti-CD28 antibodies in the presence of IL-6 for 18 hours, precipitated c-Maf–DNA 

complexes with antibody against c-Maf, and then analyzed the samples by real-time PCR 
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(Fig. 1, D and E). We found that recruitment of c-Maf to the promoters of both Il21 and Il4 
was induced in stimulated wild-type cells, but not in CARMA1-deficient cells. These results 

suggest that the activity of c-Maf, but not its abundance, is dependent on CARMA1.

CARMA1 is required for the binding of c-Maf to DNA

To further confirm the critical role of CARMA1 in c-Maf activation, we determined the 

extent of binding of this transcription factor to the MARE motif by electrophoretic mobility 

shift assay (EMSA). We activated CD4+ T cells under TH2-differentiating conditions for 48 

hours (Fig. 2A) or stimulated the cells in the presence of IL-6 for 18 hours (Fig. 2B), and 

then prepared extracts of nuclear proteins. Consistent with the data obtained from the ChIP 

assays, we found that the DNA binding activity of c-Maf was markedly inhibited in 

CARMA1-deficient cells under all tested conditions. We performed similar experiments 

with cell lines stably transfected with plasmid encoding c-Maf (fig. S3). Under these 

conditions, we could reduce the stimulation time to 1 to 2 hours, and the cells were activated 

in the absence of exogenous and endogenous cytokines. Again, we showed that the DNA 

binding activity of c-Maf was defective in CARMA1-deficient cells stimulated with anti-

CD3 and anti-CD28 antibodies or with phorbol 12-myristate 13-acetate (PMA) and 

ionomycin (P/I) (Fig. 2, C and D). The specificity of the binding of c-Maf to the probe was 

confirmed by supershift assay with a c-Maf–specific antibody (Fig. 2C). Further super-shift 

analysis revealed that c-Maf dimerized with other AP-1 transcription factors, mainly c-Fos 

(Fig. 2E), and that c-Fos abundance was intact in CARMA1-deficient cells (Fig. 2F). We 

also observed a similar distribution of c-Maf and c-Fos in sucrose gradients prepared from 

activated Jurkat cells (Fig. 2G). Furthermore, we found a signal-dependent enrichment of c-

Maf in high–molecular mass fractions, and this effect was not observed in CARMA1-

deficient cells. Together, our data suggest that c-Maf activity is dependent on TCR signaling 

mediated by CARMA1.

The kinase activity of IKKβ is required for c-Maf activation

c-Maf, a member of the Maf protein family, is highly phosphorylated, and multiple 

phosphorylation events affect the stability, transactivation, and extent of DNA binding of 

Maf proteins (23–25). Although phosphorylation-dependent binding of c-Maf to DNA has 

not been shown previously, to our knowledge, one study reported that the dephosphorylation 

of MafA, another Maf family member, completely abolished its DNA binding activity (24). 

Therefore, we compared the c-Maf phosphorylation status in a c-Maf–expressing Jurkat cell 

line and in its CARMA1-deficient clone. To protect the phosphorylated c-Maf from 

endogenous phosphatases, we prepared whole-cell lysates in the presence of the phosphatase 

inhibitor sodium orthovanadate (Na3VO4) because a previous study indicated that Na3VO4 

efficiently blocks endogenous phosphatases that target Maf (24). Upon treatment with P/I, 

we observed a substantial band shift in c-Maf in Jurkat cells, whereas there was a reduced 

band shift in CARMA1-deficient cells (Fig. 3A), suggesting that the modification of c-Maf 

was partially dependent on CARMA1. To confirm that the difference in the protein mobility 

was a result of phosphorylation, we treated the cell lysates with shrimp alkaline phosphatase 

(SAP) before performing Western blotting analysis. Indeed, this treatment reduced the c-Maf 

band shift in the stimulated samples (Fig. 3A).
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CARMA1 mediates the activation of two kinases, IKK and JNK, which, in turn, activate NF-

κB and the AP-1 family members c-Jun and JunB (Fig. 3B) (26). Therefore, we tested the 

effect of a JNK inhibitor (SP600125), a small-molecule inhibitor of IKKβ (TPCA-1), and an 

inhibitor of the nuclear translocation of NF-κB on the DNA binding activity of c-Maf. Gel-

shift analysis revealed that the IKKβ inhibitor blocked the anti-CD3–and anti-CD28–

dependent DNA binding activity of c-Maf in Jurkat cells, whereas the JNK and NF-κB 

inhibitors had no effect (Fig. 3C, upper panel). We also confirmed that only the IKK 

inhibitor blocked the kinase activity of IKK and suppressed the phosphorylation of IκBα 
(Fig. 3C, lower panel). These results suggest that the kinase activity of IKK is critical for the 

optimal phosphorylation of c-Maf and its DNA binding ability. Indeed, dephosphorylation of 

c-Maf with SAP completely diminished its binding to DNA (Fig. 3D). Western blotting 

analysis confirmed that both SAP and the IKK inhibitor reduced the extent of the band shift 

of c-Maf in acrylamide gels in samples from c-Maf–expressing Jurkat cells activated with 

P/I (Fig. 3E).

Our data also suggested that IKK regulated the activity of c-Maf in an NF-κB–independent 

manner. This conclusion was supported by experiments with cells expressing a mutant form 

of IκBα, known as a super-repressor (IκBα-S32A/S36A), which cannot be phosphorylated 

by the IKK complex, and thus cannot be degraded. This IκBα mutant completely blocked 

TCR-induced NF-κB activation but had no effect on the DNA binding activity of c-Maf 

(Fig. 3F). To further confirm our findings in primary T cells, we activated mouse CD4+ 

splenocytes with plate-bound anti-CD3 and anti-CD28 antibodies together with IL-6 in the 

presence of inhibitors of JNK, IKK, and extracellular signal–regulated kinase (ERK) for 18 

hours (Fig. 3G). We included the ERK inhibitor PD98059 as a control because previous 

studies suggested that ERK phosphorylates Maf proteins (27) and that ERK activation does 

not depend on CARMA1 (7). Again, we found that the IKK inhibitor blocked the DNA 

binding activity of c-Maf in stimulated cells (Fig. 3G, left). Moreover, we observed a 

substantial reduction in the DNA binding ability of c-Maf in cells activated for 3 days and 

that had high amounts of c-Maf (Fig. 3G, right). As a consequence, prolonged suppression 

of c-Maf activity by the IKK inhibitor resulted in a substantial reduction in the amounts of 

IL-21 and IL-4 secreted by CD4+ T cells compared to those secreted by control cells (Fig. 

3H).

CARMA1- and IKK-dependent modification of c-Maf contributes to its cellular localization

Our data suggest that IKK activity is involved in the activation of c-Maf. To support this 

finding, we decided to knock down the IKKα and IKKβ subunits of the IKK complex in c-

Maf–expressing Jurkat cells and to determine the extent of the DNA binding activity of c-

Maf in these cells upon TCR stimulation. We achieved knockdown of IKK subunits with 

several different specific short hairpin RNAs (shRNAs) in Jurkat cells (fig. S4), and we 

selected the cells with the greatest knockdown efficiency for the DNA binding experiments. 

We found that those cells in which IKKβ was knocked down also exhibited impaired DNA 

binding activity by c-Maf (Fig. 4A).

To provide further evidence that IKK activity was required for the DNA binding ability of c-

Maf, we stably expressed a constitutively active mutant IKKβ (IKKβ-SSEE) (28) in c-Maf–
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expressing, CARMA1-deficient Jurkat cells. Although expression of IKKβ-SSEE alone did 

not stimulate the binding of c-Maf to MARE motifs in CARMA1-deficient cells, it rescued 

the DNA binding activity of c-Maf in these cells upon stimulation with anti-CD3 and anti-

CD28 antibodies (Fig. 4B). These results suggest that activated IKKβ was not sufficient to 

induce the binding of c-Maf to the DNA probe containing the MARE motif, and that other 

phosphorylation events may be required to fully induce binding of c-Maf to DNA upon 

costimulation through CD3 and CD28. Indeed, SAP treatment of nuclear extracts of 

stimulated cells expressing constitutively active IKKβ inhibited the binding of c-Maf to 

DNA (Fig. 4C).

We observed that CARMA1-deficient cells expressing IKKβ-SSEE had increased amounts 

of nuclear c-Maf (Fig. 4B) but lacked cytosolic c-Maf (Fig. 4D), which suggests that IKKβ 
might promote the translocation of c-Maf to the nucleus. To test this hypothesis, we 

examined the cellular localization of endogenous c-Maf upon depletion of IKKβ in Ikk2F/F 

CD4+ T cells. First, we stimulated the purified CD4+ cells with plate-bound anti-CD3 and 

anti-CD28 antibodies in the presence of IL-4 for 5 days. Conditional deletion of loxP-

flanked Ikk2 alleles was performed in vitro by transduction of CD4+ splenocytes with a Cre-

expressing retrovirus. We found that decreased IKKβ abundance correlated with the reduced 

amount of c-Maf in the nucleus (Fig. 4E). Next, we examined the amounts of endogenous c-

Maf in the nuclear and cytoplasmic fractions of CARMA1-deficient CD4+ splenocytes (Fig. 

4F). Consistent with our earlier data, we found that upon initial stimulation of CD4+ T cells 

with antibodies against CD3 and CD28, the translocation of c-Maf to the nucleus was more 

efficient in wild-type cells than in CARMA1-deficient cells. These results suggest that the 

CARMA1-mediated activation of IKKβ plays an important role in the proper cellular 

localization of c-Maf. However, the remaining question was whether c-Maf served as a 

direct substrate for IKKβ. To test this possibility, we performed an in vitro kinase assay (fig. 

S5). Because we did not observe c-Maf phosphorylation in the presence of activated IKKβ, 

we conclude that IKK regulates c-Maf indirectly and that other kinases may be involved in 

this process.

CARMA1 contributes to the development of TFH cells and formation of GCs after 
immunization with ovalbumin

Our data collectively suggest that CARMA1 is likely involved in the generation of IL-4– and 

IL-21–producing T cells through c-Maf. Because c-Maf, as well as IL-21, plays an essential 

role in the generation of TFH cells (16), we hypothesized that CARMA1 might be required 

for the antigen-dependent development of these cells. To investigate this possibility, we 

compared the numbers of TFH cells, defined as CD4+CXCR5+Bcl6+ cells, in the spleens of 

wild-type and CARMA1-deficient mice immunized with ovalbumin (OVA) peptide (Fig. 

5A). Indeed, we found that CARMA1-deficient mice exhibited substantially reduced 

percentages of TFH cells 7 days after immunization. Consistent with these data, CD4+ T 

cells from immunized CARMA1-deficient mice were unable to proliferate in response to 

OVA peptide in vitro (Fig. 5B) or to produce IL-21 upon restimulation with OVA peptide 

(Fig. 5C). These results suggest that TH cells from CARMA1-deficient mice may not be able 

to provide effective cognate help for B cells in GC formation or to support the development 

of humoral immunity. Indeed, we found that immunization of CARMA1-deficient mice 
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resulted in the generation of fewer GC B cells, defined as B220+GL7+FasHigh cells, than 

were generated in immunized wild-type mice (Fig. 5D). Histological evaluation of spleen 

sections confirmed this finding by showing the lack of B220+PNA+ cells in CARMA1-

deficient mice (Fig. 5E). In addition, we were unable to detect OVA-specific antibodies in 

sera of these mice 7 days after immunization (Fig. 5F).

Deficiency in IKKβ in CD4+ T cells reduces the activation of c-Maf and impairs the 
development of TFH cells

Thus far, our data suggest that CARMA1 is required for c-Maf activation in T cells in vitro 

and that it contributes to the development of TFH cells in vivo, most likely through IKKβ. To 

provide the genetic evidence that IKKβ is critical for these processes, we used mice with a T 

cell–specific loss of ikk2 alleles. Conditional deletion of loxP-flanked ikk2 alleles was 

achieved through the use of a CD4-Cre transgene. As expected, the loss of IKKβ did not 

affect the TCR-dependent increase in c-Maf abundance (Fig. 6A), but it reduced both the 

DNA binding activity of c-Maf as measured by EMSA (Fig. 6B) and the production of IL-21 

(Fig. 6C). In contrast, conditional deletion of ikk1 alleles in CD4+ T cells (which leads to 

depletion of IKKα) did not have any effect on either the activation of c-Maf or the secretion 

of IL-21 (fig. S6).

To test whether IKKβ played a role in TFH cell development or GC formation, we 

immunized wild-type, IKKβ heterozygous, and IKKβ-deficient mice with OVA peptide. 

Flow cytometric analysis of splenocytes isolated from mice 7 days after immunization 

revealed a marked reduction in the percentage of CXCR5+Bcl6+ cells (Fig. 6D) and 

GL7+FasHigh GC B cells (Fig. 6E) in IKKβ-deficient mice compared to those in wild-type 

mice. Consistent with these results, the IKKβ-deficient mice had reduced concentrations of 

OVA-specific antibodies in their sera (Fig. 6F), confirming that their humoral response was 

impaired. Moreover, the recall response of IKKβ-deficient T cells to OVA peptide did not 

result in the production of substantial amounts of IL-21 (Fig. 6G). Together, our results 

demonstrate that ablation of IKKβ in CD4+ T cells leads to defects similar to those observed 

in CD4+ T cells from CARMA1-deficient mice.

DISCUSSION

The IKK complex is a fundamental component of all signaling pathways that lead to 

activation of the transcription factor NF-κB. Although the role of IKK in NF-κB activation, 

as well as its molecular mechanism, is well established, our knowledge about its effect on 

other transcription factors is less clear. Here, we demonstrated that TCR-dependent IKK 

activation was critical to stimulate the activity and nuclear localization of c-Maf. 

Furthermore, this process required the scaffold protein CARMA1, but was independent on 

NF-κB activation.

c-Maf is a member of the Maf family of transcription factors, which consist of an N-terminal 

transactivation domain, a DNA binding domain, and a C-terminal leucine zipper 

dimerization domain (29). Deletion of either the transactivation or dimerization domain of 

Maf proteins abolishes their transcriptional activity (24, 29, 30). In addition, 

phosphorylation of the N terminus of Maf is required for its dimerization and DNA binding, 
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whereas dephosphorylation of this region suppresses the DNA binding activity of Maf (24). 

Although all of the previous observations were made with overexpression system or 

recombinant proteins, our data are consistent with these previous findings. Consistent with 

these findings, we found that endogenous c-Maf was phosphorylated in activated cells and 

that loss of CARMA1 resulted in only a partial decrease in the extent of phosphorylation of 

c-Maf; however, loss of CARMA1 reduced the nuclear accumulation of c-Maf and 

suppressed its binding to DNA. These data suggest that c-Maf might be phosphorylated by 

multiple kinases and that at least one of them is not activated in the absence of CARMA1.

To date, several kinases have been suggested to phosphorylate Maf proteins, including ERK 

(27), p38 MAPK (25), and GSK-3β (glycogen synthase kinase 3β) (23). Because CARMA1 

mediates the activation of two kinases, JNK and IKK, without affecting ERK and p38 (7), 

we focused on these two enzymes. Indeed, our data revealed that IKK activity was required 

for c-Maf activation because inhibition of IKK diminished the DNA binding ability of c-Maf 

in mouse CD4+ splenocytes and in Jurkat cells. Moreover, CARMA1-dependent activation 

of IKK promoted the nuclear translocation of c-Maf, and the TCR-dependent nuclear 

localization of c-Maf was reduced in the absence of CARMA1 or IKKβ. In contrast, 

expression of a constitutively active mutant IKKβ in CARMA1-deficient cells led to the 

enhanced nuclear translocation of c-Maf; however, we found some discrepancy between the 

results obtained from primary T cells and those from a Jurkat cell line overexpressing c-Maf. 

The increased abundance of c-Maf in the Jurkat cell line resulted in its nuclear localization 

even in the absence of CARMA1, suggesting that ectopic expression of Maf leads to its 

nuclear accumulation in a signal-independent manner.

Although some of the overexpressed c-Maf protein was localized in the nucleus in the 

absence of CARMA1, additional TCR stimulation was required to induce its DNA binding 

activity. This observation indicates that the nuclear localization of c-Maf alone is not 

sufficient to induce its binding to DNA, and suggests that another TCR-dependent 

modification of c-Maf is required. Therefore, we suggest that IKK is one of the signaling 

mediators that enhance the nuclear translocation of c-Maf and its DNA binding activity. 

Indeed, another study indicated that IKKβ physically interacts with and phosphorylates the 

forkhead transcription factor FOXO3a, which regulates its cellular localization (31). Also, 

SRC3 (steroid receptor coactivator 3) may be activated in an IKKβ-dependent manner (32). 

Thus, our future study will explore the detailed molecular mechanism that underlies the 

IKK–c-Maf interaction. Because we failed to demonstrate that c-Maf was a direct substrate 

for activated IKKβ in an in vitro kinase assay, we consider the possibility that IKK regulates 

c-Maf indirectly and that other kinases may be involved in this process.

A previous study indicated the important role of c-Maf in inducing the Il4 promoter (33). In 

CD4+ T cells, the c-Maf protein is synthesized upon TCR stimulation, and mice deficient in 

c-Maf have impaired IL-4 production (17, 18). Although c-Maf has been considered a TH2-

associated transcription factor, other studies revealed its essential role in the generation of 

TFH cells (12, 16). Indeed, our work indicates that CARMA1 and IKKβ contribute to the 

generation of TFH cells, at least in part by regulating c-Maf activity. Genetic ablation of c-

Maf impairs the generation of TFH cells in mice immunized with trinitrophenyl or OVA 

peptide (16). Here, we showed that CARMA1- and IKKβ-deficient mice had reduced 
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numbers of TFH cells in response to immunization with OVA peptide. TFH cells are required 

for the formation and maintenance of GCs, as well as for the regulation of humoral 

immunity (12), and our results showed that CD4+ T cell–specific deletion of IKKβ resulted 

in reduced generation of GC B cells. Indeed, the concentrations of antigen-specific 

antibodies were decreased in the sera of immunized CD4-Cre/Ikk2F/F mice. These data are 

suggestive of a T cell–intrinsic role for the CARMA1-IKKβ signalosome in the initiation of 

the humoral response. Our observation is also consistent with a previous study that 

demonstrated that T cells from IKKβ-deficient mice fail to support GC reactions (34), 

suggesting that this defect is a result of the failure to activate c-Maf.

Although T cell–specific loss of IKKβ leads to a reduction in the numbers of natural killer T 

cells, Treg cells, and memory T cells (35), IKKβ-deficient cells can be activated in vitro, as 

well as proliferate and secrete cytokines in response to polyclonal stimulation (34, 36). 

Naïve IKKβ-deficient T cells produce slightly more interferon-γ (IFNγ) than do wild-type 

T cells during initial activation (the first 48 hours) (34), and the same observation has been 

reported for CARMA1-deficient cells (10), suggesting that these defects in T cells are not a 

result of a defect in T cell proliferation. Our data suggest that an IKKβ-dependent defect in 

c-Maf activation impairs the differentiation of TFH cells, which, in turn, affects the 

generation of GC B cells.

In summary, our study provides evidence for a molecular link between the TCR signaling 

cascade and the activation of c-Maf. We demonstrated that CARMA1 and IKKβ are critical 

signaling molecules in the regulation of the nuclear localization of c-Maf and its DNA 

binding activity. As a biological consequence, conditional deletion of IKKβ in CD4+ T cells 

resulted in the generation of reduced numbers of TFH cells, which further negatively affected 

the development of GC B cells and the quality of the humoral response to immunization 

with a T cell–dependent antigen.

MATERIALS AND METHODS

Reagents and plasmids

Antibodies specific for phosphorylated IκBα (pIκBα, Ser32/36) and CARMA1 were 

purchased from Cell Signaling. Antibodies specific for c-Maf, JunB, GATA3, NFAT, IKKβ, 

IKKα, IκBα, Myc, laminB, and actin were obtained from Santa Cruz Biotechnology. The 

JNK inhibitor SP600125 (#S5567), the ERK inhibitor PD98059 (#P215), and the IKKβ-

specific small-molecule inhibitor TPCA-1 (#T1452) were obtained from Sigma. An inhibitor 

of the nuclear translocation of NF-κB [a synthetic inhibitor containing the nuclear 

localization sequence residues 360 to 369 of the NF-κB subunit p50] was purchased from 

Santa Cruz Biotechnology (#sc-3060). The retroviral construct GFP-RV-cMaf was described 

previously (37). The complementary DNA encoding constitutively active IKKβ (S177E 

S181E) (28) was amplified by PCR from pCMV IKKβ S177E S181E as a template 

(Addgene, http://www.addgene.org, plasmid 11105) and was subcloned into the Bam HI and 

Eco RI sites of the expression vector pRV3. The plasmid pBabe GFP-IκBα-S32A/S36A was 

obtained from Addgene (plasmid 15264). Lentiviral plasmids encoding shRNAs (pLKO.1-

puro) were purchased from Sigma (NM_001278, NM_001556).
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Cell lines and transfections

Jurkat cells deficient in CARMA1 were described previously (7). Jurkat cells and primary T 

cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 

penicillin, and streptomycin. Human embryonic kidney (HEK) 293T cells and Phoenix cells 

were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 

penicillin, and streptomycin. Cells were transfected with the calcium phosphate 

coprecipitation method. Stable transfections were established by viral infection. First, HEK 

293T cells were transfected with an expression vector (pRV3 IKK-SSEE) together with 

packaging plasmids (pHep and pEnv) with the calcium phosphate precipitation method. To 

generate retro-viruses, Phoenix cells were cotransfected with the plasmids GFP-RV-cMaf 

and pCL, and viral supernatants were collected 48 hours later. Jurkat cells were resuspended 

in viral supernatant in the presence of polybrene and were incubated for 6 hours. Cells were 

then washed and cultured in complete medium. The efficiency of viral infection was 

determined by flow cytometric or Western blotting analysis. Sorting of GFP+ cells was 

performed for cells infected with GFP-RV-cMaf.

Mice

CARMA1-deficient mice were described previously (6). Mice carrying the loxP-flanked 

Ikk2 and Ikk1 alleles were provided by M. Karin and M. Pasparakis (38). Animals were 

maintained under pathogen-free conditions in the institutional animal facility. All 

experiments were performed in compliance with institutional guidelines and according to the 

protocol approved by the Institutional Animal Use and Care Committee of The University of 

Texas MD Anderson Cancer Center.

Immunization of mice with OVA peptide

CARMA1-deficient mice, CD4-Cre/Ikk2-floxed and CD4-Cre/Ikk1-floxed mice, and their 

controls (7-week-old female mice) were immunized with 100 μg of OVA peptide (fraction V, 

Sigma) emulsified in CFA (0.5 mg/ml) at the base of tail (100 μl per mouse). Seven days 

after immunization, the mice were sacrificed, and lymphocytes from spleens and inguinal 

lymph nodes were obtained. TFH cells were identified by flow cytometric analysis with 

phycoerythrin (PE)–conjugated antibody specific for Bcl6 (K112-91, BD Bioscience) and 

biotinylated monoclonal antibody (mAb) against CXCR5 (clone 2G8, BD Biosciences) 

followed by allophycocyanin-labeled streptavidin (Jackson ImmunoResearch Laboratories) 

in the CD4+ cell population [peridinin chlorophyll protein (PerCP)–CD4 mAb, clone GK 

1.5, BioLegend]. To analyze GC B cells, splenocytes were incubated with PerCP-conjugated 

antibody against B220 (clone RA3-6B2, BioLegend), fluorescein isothiocyanate–conjugated 

antibody against GL7 (also known as T and B cell–activated antigen) (clone GL7, BD 

Biosciences), and PE-conjugated antibody against Fas (CD95) (BD Bioscience). Serum 

samples were subjected to immunoglobulin analysis by ELISA. In brief, different dilutions 

of serum were added into wells of plates precoated with OVA peptide (10 μg/ml), and 

antigen-specific antibodies were detected with biotinylated anti-mouse IgG, horseradish 

peroxidase (HRP)–conjugated goat anti-mouse IgM, goat anti-mouse IgG1-HRP, and goat 

anti-mouse IgG2a-HRP antibodies (Southern Biotechnology Associates).
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Immunohistochemical analysis

Spleen tissues were embedded in optimum cutting temperature freezing compound before 

sectioning was performed. Tissue blocks were sliced into 6-μm sections, air-dried, and fixed 

with cold acetone. Purified anti-mouse CD4 antibody (BD Pharmingen) or biotin-labeled 

PNA antibody (Vector Laboratories) was applied as primary antibody, followed by 

biotinylated anti-rat secondary antibody and avidin-peroxidase complex reagent. NovaRed 

was used as a substrate. For B cell staining, biotin-labeled anti-B220 antibody (BD 

Pharmingen) was used, followed by avidin-alkaline phosphatase complex reagent. Slides for 

PNA staining were counterstained with hematoxylin.

Isolation and activation of CD4+ T cells

CD4+ T cells were isolated from mouse spleens and peripheral lymph nodes with magnetic 

beads (StemCell Technologies). The cells were purified by negative selection with a panel of 

biotinylated antibodies against CD8, CD11b, CD19, CD45R/B220, CD49b, TER119, and 

CD25. After 3 hours of rest, the cells were activated with plate-bound anti-CD3ε antibody (2 

μg/ml) and anti-CD28 antibody (1 μg/ml) (both from BD Biosciences). To generate TH2 

cells, anti-IFNγ antibody (10 μg/ml, XMG1.2) and recombinant murine IL-4 (10 ng/ml, 

PeproTech) were added to the cultures. Because CARMA1-deficient cells are defective in 

their ability to produce IL-2, some cell cultures were supplemented with recombinant IL-2 

(30 U/ml).

Detection of secreted cytokines

CD4+ T cells were activated under different conditions, and secreted cytokines were 

detected in culture medium with the Bio-Plex Pro mouse cytokine panel B (Bio-Rad, #171-

FA001M) and the Milliplex Map kit (Millipore, #MCYTOMAG-70K). All assays were 

performed according to the manufacturer’s protocols, and the MFIs were detected by the 

Luminex 200 system and were analyzed with Bio-Plex software (Bio-Rad). The 

concentrations of IL-21 and IL-4 in culture medium were also determined by sandwich 

ELISA (Ready-SET-GO kit, eBioscience). Results are presented as arithmetic means ± SD 

of triplicate cultures.

Western blotting analysis

Cells were lysed in buffer containing 50 mM Hepes (pH 7.4), 150 mM NaCl, 1% NP-40, 1 

mM EDTA, 1 mM Na3VO4, 1 mM NaF, 1 mM phenyl-methylsulfonyl fluoride, 1 mM 

dithiothreitol, and a protease inhibitor cocktail (Roche Diagnostics). The samples were 

resolved by 10% SDS–polyacrylamide gel electrophoresis and were transferred onto 

nitrocellulose membranes. Western blots were incubated with specific primary antibodies, 

followed by HRP-conjugated secondary antibodies, and were developed with the enhanced 

chemiluminescence method according to the manufacturer’s protocol (Pierce).

Electrophoretic mobility shift assays

Nuclear proteins were extracted from 3 × 106 to 4 × 106 cells, as described previously (9). 

Nuclear extracts (4 μg) were incubated with a 32P-labeled, double-stranded, NF-κB–, c-

Maf–, or Oct-1–specific probe for 15 min at room temperature, fractionated on a 5% 
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polyacrylamide gel, and visualized by autoradiography. The NF-κB and Oct-1 probes were 

purchased from Promega. The sequence of the c-Maf–specific probe (the MARE consensus 

sequence is underlined) was 5′-GGAATTGCTGATTCAGCAACTTT-3′ (29).

ChIP assays

ChIPs were performed with a ChIP assay kit (Upstate Biotechnology). In brief, after being 

cross-linked with 1% formaldehyde for 10 min at room temperature, cells were lysed in SDS 

buffer [50 mM tris-HCl (pH 8.1), 10 mM EDTA, 1% SDS, and protease inhibitors]. Lysates 

were sonicated with a Bioruptor and were diluted with ChIP dilution buffer [20 mM tris-HCl 

(pH 8.1), 1 mM EDTA, 150 mM NaCl, and 0.3% Triton X-100]. Lysates were then 

precleared with protein G beads and incubated with anti–c-Maf antibody (M-153, Biothyl) 

or with control rabbit IgG at 4°C overnight. Protein G agarose was added to the lysates and 

incubated for 2 hours at 4°C. Antibody-protein-DNA complexes were eluted and incubated 

at 65°C overnight to reverse the formaldehyde cross-linking, and DNA was recovered with a 

PCR purification kit (Qiagen). DNA fragments were amplified by PCR with the following 

specific primers: mouse IL-21P, 5′-TGGTGAATGCT-GAAAACTGGAA-3′ (forward) and 

5′-CCCATCTGCATCTTAGACAGGAA-3′ (reverse); mouse IL-4P, 5′-

AGGGGTGTTTCATTTTCCAA-3′ (forward) and 5′-GTTGCTGAAACCAAGGGAAA-3′ 
(reverse).

Sucrose gradient fractionations

Cells (20 × 106) were stimulated with P/I [PMA (20 ng/ml) and ionomycin (100 ng/ml)] for 

40 min, and whole-cell lysates were subjected to sucrose gradient centrifugation. In brief, 

each sample (300 μl) was loaded onto a 40 to 5% sucrose gradient (40% 0.2 ml; 30% 0.2 ml; 

25% 0.5 ml; 20% 0.8 ml; 15% 0.8 ml; 10% 1.0 ml; 5% 1.0 ml) and centrifuged at 45,000 

rpm for 20 hours at 4°C. Twelve fractions (400 μl per fraction) were collected from the top 

of the tube, and proteins were precipitated with trichloroacetic acid. Western blotting 

analysis was performed to detect c-Maf and c-Fos in the obtained fractions.

Statistical analysis

GraphPad Prism software was used for all statistical analyses. All in vivo and in vitro 

experiments were performed in triplicate. The histograms show means ± SD. The Student’s t 
test was used to evaluate the difference of two groups of data. P < 0.05 (using a two-tailed 

paired t test) was considered to be statistically significantly different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CARMA1-deficient CD4+ T cells show decreased recruitment of c-Maf to the Il21 
promoter and reduced production of IL-21
(A) CD4+ splenocytes from wild-type (WT) and CARMA1-deficient (CARMA1KO) mice 

were stimulated with plate-bound anti-CD3ε (2 μg/ml) and anti-CD28 (1 μg/ml) antibodies 

for 48 hours. Secretion of IL-21 into the cell culture medium was determined by ELISA of 

triplicate cultures. Data are means ± SD. (B) TCR-induced expression of c-Maf does not 

require CARMA1. CD4+ T cells from the indicated mice were stimulated as described in 

(A). Whole-cell lysates were analyzed by Western blotting with antibodies specific for c-

Maf, GATA3, JunB, NFATc1, RORγt, actin, and CARMA1. Western blots are representative 

of two independent experiments. (C) CD4+ T cells from the indicated mice were activated 

with plate-bound anti-CD3 and anti-CD28 antibodies in the presence or absence of IL-6 (20 

ng/ml) for 18 hours. Total RNA was isolated and reverse-transcribed, and quantitative PCR 

was performed with the SYBR Green PCR Master Mix. The amounts of c-Maf transcript 

were normalized to those of Gapdh, and the amounts of c-Maf mRNA in stimulated cells 

relative to those in unstimulated cells were calculated. The experiment was performed in 

triplicate, and data are means ± SD. (D and E) Defective recruitment of c-Maf to the Il4 and 

Il21 promoters in CARMA1KO T cells. CD4+ splenocytes from the indicated mice were 

activated with plate-bound anti-CD3 and anti-CD28 antibodies in the presence of IL-6 for 18 

hours, and then c-Maf–DNA complexes were precipitated with c-Maf antibody. Real-time 

PCR analysis for (D) the Il21 promoter and (E) the Il4 promoter was performed in triplicate, 

and results are means ± SD. Data are representative of two independent experiments. ns, not 

significant.
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Fig. 2. CARMA1 is required for the activation of c-Maf
(A and B) The DNA binding activity of c-Maf is defective in CARMA1-deficient CD4+ 

splenocytes. CD4+ T cells from the indicated mice were activated with plate-bound anti-

CD3 and anti-CD28 antibodies in the presence of (A) IL-2 (30 U/ml), anti-IFNγ antibody 

(10 μg/ml), and recombinant murine IL-4 (10 ng/ml) for 48 hours or (B) IL-6 (20 ng/ml) for 

18 hours. Nuclear extracts were prepared, and the binding activity of c-Maf was determined 

by EMSA. Data are representative of two experiments. (C and D) Jurkat cells (JurMaf) and 

CARMA1-deficient Jurkat cells (CAR−
Maf) stably transfected with plasmid encoding c-Maf 

were stimulated with anti-CD3 and anti-CD28 antibodies or with P/I [PMA (20 ng/ml) and 

ionomycin (100 ng/ml)]. Nuclear extracts were prepared and analyzed by EMSA with 32P-

labeled probes containing MARE motifs or Oct-1–binding sites. The specificity of c-Maf 

binding to the probe was confirmed by supershift with an anti–c-Maf antibody. Data are 

representative of three experiments. (E) Supershift of c-Maf dimers with different members 

of the AP-1 family. Jurkat cells stably expressing c-Maf were stimulated with soluble anti-

CD3 and anti-CD28 antibodies. Nuclear extracts were incubated with the indicated 

antibodies for 30 min on ice and then were subjected to EMSA. (F) The abundance of c-Fos 

is intact in CARMA1-deficient cells. Jurkat cells and CARMA1-deficient Jurkat cells, both 

stably transfected with plasmid encoding c-Maf, were stimulated with anti-CD3 (3 μg/ml) 

and anti-CD28 (2 μg/ml) antibodies. Whole-cell lysates were subjected to Western blotting 

analysis with antibodies specific for c-Fos and actin. Data are representative of three 
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experiments. (G) Fractionation of c-Maf–containing complexes. The indicated cells (20 × 

106) were stimulated with P/I as described in (D), and whole-cell lysates were subjected to 

the sucrose density gradient centrifugation. Twelve fractions were collected and analyzed by 

Western blotting with antibodies specific for c-Maf or c-Fos. Blots are representative of two 

independent experiments.
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Fig. 3. The kinase activity of IKK is required for the activation of c-Maf
(A) Analysis of the c-Maf phosphorylation status in Jurkat and CARMA1-deficient cells 

stably expressing c-Maf. The indicated cells were stimulated with P/I, and cell lysates were 

treated with Na3VO4 or SAP. The band shift in c-Maf was determined by Western blotting 

analysis. Blots are representative of two independent experiments. (B) Scheme outlining the 

requirement of CARMA1 for TCR-dependent IKK and JNK2 activity. (C) Effects of JNK 

and IKK inhibitors on the DNA binding activity of c-Maf. Jurkat cells stably expressing c-

Maf were stimulated with antibodies against CD3 and CD28 in the presence of inhibitors of 

JNK (SP600125), IKK (TPCA-1), or the translocation of NF-κB for 2 hours. Nuclear 

extracts were then subjected to EMSA (upper panels). Nuclear and cytoplasmic fractions 

from the same cells were also analyzed by Western blotting (WB) with antibodies against 

the indicated proteins (middle and lower panels). Data are representative of three 

independent experiments. (D) Jurkat cells stably expressing c-Maf were stimulated with P/I, 

and nuclear extracts were treated with SAP before being subjected to gel-shift analysis. (E) 

Jurkat cells stably expressing c-Maf were stimulated with P/I in the presence or absence of 

IKK inhibitor. The indicated lysates were also treated with Na3VO4 or SAP. c-Maf band 

shifts were determined by Western blotting analysis, and both short and long exposures of 

the Western blots for c-Maf are shown. Data are representative of two independent 

experiments. (F) Jurkat cells stably expressing c-Maf were transfected with plasmid 

encoding the super repressor IκBα mutant (IκBα-S32A/S36A). Forty-eight hours later, the 

cells were stimulated with antibodies against CD3 and CD28 for 2 hours, and nuclear 

extracts were prepared and subjected to EMSA. The DNA binding activities of c-Maf and 

NF-κB were analyzed by EMSA with 32P-labeled probes containing c-Maf–, NF-κB–, or 

Oct-1–binding sites. Data are representative of two independent experiments. (G) CD4+ 
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splenocytes from WT mice were stimulated by antibodies against CD3 and CD28 together 

with IL-6 in the presence of inhibitors of the indicated kinases for 18 hours (left) or for 3 

days with an IKK inhibitor (right), which was added for the last 5 hours. The DNA binding 

activities of c-Maf and NF-κB were then analyzed by EMSA. Data are representative of two 

independent experiments. (H) CD4+ splenocytes from WT mice were stimulated with plate-

bound antibodies against CD3 and CD28 for 48 hours. An IKK inhibitor or vehicle 

[dimethyl sulfoxide (DMSO)] was added for the last 36 hours of the stimulation (triplicate 

cultures for each condition), and media were collected. The amounts of IL-4 and IL-21 were 

measured by ELISA and are presented as means ± SD.
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Fig. 4. CARMA1-dependent IKKβ activity contributes to the nuclear localization of c-Maf
(A) Jurkat cells stably expressing c-Maf were transfected with IKKα- or IKKβ-specific 

shRNAs and then were selected with puromycin. Nuclear extracts were prepared from the 

indicated stable cell lines, and the DNA binding activity of c-Maf was analyzed by EMSA 

with 32P-labeled probes containing c-Maf– or Oct-1–binding sites. Data are representative of 

three independent experiments. (B to D) CARMA1-deficient Jurkat cells expressing c-Maf 

were stably transfected with plasmid encoding constitutively active IKKβ (IKKβ-SSEE) and 

then were subjected to (B and C) EMSA (nuclear extracts) or (D) Western blotting analysis 

(cytoplasmic extracts) with antibodies against the indicated proteins. In (C), nuclear extracts 

from the stimulated cells were treated with SAP before the gel-shift analysis was performed. 

Blots are representative of two or three experiments. (E) CD4+ splenocytes from IKKβF/F 

mice were stimulated with plate-bound anti-CD3 and anti-CD28 antibodies in the presence 

of IL-4 for 5 days. On days 5 and 6, the cells were infected with RV-GFP-Cre virus (+cre) or 

RV-GFP control virus (control). GFP+ cells were sorted on day 7, rested overnight in 

complete medium, and restimulated with antibodies against CD3 and CD28 for 2 hours. 

Nuclear and cytoplasmic fractions were prepared and subjected to Western blotting analysis 

with antibodies against the indicated proteins. Blots are representative of two experiments. 

(F) CD4+ splenocytes from the indicated mice were stimulated with plate-bound antibodies 

against CD3 and CD28 in the presence of IL-2 for 48 hours. Nuclear and cytoplasmic 

extracts were prepared and analyzed by Western blotting with antibodies against the 

indicated proteins. The experiment was repeated twice with similar results.
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Fig. 5. CARMA1 is required for the generation of TFH cells and the formation of GCs after 
immunization of mice with OVA peptide
(A) Immunized CARMA1-deficient mice generate reduced amounts of TFH cells. 

CARMA1KO mice and age-matched WT control mice (three mice per group) were 

immunized subcutaneously at the base of tail with OVA peptide emulsified in complete 

Freund’s adjuvant (CFA). Seven days after immunization, the mice were sacrificed and 

analyzed individually. TFH cells (CD4+CXCR5+Bcl6+ cells) were identified by flow 

cytometric analysis. Dot plots are from a representative experiment, and the histogram 

shows means ± SD from three mice of each genotype. (B) Splenocytes collected from each 

immunized mouse [from (A)] were stimulated with the indicated concentrations of OVA 

peptide for 48 hours. Cellular proliferation was then assayed by adding [3H]thymidine to the 

cultures for the last 8 hours. Data are means ± SD from three mice of each genotype. (C) 

Splenocytes from each of the immunized mice were restimulated with OVA peptide (100 

μg/ml) for 72 hours, cell culture medium was collected, and the amounts of IL-21 produced 

were determined by ELISA. Data are means ± SD of triplicate cultures. (D) CARMA1 is 

required for the generation of GC B cells. CARMA1KO and WT control mice were 

immunized as described in (A), and splenocytes were isolated. GC B cells 

(B220+GL7+FasHigh) were determined by flow cytometry. Dot plots are from a single 

representative experiment, and the histogram shows means ± SD from three mice of each 

genotype. (E) Formation of GCs is reduced in immunized CARMA1KO mice. GCs in the 

spleens of the indicated mice immunized with OVA peptide were determined by 

immunohistochemical staining with anti-mouse PNA antibody (brown) and counterstained 

with hematoxylin. T cells and B cells were identified by staining with anti-CD4 (red) and 

anti-B220 (blue) antibodies, respectively. Images are from one experiment and are 

representative of three independent experiments with consistent results. (F) Defective 

production of OVA-specific antibodies in CARMA1KO mice. Sera from the indicated 
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immunized mice were subjected to serial dilutions, and the concentrations of OVA-specific 

immunoglobulin M (IgM) and IgG antibodies were analyzed by ELISA and averaged for 

each group. Graphs show the means ± SD from three mice of each genotype.
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Fig. 6. Loss of IKKβ in CD4+ T cells impairs the activation of c-Maf and inhibits the 
development of TFH cells in vivo
(A) The TCR-dependent increase in c-Maf abundance does not require IKKβ. CD4+ 

splenocytes from the indicated mice were stimulated with plate-bound antibodies against 

CD3 and CD28 (2 and 1 μg/ml, respectively) in the presence of IL-6 (20 ng/ml) for 48 

hours. Whole-cell lysates were then analyzed by Western blotting with antibodies specific 

for the indicated proteins. Blots are representative of two experiments. (B) CD4+ splenocytes 

from the indicated mice were activated as described in (A), and nuclear extracts were 

analyzed by EMSA with 32P-labeled probes containing c-Maf– or Oct-1–binding sites. Data 

are representative of three experiments. (C) The amounts of IL-21 secreted by splenocytes 

from the indicated mice were determined by the analysis of culture media by ELISA. Data 

are means ± SD from triplicate cultures and are representative of three independent 

experiments. (D to G) WT, IKKβ heterozygous (Het), and IKKβ-deficient (IKKβKO) mice 

(two mice per group) were immunized subcutaneously at the base of tail with OVA peptide 

emulsified in CFA. Seven days after immunization, the mice were sacrificed and analyzed 

individually. (D and E) IKKβ is required for the generation of TFH cells and GC B cells. 

Splenocytes were isolated from the indicated immunized mice, and TFH cells 

(CD4+CXCR5+Bcl6+ cells) and GC B cells (B220+GL7+FasHigh) were determined by flow 

cytometry. Dot plots are from a single representative experiment. (F) Defective production 

of OVA-specific antibodies in IKKβKO mice. Sera from the indicated immunized mice were 

subjected to serial dilutions, and the concentrations of OVA-specific IgM and IgG antibodies 

were analyzed by ELISA. Data are means ± SD from each experimental group calculated 

from triplicate measurements. (G) Splenocytes from the indicated immunized mice were 
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restimulated with OVA peptide (100 μg/ml) for 48 hours, and IL-21 production was 

determined by ELISA. Data are means ± SD of triplicate cultures.

Blonska et al. Page 25

Sci Signal. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Loss of CARMA1 in CD4+ cells leads to reduced production of IL-21
	CARMA1 is required for the binding of c-Maf to DNA
	The kinase activity of IKKβ is required for c-Maf activation
	CARMA1- and IKK-dependent modification of c-Maf contributes to its cellular localization
	CARMA1 contributes to the development of TFH cells and formation of GCs after immunization with ovalbumin
	Deficiency in IKKβ in CD4+ T cells reduces the activation of c-Maf and impairs the development of TFH cells

	DISCUSSION
	MATERIALS AND METHODS
	Reagents and plasmids
	Cell lines and transfections
	Mice
	Immunization of mice with OVA peptide
	Immunohistochemical analysis
	Isolation and activation of CD4+ T cells
	Detection of secreted cytokines
	Western blotting analysis
	Electrophoretic mobility shift assays
	ChIP assays
	Sucrose gradient fractionations
	Statistical analysis

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

