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Abstract

:

The T-box transcription factor Eomesodermin (Eomes) promotes the expression of interferon-γ (IFN-γ). We recently reported that the small molecule inhibitors, TPCA-1 and IKK-16, which target nuclear factor κB (NF-κB) activation, moderately reduced Eomes-dependent IFN-γ expression in mouse lymphoma BW5147 cells stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin (IM). In the present study, we investigated the direct effects of NF-κB on IFN-γ expression in mouse lymphoma EL4 cells and primary effector T cells. Eomes strongly promoted IFN-γ expression and the binding of RelA and NFATc2 to the IFN-γ promoter when EL4 cells were stimulated with PMA and IM. Neither TPCA-1 nor IKK-16 reduced IFN-γ expression; however, they markedly decreased interleukin (IL)-2 expression in Eomes-transfected EL4 cells. Moreover, TPCA-1 markedly inhibited the binding of RelA, but not that of Eomes or NFATc2 to the IFN-γ promoter. In effector CD4+ and CD8+ T cells activated with anti-CD3 and anti-CD28 antibodies, IFN-γ expression induced by PMA and A23187 was not markedly decreased by TPCA-1 or IKK-16 under conditions where IL-2 expression was markedly reduced. Therefore, the present results revealed that NF-κB is dispensable for IFN-γ expression induced by PMA and calcium ionophores in EL4 cells expressing Eomes and primary effector T cells.
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1. Introduction


Interferon-γ (IFN-γ) is a cytokine that is mainly produced by T helper type 1 (Th1) cells, cytotoxic T cells, natural killer (NK) cells, and other types of cells [1,2]. IFN-γ exerts anti-tumor effects by regulating antigen presentation, the production of cytokines and chemokines, and the promotion of apoptosis pathways [2]. IFN-γ also promotes tumorigenesis via its immunosuppressive effects [3,4]. IFN-γ levels under various physiological and pathogenic conditions are important for maintaining proper immune responses. Naïve CD8+ T cells stimulated with an antigen were found to produce low levels of IFN-γ, while high levels of IFN-γ were generated by effector and memory CD8+ T cells [5]. The IFN-γ locus in mice is estimated to be approximately 140 kb between CTCF-binding sites [6,7]. In addition to the IFN-γ promoter, the IFN-γ locus possesses conserved non-coding sequences (CNS), which serve as important regulatory sites by transcription factors [8,9,10].



The T-box transcription factors T-bet and Eomesodermin (Eomes) possess a T-box domain, which is necessary for DNA binding, and they are the only T-box family proteins known to regulate the immune system [11]. T-bet has been isolated as a transcription factor that controls the lineage commitment of Th1 cells and their expression of cytokines, such as IFN-γ [12]. Eomes was previously shown to control the function of effector CD8+ T cells, including cell-mediated cytotoxicity and the production of perforin, granzyme B, and IFN-γ [13]. The expression of T-bet and Eomes is differently regulated during the differentiation of effector and memory T cells [14]. During CD8+ T cell differentiation, T-bet is strongly expressed in effector CD8+ T cells, while memory CD8+ T cells express low levels of T-bet and high levels of Eomes [15,16,17,18].



T-bet and Eomes are regarded as lineage-specifying transcription factors and epigenetically control the expression of genes such as those encoding cytokines and other transcription factors [8,9,10]. T-bet binds to the IFN-γ promoter and multiple CNS across the IFN-γ locus in T cells and NK cells [7,19,20]. Furthermore, it has been shown to promote permissive histone modifications in IFN-γ promoters and multiple CNS [21,22,23]. Eomes also binds to the IFN-γ promoter in T cells [17,18,24]. In addition to the IFN-γ promoter, we previously demonstrated that Eomes bound to multiple CNS across the IFN-γ locus in mouse lymphoma BW5147 cells [25]. It promoted permissive histone modifications in the IFN-γ promoter and CNS in BW5147 cells [25]. Therefore, Eomes promotes permissive histone modifications to recruit other transcription factors to the IFN-γ promoter and CNS.



A previous study reported that a T cell receptor (TCR) stimulation triggered the activation of nuclear factor of activated T cells (NFAT) and nuclear factor κB (NF-κB) in T cells [26]. The NFAT family is composed of five members, four of which require calcineurin for their transcriptional activation [27]. Gene knockout experiments revealed that calcineurin-dependent NFATc2 (also known as NFAT1) was indispensable for IFN-γ expression in T cells [28,29,30]. NFATc2 interacts with the IFN-γ promoter and CNS [31]. Collectively, these findings reveal that NFATc2 plays an essential role in IFN-γ expression in T cells. The NF-κB family comprises five members (RelA, RelB, c-Rel, p105/p50, and p100/p52), which form heterodimers or homodimers that are capable of DNA binding and transcriptional modulation [32]. As a direct transcriptional activator, RelA was shown to bind to the IFN-γ promoter and multiple IFN-γ CNS [33]. In contrast to this finding, previous studies provided evidence for an indirect role of NF-κB in IFN-γ transcription. The inhibition of NF-κB decreased the expression of T-bet and signal transducer and activator of transcription (STAT) 4 in CD4+ T cells [34]. STAT4 was also shown to be involved in the activation of IFN-γ gene expression [8,9,10]. IKK-16, identified as an inhibitor of NF-κB (IκB) kinase [35], reduced the expression of T-bet and Eomes in osteoclast-induced Foxp3+ CD25+ regulatory CD8+ T cells [36]. A TCR stimulation induced Eomes expression in invariant NKT cells [37]. These findings revealed that the activation of NF-κB downstream of a TCR stimulation is required for the expression of multiple transcription factors (e.g., T-bet, Eomes, and STAT4), which are, in turn, essential for the activation of the IFN-γ gene.



We recently reported that RelA interacted with the IFN-γ promoter and multiple CNS in Eomes-transfected BW5147 cells [38]. The dual NF-κB and STAT3 inhibitor, TPCA-1 (2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide) [39,40], moderately reduced IFN-γ expression induced by phorbol 12-myristate 13-acetate (PMA) and ionomycin (IM), whereas RelA binding to the IFN-γ promoter and CNS was more strongly inhibited by TPCA-1 in Eomes-transfected BW5147 cells [38]. These findings prompted us to verify the necessity of NF-κB for the transcriptional activation of the IFN-γ gene. Therefore, in the present study, we elucidated the role of NF-κB in IFN-γ expression in mouse lymphoma EL4 cells expressing Eomes and effector T cells derived from mouse splenic T cells.




2. Results


2.1. Eomes Promoted IFN-γ mRNA Expression in EL4 Cells


We previously showed that Eomes-transfected EL4 clones produced IFN-γ in response to PMA and IM to mimic the TCR stimulation [25]. In the present study, we established new EL4 clones transfected with control expression vectors or expression vectors encoding elongation factor (EF)-1α promoter-driven FLAG-tagged Eomes. The Eomes #2 transfectant expressed a larger amount of the FLAG-Eomes protein than the Eomes #1 transfectant (Figure 1A,B). Eomes #1 and Eomes #2 transfectants expressed the RelA protein (Figure 1A,B). The NFATc2 protein was also expressed in Eomes #1 and Eomes #2 transfectants (Figure 1A,B).



A schematic of TCR-induced signaling pathways and the experimental design for EL4 transfectants are shown in Figure S1. EL4 transfectants were incubated with PMA and IM for 6 h. The PMA and IM stimulation induced approximately 20-fold increases in IFN-γ mRNA expression in Control #1 and Control #2 transfectants (Figure 1C). In comparison with control transfectants, the PMA and IM stimulation induced approximately 80- and 130-fold increases in IFN-γ mRNA expression in Eomes #1 and Eomes #2 transfectants, respectively (Figure 1C). In contrast, Control #1, Control #2, Eomes #1, and Eomes #2 transfectants expressed interleukin (IL)-2 mRNA at similar levels in response to the PMA and IM stimulation (Figure 1D). Consistent with our previous findings [25], these results confirmed that Eomes strongly promoted IFN-γ mRNA expression in EL4 cells.




2.2. Eomes Augmented the Binding of RelA and NFATc2 to the IFN-γ Promoter in EL4 Cells


The IFN-γ promoter and at least nine CNS (−54 kb, −32 kb, −22 kb, −6 kb, +19 kb, +30 kb, +40 kb, +46 kb, and +54 kb) localized between the −71 kb and +67 kb CTCF-binding sites as insulators in the mouse IFN-γ locus [8,9,10]. To investigate the DNA binding of Eomes, Control #2 and Eomes #2 transfectants were incubated with PMA and IM for 2 h, followed by the chromatin immunoprecipitation (ChIP) assay using the anti-FLAG antibody that captures FLAG-Eomes. FLAG-Eomes bound to the IFN-γ promoter at −0.1 kb before and after the PMA and IM stimulation (Figure 2A). Moreover, Eomes interacted with CNS−22 (Figure 2A) and, to a lesser extent, CNS+30 (Figure 2A), but only negligibly with other CNS (Figure S2).



We then investigated the DNA binding of the NF-κB subunit RelA. In the Control #2 transfectant, RelA did not bind to the IFN-γ promoter even when stimulated with PMA and IM (Figure 2B). In contrast, the PMA and IM stimulation markedly increased the binding of RelA at the IFN-γ promoter in the Eomes #2 transfectant (Figure 2B). In the Eomes #2 EL4 transfectant, the PMA and IM stimulation promoted the binding of RelA to CNS−22 and CNS+30 more strongly (p values of 0.070 and 0.0561, respectively) than PMA + IM (−) (Figure 2B). Eomes did not markedly affect RelA binding to other CNS in the IFN-γ locus (Figure S3).



NFATc2 binding to the IFN-γ locus was also examined using the ChIP assay. NFATc2 did not bind to the IFN-γ promoter in the Control #2 transfectant (Figure 2C). The PMA and IM stimulation strongly promoted NFATc2 binding to the IFN-γ promoter in the Eomes #2 transfectant (Figure 2C). Eomes did not augment the binding of NFATc2 to IFN-γ CNS (Figure 2C and Figure S4).




2.3. TPCA-1 Inhibited PMA- and IM-Induced IL-2 mRNA Expression, but Not IFN-γ mRNA Expression in EL4 Cells


We investigated the involvement of NF-κB in IFN-γ expression in EL4 cells using TPCA-1, which has been used as a dual NF-κB and STAT3 inhibitor [39,40]. To select non-toxic concentrations of TPCA-1, EL4 transfectants were preincubated with or without serial dilutions of TPCA-1 for 1 h and then incubated with PMA and IM for 2 or 6 h. TPCA-1 did not decrease cell viability in the Control or Eomes EL4 transfectants during the 3 h incubation (Figure 3A) or 7 h incubation (Figure S5). It also did not decrease PMA- and IM-induced IFN-γ mRNA expression at concentrations up to 20 µM in Eomes #1 and Eomes #2 transfectants (Figure 3B). TPCA-1 at 10 µM increased the expression of IFN-γ mRNA in Eomes #1 and Eomes #2 transfectants (Figure 3B). In contrast, TPCA-1 decreased PMA- and IM-induced IL-2 mRNA expression in a dose-dependent manner and at concentrations higher than 2 µM in Control #1, Control #2, Eomes #1, and Eomes #2 transfectants (Figure 3C).




2.4. IKK-16 Inhibited PMA- and IM-Induced IL-2 mRNA Expression, but Not IFN-γ mRNA Expression in EL4 Cells


To confirm the above results, we additionally used IKK-16, which has been identified and employed as a selective IκB kinase inhibitor [35]. IKK-16 markedly decreased cell viability at concentrations higher than 10 µM during the 3 h incubation in all EL4 transfectants (Figure 4A), while IKK-16 at concentrations up to 5 µM did not decrease cell viability even during the 7 h incubation (Figure S6).



IKK-16 did not decrease PMA- and IM-induced IFN-γ mRNA expression at concentrations up to 5 µM in Eomes #1 and Eomes #2 transfectants (Figure 4B). It appeared to augment the expression of IFN-γ mRNA at particular concentrations in Control #1, Control #2, and Eomes #1 transfectants (Figure 4B). In contrast, IKK-16 markedly inhibited IL-2 mRNA expression at concentrations higher than 1 µM (Figure 4C). Collectively, these results indicate that TPCA-1 and IKK-16 did not reduce IFN-γ mRNA expression in EL4 cells even under concentrations that markedly inhibited IL-2 mRNA expression.




2.5. TPCA-1 Inhibited the Binding of RelA, but Not NFATc2 or Eomes, to the IFN-γ Promoter in EL4 Cells


The DNA binding of FLAG-Eomes, RelA, and NFATc2 in Eomes #2 EL4 transfectants was investigated by the ChIP assay. FLAG-Eomes bound to the IFN-γ promoter before and after the PMA and IM stimulation (Figure 5A). The PMA and IM stimulation did not appear to promote the binding of FLAG-Eomes to the IFN-γ promoter (Figure 5A). TPCA-1 did not decrease the binding of FLAG-Eomes to the IFN-γ promoter (Figure 5A).



In response to the PMA and IM stimulation, RelA binding to the IFN-γ promoter, CNS−22, and CNS+30 markedly increased in the Eomes #2 transfectant (Figure 5B). TPCA-1 reduced the amount of RelA binding to the IFN-γ promoter, CNS−22, and CNS+30 to unstimulated levels (Figure 5B).



The PMA and IM stimulation augmented the binding of NFATc2 to the IFN-γ promoter and CNS+30 (Figure 5C). However, TPCA-1 did not markedly reduce the binding of NFATc2 to the IFN-γ promoter and CNS+30 (Figure 5C). Taken together, these results showed that TPCA-1 effectively prevented the binding to RelA to the IFN-γ promoter, but did not diminish the binding of FLAG-Eomes and NFATc2 to the IFN-γ promoter in EL4 cells.




2.6. TPCA-1 and IKK-16 Inhibited IL-2 Expression, but Not IFN-γ Expression in Primary Effector CD4+ and CD8+ T Cells


The present results demonstrated that TPCA-1 and IKK-16 did not inhibit IFN-γ expression at concentrations that markedly suppressed IL-2 expression in Eomes-transfected EL4 cells stimulated with PMA and IM. We also previously showed that TPCA-1 and IKK-16 moderately reduced IFN-γ expression in Eomes-transfected BW5147 cells [38]. To generalize these findings, primary T cells were prepared from mouse spleens and used in experiments. An experimental design for primary effector T cells is shown in Figure S7. Naïve T cells were activated by anti-CD3 and anti-CD28 antibodies for 3 d. Effector CD4+ and CD8+ T cells were capable of producing detectable amounts of IFN-γ and IL-2 following a 4 h exposure to PMA and A23187 (calcium ionophore) (Figure 6A). Viable cells and non-viable cells were distinguished by two-dimensional patterns of forward and side scatters (Figure 6A).



Effector CD4+ and CD8+ T cells were preincubated with serial dilutions of TPCA-1 and IKK-16 for 1 h and then incubated with PMA and A23187 for 4 h. TPCA-1 slightly reduced cell viability as its concentration increased (Figure 6B). TPCA-1 also slightly decreased IFN-γ expression in CD4+ and CD8+ T cells (Figure 6C,D). IKK-16 at 3 µM reduced cell viability by approximately 60% (Figure 6B). In CD4+ and CD8+ T cells, IKK-16 at 3 µM decreased IFN-γ expression by approximately 40 and 60%, respectively (Figure 6C,D). Therefore, IKK-16-brought decreases in IFN-γ expression appeared to be mainly attributed to reductions in cell viability. In contrast to IFN-γ expression, TPCA-1 markedly reduced IL-2 expression at 2–20 µM in CD4+ T cells and at 20 µM in CD8+ T cells (Figure 6E,F). IKK-16 at 0.3 or 1 µM decreased IL-2 expression in CD4+ T cells and CD8+ T cells (Figure 6E,F). These results indicate that TPCA-1 and IKK-16 did not inhibit IFN-γ expression even under concentrations that markedly inhibited IL-2 expression in primary effector CD4+ and CD8+ T cells.





3. Discussion


Eomes is a transcription factor that specifies the lineage of T cells and NK cells [11,14,41]. The ectopic expression of Eomes confers IFN-γ expression to several types of normal and transformed cells [13,24,42,43,44]. Consistent with these findings, we also reported that the transfection of Eomes promoted IFN-γ expression in mouse lymphoma BW5147 and EL4 cells, neither of which expressed detectable amounts of endogenous Eomes [25,38]. Stimulation with TCR induced Eomes expression in invariant NKT cells [37]. Furthermore, IL-2 and IL-12 promoted the transcription of Eomes [45]. Collectively, these findings indicated that Eomes is transcriptionally regulated by TCR and induces to produce cytokines. To avoid an indirect influence of Eomes levels, the BW5147 and EL4 transfectants used in our studies provide ideal model systems for Eomes-dependent transcription because Eomes is constitutively expressed under the control of the housekeeping EF-1α promoter.



In addition to T-box sites [46], the IFN-γ promoter contains binding sites for NF-κB and NFAT [47]. We previously showed that IFN-γ expression induced by PMA and IM in Eomes-transfected BW5147 cells and EL4 cells was markedly inhibited by FK506 [25,38]. This finding indicated that the calcineurin-NFAT pathway is indispensable for Eomes-dependent IFN-γ expression. In contrast, TPCA-1 and IKK-16 moderately decreased IFN-γ expression induced by PMA and IM in Eomes-transfected BW5147 cells, whereas IL-2 expression was more strongly inhibited [38]. In the present study, TPCA-1 and IKK-16 did not inhibit PMA- and IM-induced IFN-γ expression in Eomes-transfected EL4 cells, while TPCA-1 effectively blocked the binding of RelA to the IFN-γ promoter, CNS−22, and CNS+30 in Eomes-transfected EL4 cells. A previous study reported that IKK-16 reduced the expression of Eomes or T-bet, and NF-κB was found to be enriched in the Eomes and T-bet promoters in osteoclast-induced Foxp3+ CD25+ regulatory CD8+ T cells [36]. These findings indicate that NF-κB plays an auxiliary or dispensable role in PMA- and IM-induced IFN-γ transcription when Eomes or T-bet is expressed. Based on the present results, we propose that in the first phase, NF-κB is required for the expression of Eomes or T-bet, and in the second phase, they epigenetically activate the IFN-γ gene to allow the access of other transcription factors, such as NFATc2. In contrast to Eomes-transfected BW5147 cells, TPCA-1 appeared to increase IFN-γ expression in Eomes-transfected EL4 cells. We speculate that this was due to NF-κB subunits expressed in EL4 cells, but not BW5147 cells, negatively regulating the transcription of the IFN-γ gene.



We mainly investigated two mouse lymphoma cell lines stably expressing Eomes to elucidate the mechanisms underlying IFN-γ transcription. To generalize our hypothesis, we also examined primary T cells. In response to stimulation with TCR, naïve T cells produce IFN-γ at low levels, whereas effector T cells and memory T cells produce higher levels of IFN-γ [5]. In CD8+ T cell differentiation, the expression of T-bet and Eomes is induced in the early and late phases, respectively, upon stimulation with anti-CD3 and anti-CD28 antibodies [17,18]. High IL-2 levels have been shown to up-regulate the expression of Eomes in CD8+ T cells [18]. IL-2 and IL-12 have been reported to promote the transcription of Eomes [45]. Therefore, during the differentiation of naïve T cells into effector T cells, T-bet, or possibly Eomes, epigenetically activates the IFN-γ gene by histone modifications. Effector T cells harbor T-bet, or possibly Eomes, at sufficient levels and are primed to produce IFN-γ immediately upon stimulation with TCR. Since neither TPCA-1 nor IKK-16 markedly inhibited IFN-γ expression induced by PMA and A23187 in effector CD4+ and CD8+ T cells, we concluded that NF-κB is dispensable for IFN-γ transcription in effector T cells stimulated with phorbol esters and calcium ionophores.



IL-18 belongs to the IL-1 family and has been reported to induce IFN-γ expression in T cells and NK cells [48,49]. Upon binding to IL-18, IL-18 receptors form αβ heterodimers, which mediate the MyD88-dependent activation of IκB kinase, leading to the activation of NF-κB [48,49]. Stimulations with IL-12 and IL-18 were shown to induce IFN-γ expression, which was accompanied by the recruitment of RelA to multiple CNS in the IFN-γ locus in Th1 and effector CD8+ T cells [33]. IL-18, particularly in combination with IL-12, was also found to augment IFN-γ production in T cells and NK cells [49]. Toll-like receptor 2 (TLR2) is known to induce the MyD88-dependent activation of NF-κB [50]. Stimulation with TLR2 induced IFN-γ production in effector Th1 cells [51]. In contrast to the Toll-IL-1 receptor family, TCR-dependent NF-κB activation requires the distinct signaling proteins CARMA1, BCL10, and MALT1 [52]. Therefore, NF-κB may be a more dominant activator of IFN-γ transcription when stimulated with IL-18 or TLR2 ligands.



The ChIP assay showed that Eomes bound to the IFN-γ promoter, CNS−22, and CNS+30 in Eomes-transfected EL4 cells. Among regulatory regions across the IFN-γ locus, the IFN-γ promoter appears to be critical for Eomes-dependent activation because the binding of NFATc2 and RelA to the IFN-γ promoter was markedly augmented only when EL4 cells were transfected with Eomes and then stimulated with PMA and IM. TPCA-1 did not markedly prevent the binding of Eomes or NFATc2 to the IFN-γ promoter or Eomes-dependent IFN-γ transcription in EL4 cells. We previously showed that FK506 inhibited PMA- and IM-induced IFN-γ expression and the binding of Eomes to the IFN-γ promoter in Eomes-transfected EL4 cells [25]. Therefore, in contrast to RelA, the binding of NFATc2 to the IFN-γ promoter appears to be indispensable for IFN-γ expression in EL4 cells.




4. Materials and Methods


4.1. Mice


Female C57BL/6N mice between 6 and 8 weeks old were purchased from Kyudo Co. (Tosu, Japan). All animal experiments were approved by the Animal Care and Use Committee for Saga University.




4.2. Cells


Mouse lymphoma EL4 cells (RCB1641) were obtained from the RIKEN BioResource Research Center (Tsukuba, Japan). EL4 cells were maintained in RPMI 1640 medium supplemented with heat-inactivated fetal calf serum (Sigma-Aldrich, St. Louis, MO, USA) and a penicillin–streptomycin mixture (Nacalai Tesque, Kyoto, Japan).




4.3. Reagents


PMA (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), IM (Merck Millipore, Darmstadt, Germany), TPCA-1 (Sigma-Aldrich, St. Louis, MO, USA), IKK-16 dihydrochloride (Sigma-Aldrich, St. Louis, MO, USA), A23187 (Sigma-Aldrich, St. Louis, MO, USA), and monensin (Sigma-Aldrich, St. Louis, MO, USA) were used for experiments.




4.4. Antibodies


Primary antibodies to γ1-actin (013-24553, Clone No. 2F3; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), FLAG (012-22384, Clone No. 1E6; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), NFATc2 (sc-7296, Clone No. 4G6-G5; Santa Cruz Biotechnology, Dallas, TX, USA), and RelA (sc-372, C-20; Santa Cruz Biotechnology, Dallas, TX, USA) were used for Western blotting and ChIP assays. A peroxidase-conjugated anti-mouse IgG antibody (115-035-146; Jackson ImmunoResearch, West Grove, PA, USA) and peroxidase-conjugated anti-rabbit IgG antibody (111-035-144; Jackson ImmunoResearch, West Grove, PA, USA) were used for Western blotting. Mouse IgG2a (400201, MOPC-173; BioLegend, San Diego, CA, USA), mouse IgG2b (400301, MPC-11; BioLegend, San Diego, CA, USA), and rabbit IgG (PP64; Merck Millipore, Darmstadt, Germany) were used as control antibodies in the ChIP assay. An APC-conjugated anti-CD4 antibody (17-0041-82, GK1.5; eBioscience, San Diego, CA, USA), APC-conjugated anti-CD8α antibody (MA1-10302, 53-6.7; eBioscience, San Diego, CA, USA), FITC-conjugated anti-IFN-γ antibody (11-7311-82, XMG1.2; eBioscience, San Diego, CA, USA), and PE-conjugated anti-IL-2 antibody (503807, JES6-5H4; BioLegend, San Diego, CA, USA) were used for flow cytometry.




4.5. Transfection


EL4 cells were transfected with an EF-1α promoter-driven pEF pGKpuro expression vector (a kind gift from Dr. D.C.S. Huang) [53] or pEF pGKpuro expression vector encoding N-terminal FLAG-tagged mouse Eomes [25] using the GenePulser Xcell electroporation system (Bio-Rad Laboratories, Hercules, CA, USA). Transfected cells were cultured in the presence of puromycin (5 µM). Puromycin-resistant clones were isolated independently and further cultured in the presence of puromycin. Control #1, Control #2, Eomes #1, and Eomes #2 EL4 transfectants were selected and used in the present study.




4.6. Western Blotting


Whole cell lysates were prepared and analyzed by Western blotting as previously described [54]. The anti-γ1-actin antibody (0.5 mg/mL, 1/1000 dilution), anti-FLAG antibody (0.5 mg/mL, 1/1000 dilution), anti-NFATc2 antibody (200 µg/mL, 1/1000 dilution), anti-RelA antibody (100 µg/mL, 1/1000 dilution), peroxidase-conjugated anti-mouse IgG antibody (0.8 mg/mL, 1/5000 dilution), and peroxidase-conjugated anti-rabbit IgG antibody (0.8 mg/mL, 1/5000 dilution) were used. γ1-Actin was used as a loading control for human and mouse cell lines in our previous studies [38,54]. Blots were visualized and acquired by Amersham Imager 680 (GE Healthcare Japan, Tokyo, Japan). ImageQuant TL software (GE Healthcare Japan, Tokyo, Japan) was used to quantitate protein bands.




4.7. Quantitative PCR


Total RNA preparation and cDNA synthesis were performed as previously described [55]. mRNA levels were measured by Thermal Cycler Dice® Real Time System Lite (Takara Bio, Kusatsu, Japan) using primers for IFN-γ [56], IL-2 [56], and β-actin [57]. Primer-specific standard curves were used for the quantitation of initial DNA.




4.8. ChIP Assay


The ChIP assay was performed as previously described [25]. Immunoprecipitation was conducted with 1 µg of the anti-FLAG antibody (1E6; mouse IgG2b), control mouse IgG2b (MPC-11), anti-NFATc2 antibody (4G6-G5; mouse IgG2a), control mouse IgG2a (MOPC-173), anti-RelA antibody (C-20; rabbit IgG), or control rabbit IgG (PP64). Primers used for the quantitation of DNA regions in the IFN-γ locus were previously described [25].




4.9. Cell Viability Assay


Cell viability was evaluated based on the formazan formation of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide as previously described [58,59], except for the use of the iMark microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).




4.10. Purification and Culture of Primary T Cells


The spleen was minced with scissors, treated with RBC lysis buffer (420301, BioLegend, San Diego, CA, USA) for 2 min, and filtered through a 70 µm nylon mesh. Spleen cells were then treated with FITC-conjugated antibodies reactive to B220 (103205, RA3-6B2; BioLegend, San Diego, CA, USA), CD11b (101205, M1/70; BioLegend, San Diego, CA, USA), and CD11c (117305, N418; BioLegend, San Diego, CA, USA), followed by treatment with anti-FITC antibody-conjugated magnetic beads (130-048-701, Miltenyi Biotec, Bergisch Gladbach, Germany). Primary T cells were purified by negative sorting using a MACS LD column (Miltenyi Biotec, Bergisch Gladbach, Germany), and incubated in plates coated with 10 µg/mL of the anti-CD3 antibody (100301, 145-2C11; BioLegend, San Diego, CA, USA) and 2 µg/mL of the anti-CD28 antibody (16-0281-82, 37.51; eBioscience, San Diego, CA, USA) for 3 d. The purity of T cells was routinely up to 90%, as assessed by anti-CD3ε staining.




4.11. Intracellular Staining


T cells were incubated with monensin (2 µM) during the PMA and A23187 stimulation to prevent cytokine secretion. Cells were harvested and stained with APC-conjugated antibodies for CD4 and anti-CD8α, and treated with Fixation/Permeabilization solution (BD Biosciences, San Jose, CA, USA). Cells were further stained with the FITC-conjugated anti-IFN-γ antibody or PE-conjugated anti-IL-2 antibody. Stained cells were analyzed by FACSCalibur (BD Biosciences, San Jose, CA, USA). Plots were analyzed by FlowJo software (Tomy Digital Biology, Tokyo, Japan).




4.12. Statistical Analysis


Statistical analyses were performed using a one-way ANOVA and Tukey’s test.





5. Conclusions


We herein revealed that NF-κB is dispensable for IFN-γ expression induced by phorbol esters and calcium ionophores in EL4 cells expressing Eomes. This is also applicable to primary effector CD4+ and CD8+ T cells, which are capable of rapidly producing IFN-γ in response to stimulation with TCR. In addition to the TCR stimulation, the NF-κB signaling pathway is induced by inflammatory cytokines and TLR ligands. Therefore, the requirement of NF-κB as a direct activator of IFN-γ transcription in response to a TCR stimulation appears to depend on the intracellular levels of pre-existing transcription factors required for epigenetic modulations in the IFN-γ gene and the strength of NF-κB signals by extracellular ligands.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms222313098/s1.





Author Contributions


Conceptualization, Y.T., A.N., Y.M. and T.K.; formal analysis, Y.T., A.N., Y.M., Y.H., R.T. and T.K.; investigation, Y.T., A.N., Y.M., Y.H. and R.T.; writing—original draft preparation, T.K.; writing—review and editing, Y.M. and T.K.; visualization, Y.T. and T.K.; supervision, T.K.; funding acquisition, T.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was partly supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI Grant Number 19H02885 (to T.K.).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Animal Care and Use Committee for Saga University.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in the present study are available upon request from the corresponding author.




Acknowledgments


We are very grateful to D.C.S. Huang for his kind gift.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rožman, P.; Švajger, U. The tolerogenic role of IFN-γ. Cytokine Growth Factor Rev. 2018, 41, 40–53. [Google Scholar] [CrossRef]

	



Burke, J.D.; Young, H.A. IFN-γ: A cytokine at the right time, is in the right place. Semin. Immunol. 2019, 43, 101280. [Google Scholar] [CrossRef]

	



Mojic, M.; Takeda, K.; Hayakawa, Y. The dark side of IFN-γ: Its role in promoting cancer immunoevasion. Int. J. Mol. Sci. 2018, 19, 89. [Google Scholar] [CrossRef] [PubMed]

	



Kursunel, M.A.; Esendagli, G. The untold story of IFN-γ in cancer biology. Cytokine Growth Factor Rev. 2016, 31, 73–81. [Google Scholar] [CrossRef] [PubMed]

	



Badovinac, V.P.; Harty, J.T. Programming, demarcating, and manipulating CD8+ T-cell memory. Immunol. Rev. 2006, 211, 67–80. [Google Scholar] [CrossRef]

	



Hadjur, S.; Williams, L.M.; Ryan, N.K.; Cobb, B.S.; Sexton, T.; Fraser, P.; Fisher, A.G.; Merkenschlager, M. Cohesions form chromosomal cis-interactions at the developmentally regulated IFNG locus. Nature 2009, 460, 410–413. [Google Scholar] [CrossRef] [PubMed]

	



Sekimata, M.; Pérez-Melgosa, M.; Miller, S.A.; Weinmann, A.S.; Sabo, P.J.; Sandstrom, R.; Dorschner, M.O.; Stamatoyannopoulos, J.A.; Wilson, C.B. CCCTC-binding factor and the transcription factor T-bet orchestrate T helper 1 cell-specific structure and function at the interferon-γ locus. Immunity 2009, 31, 551–564. [Google Scholar] [CrossRef]

	



Wilson, C.B.; Rowell, E.; Sekimata, M. Epigenetic control of T-helper-cell differentiation. Nat. Rev. Immunol. 2009, 9, 91–105. [Google Scholar] [CrossRef] [PubMed]

	



Balasubramani, A.; Mukasa, R.; Hatton, R.D.; Weaver, C.T. Regulation of the Ifng locus in the context of T-lineage specification and plasticity. Immunol. Rev. 2010, 238, 216–232. [Google Scholar] [CrossRef]

	



Aune, T.M.; Collins, P.L.; Collier, S.P.; Henderson, M.A.; Chang, S. Epigenetic activation and silencing of the gene that encodes IFN-γ. Front. Immunol. 2013, 4, 112. [Google Scholar] [CrossRef]

	



Zhang, J.; Marotel, M.; Fauteux-Daniel, S.; Mathieu, A.L.; Viel, S.; Marçais, A.; Walzer, T. T-bet and Eomes govern differentiation and function of mouse and human NK cells and ILC1. Eur. J. Immunol. 2018, 48, 738–750. [Google Scholar] [CrossRef]

	



Szabo, S.J.; Kim, S.T.; Costa, G.L.; Zhang, X.; Fathman, C.G.; Glimcher, L.H. A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell 2000, 100, 655–669. [Google Scholar] [CrossRef]

	



Pearce, E.L.; Mullen, A.C.; Martins, G.A.; Krawczyk, C.M.; Hutchins, A.S.; Zediak, V.P.; Banica, M.; DiCioccio, C.B.; Gross, D.A.; Mao, C.A.; et al. Control of effector CD8+ T cell function by the transcription factor Eomesodermin. Science 2003, 302, 1041–1043. [Google Scholar] [CrossRef]

	



Pritchard, G.H.; Kedl, R.M.; Hunter, C.A. The evolving role of T-bet in resistance to infection. Nat. Rev. Immunol. 2019, 19, 398–410. [Google Scholar] [CrossRef]

	



Takemoto, N.; Intlekofer, A.M.; Northrup, J.T.; Wherry, E.J.; Reiner, S.L. IL-12 inversely regulates T-bet and eomesodermin expression during pathogen-induced CD8+ T cell differentiation. J. Immunol. 2006, 177, 7515–7519. [Google Scholar] [CrossRef]

	



Joshi, N.S.; Cui, W.; Chandele, A.; Lee, H.K.; Urso, D.R.; Hagman, J.; Gapin, L.; Kaech, S.M. Inflammation directs memory precursor and short-lived effector CD8+ T cell fates via the graded expression of T-bet transcription factor. Immunity 2007, 27, 281–295. [Google Scholar] [CrossRef]

	



Cruz-Guilloty, F.; Pipkin, M.E.; Djuretic, I.M.; Levanon, D.; Lotem, J.; Lichtenheld, M.G.; Groner, Y.; Rao, A. Runx3 and T-box proteins cooperate to establish the transcriptional program of effector CTLs. J. Exp. Med. 2009, 206, 51–59. [Google Scholar] [CrossRef]

	



Pipkin, M.E.; Sacks, J.A.; Cruz-Guilloty, F.; Lichtenheld, M.G.; Bevan, M.J.; Rao, A. Interleukin-2 and inflammation induce distinct transcriptional programs that promote the differentiation of effector cytolytic T cells. Immunity 2010, 32, 79–90. [Google Scholar] [CrossRef]

	



Hatton, R.D.; Harrington, L.E.; Luther, R.J.; Wakefield, T.; Janowski, K.M.; Oliver, J.R.; Lallone, R.L.; Murphy, K.M.; Weaver, C.T. A distal conserved sequence element controls Ifng gene expression by T cells and NK cells. Immunity 2006, 25, 717–729. [Google Scholar] [CrossRef]

	



Yagi, R.; Junttila, I.S.; Wei, G.; Urban, J.F.; Zhao, K.; Paul, W.E.; Zhu, J. The transcription factor GATA3 actively represses RUNX3 protein-regulated production of interferon-γ. Immunity 2010, 32, 507–517. [Google Scholar] [CrossRef]

	



Schoenborn, J.R.; Dorschner, M.; Sekimata, M.; Santer, D.; Shnyreva, M.; Fitzpatrick, D.R.; Stamatoyannopoulos, J.A.; Wilson, C.B. Comprehensive epigenetic profiling identifies multiple distal regulatory elements directing Ifng transcription. Nat. Immunol. 2007, 8, 732–742. [Google Scholar] [CrossRef]

	



Mukasa, R.; Balasubramani, A.; Lee, Y.K.; Whitley, S.K.; Weaver, B.T.; Shibata, Y.; Crawford, G.E.; Hatton, R.D.; Weaver, C.T. Epigenetic instability of cytokine and transcription factor gene loci underlies plasticity of the T helper 17 cell lineage. Immunity 2010, 32, 616–627. [Google Scholar] [CrossRef]

	



Balasubramani, A.; Winstead, C.J.; Turner, H.; Janowski, K.M.; Harbour, S.N.; Shibata, Y.; Crawford, G.E.; Hatton, R.D.; Weaver, C.T. Deletion of a conserved cis-element in the Ifng locus highlights the role of acute histone acetylation in modulating inducible gene transcription. PLoS Genet. 2014, 10, e1003969. [Google Scholar] [CrossRef]

	



Gruarin, P.; Maglie, S.; De Simone, M.; Häringer, B.; Vasco, C.; Ranzani, V.; Bosotti, R.; Noddings, J.S.; Larghi, P.; Facciotti, F.; et al. Eomesodermin controls a unique differentiation program in human IL-10 and IFN-γ coproducing regulatory T cells. Eur. J. Immunol. 2019, 49, 96–111. [Google Scholar] [CrossRef]

	



Fukuoka, N.; Harada, M.; Nishida, A.; Ito, Y.; Shiota, H.; Kataoka, T. Eomesodermin promotes interferon-γ expression and binds to multiple conserved noncoding sequences across the Ifng locus in mouse thymoma cell lines. Genes Cells 2016, 21, 146–162. [Google Scholar] [CrossRef]

	



Brownlie, R.J.; Zamoyska, R. T cell receptor signalling networks: Branched, diversified and bounded. Nat. Rev. Immunol. 2013, 13, 257–269. [Google Scholar] [CrossRef]

	



Fric, J.; Zelante, T.; Wong, A.Y.W.; Mertes, A.; Yu, H.B.; Ricciardi-Castagnoli, P. NFAT control of innate immunity. Blood 2012, 120, 1380–1389. [Google Scholar] [CrossRef]

	



Kiani, A.; García-Cózar, F.J.; Habermann, I.; Laforsch, S.; Aebischer, T.; Ehninger, G.; Rao, A. Regulation of interferon-γ gene expression by nuclear factor of activated T cells. Blood 2001, 98, 1480–1488. [Google Scholar] [CrossRef]

	



Peng, S.L.; Gerth, A.J.; Ranger, A.M.; Glimcher, L.H. NFATc1 and NFATc2 together control both T and B cell activation and differentiation. Immunity 2001, 14, 13–20. [Google Scholar] [CrossRef]

	



Teixeira, L.K.; Fonseca, B.P.F.; Vieira-de-Abreu, A.; Barboza, B.A.; Robbs, B.K.; Bozza, P.T.; Viola, J.P.B. IFN-γ production by CD8+ T cells depends on NFAT1 transcription factor and regulates Th differentiation. J. Immunol. 2005, 175, 5931–5939. [Google Scholar] [CrossRef]

	



Lee, D.U.; Avni, O.; Chen, L.; Rao, A. A distal enhancer in the interferon-γ (IFN-γ) locus revealed by genome sequence comparison. J. Biol. Chem. 2004, 279, 4802–4810. [Google Scholar] [CrossRef]

	



Hayden, M.S.; Ghosh, S. Regulation of NF-κB by TNF family cytokines. Semin. Immunol. 2014, 26, 253–266. [Google Scholar] [CrossRef]

	



Balasubramani, A.; Shibata, Y.; Crawford, G.E.; Baldwin, A.S.; Hatton, R.D.; Weaver, C.T. Modular utilization of distal cis-regulatory elements controls Ifng gene expression in T cells activated by distinct stimuli. Immunity 2010, 33, 35–47. [Google Scholar] [CrossRef]

	



Corn, R.A.; Aronica, M.A.; Zhang, F.; Tong, Y.; Stanley, S.A.; Kim, S.R.A.; Stephenson, L.; Enerson, B.; McCarthy, S.; Mora, A.; et al. T cell-intrinsic requirement for NF-κB induction in postdifferentiation IFN-γ production and clonal expansion in a Th1 response. J. Immunol. 2003, 171, 1816–1824. [Google Scholar] [CrossRef]

	



Waelchli, R.; Bollbuck, B.; Bruns, C.; Buhl, T.; Eder, J.; Feifel, R.; Hersperger, R.; Janser, P.; Revesz, L.; Zerwes, H.G.; et al. Design and preparation of 2-benzamido-pyrimidines as inhibitors of IKK. Bioorg. Med. Chem. Lett. 2006, 16, 108–112. [Google Scholar] [CrossRef]

	



Shashkova, E.V.; Trivedi, J.; Cline-Smith, A.B.; Ferris, C.; Buchwald, Z.S.; Gibbs, J.; Novack, D.; Aurora, R. Osteoclast-primed Foxp3+ CD8 T cells induce T-bet, Eomesodermin, and IFN-γ to regulate bone resorption. J. Immunol. 2016, 197, 726–735. [Google Scholar] [CrossRef]

	



Shimizu, K.; Sato, Y.; Kawamura, M.; Nakazato, H.; Watanabe, T.; Ohara, O.; Fujii, S.I. Eomes transcription factor is required for the development and differentiation of invariant NKT cells. Commun. Biol. 2019, 2, 150. [Google Scholar] [CrossRef]

	



Harada, M.; Vo, N.T.; Nakao, A.; Tanigaki, R.; Fukuoka, N.; Nishida, A.; Kataoka, T. Eomesodermin promotes interaction of RelA and NFATc2 with the Ifng promoter and multiple conserved noncoding sequences across the Ifng locus in mouse lymphoma BW5147 cells. Immunol. Lett. 2020, 225, 33–43. [Google Scholar] [CrossRef]

	



Podolin, P.L.; Callahan, J.F.; Bolognese, B.J.; Li, Y.H.; Carlson, K.; Davis, T.G.; Mellor, G.W.; Evans, C.; Roshak, A.K. Attenuation of murine collagen-induced arthritis by a novel, potent, selective small molecule inhibitor of IκB kinase 2, TPCA-1 (2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide), occurs via reduction of proinflammatory cytokines and antigen-induced T cell proliferation. J. Pharmacol. Exp. Ther. 2005, 312, 373–381. [Google Scholar]

	



Nan, J.; Du, Y.; Chen, X.; Bai, Q.; Wang, Y.; Zhang, X.; Zhu, N.; Zhang, J.; Hou, J.; Wang, Q.; et al. TPCA-1 is a direct dual inhibitor of STAT3 and NF-κB and regresses mutant EGFR-associated human non-small cell lung cancers. Mol. Cancer Ther. 2014, 13, 617–629. [Google Scholar] [CrossRef]

	



Lazarevic, V.; Glimcher, L.H.; Lord, G.M. T-bet: A bridge between innate and adaptive immunity. Nat. Rev. Immunol. 2013, 13, 777–789. [Google Scholar] [CrossRef] [PubMed]

	



Suto, A.; Wurster, A.L.; Reiner, S.L.; Grusby, M.J. IL-21 inhibits IFN-γ production in developing Th1 cells through the repression of Eomesodermin expression. J. Immunol. 2006, 177, 3721–3727. [Google Scholar] [CrossRef] [PubMed]

	



Miller, S.A.; Mohn, S.E.; Weinmann, A.S. Jmjd3 and UTX play a demethylase-independent role in chromatin remodeling to regulate T-box family member-dependent gene expression. Mol. Cell 2010, 40, 594–605. [Google Scholar] [CrossRef]

	



Eshima, K.; Chiba, S.; Suzuki, H.; Kokubo, K.; Kobayashi, H.; Iizuka, M.; Iwabuchi, K.; Shinohara, N. Ectopic expression of a T-box transcription factor, eomesodermin, renders CD4+ Th cells cytotoxic by activation both perforin- and FasL-pathways. Immunol. Lett. 2012, 144, 7–15. [Google Scholar] [CrossRef]

	



Mazzoni, A.; Maggi, L.; Siracusa, F.; Ramazzotti, M.; Rossi, M.C.; Santarlasci, V.; Montaini, G.; Capone, M.; Rossettini, B.; De Palma, R.; et al. Eomes controls the development of Th17-derived (non-classic) Th1 cells during chronic inflammation. Eur. J. Immunol. 2019, 49, 79–95. [Google Scholar] [CrossRef]

	



Cho, J.Y.; Grigura, V.; Murphy, T.L.; Murphy, K. Identification of cooperative monomeric Brachyury sites conferring T-bet responsiveness to the proximal IFN-γ promoter. Int. Immunol. 2003, 15, 1149–1160. [Google Scholar] [CrossRef]

	



Sica, A.; Dorman, L.; Viggiano, V.; Cippitelli, M.; Ghosh, P.; Rice, N.; Young, H.A. Interaction of NF-κB and NFAT with the interferon-γ promoter. J. Biol. Chem. 1997, 272, 30412–30420. [Google Scholar] [CrossRef] [PubMed]

	



Kaplanski, G. Interleukin-18: Biological properties and role in disease pathogenesis. Immunol. Rev. 2018, 281, 138–153. [Google Scholar] [CrossRef]

	



Yasuda, K.; Nakanishi, K.; Tsutsui, H. Interleukin-18 in health and disease. Int. J. Mol. Sci. 2019, 20, 649. [Google Scholar] [CrossRef] [PubMed]

	



Takeuchi, O.; Akira, S. Pattern recognition receptors and inflammation. Cell 2010, 140, 805–820. [Google Scholar] [CrossRef]

	



Imanishi, T.; Unno, M.; Kobayashi, W.; Yoneda, N.; Akira, S.; Saito, T. mTORC1 signaling controls TLR2-mediated T-cell activation by inducing TIRAP expression. Cell Rep. 2020, 32, 107911. [Google Scholar] [CrossRef] [PubMed]

	



Thome, M.; Charton, J.E.; Pelzer, C.; Hailfinger, S. Antigen receptor signaling to NF-κB via CARMA1, BCL10, and MALT1. Cold Spring Harb. Perspect. Biol. 2010, 2, a003004. [Google Scholar] [CrossRef]

	



Huang, D.C.S.; Cory, S.; Strasser, A. Bcl-2, Bcl-xL and adenovirus protein E1B19kD are functionally equivalent in their ability to inhibit cell death. Oncogene 1997, 14, 405–414. [Google Scholar] [CrossRef]

	



Kondo, T.; Takeda, K.; Muko, R.; Ito, A.; Chang, Y.C.; Magae, J.; Kataoka, T. 4-O-Methylascochlorin inhibits the prolyl hydroxylation of hypoxia-inducible factor-1α, which is attenuated by ascorbate. J. Antibiot. 2019, 72, 271–281. [Google Scholar] [CrossRef] [PubMed]

	



Harada, M.; Morimoto, K.; Kondo, T.; Hiramatsu, R.; Okina, Y.; Muko, R.; Matsuda, I.; Kataoka, T. Quinacrine inhibits ICAM-1 transcription by blocking DNA binding of the NF-κB subunit p65 and sensitizes human lung adenocarcinoma A549 cells to TNF-α and the Fas ligand. Int. J. Mol. Sci. 2017, 18, 2603. [Google Scholar] [CrossRef]

	



Casteels, K.M.; Mathieu, C.; Waer, M.; Valckx, D.; Overbergh, L.; Laureys, J.M.; Bouillon, R. Prevention of type I diabetes in nonobese diabetic mice by late intervention with nonhypercalcemic analogs of 1,25-dihydroxyvitamin D3 in combination with a short induction course of cyclosporin A. Endocrinology 1998, 139, 95–102. [Google Scholar] [CrossRef] [PubMed]

	



Overbergh, L.; Valckx, D.; Waer, M.; Mathieu, C. Quantification of murine cytokine mRNAs using real time quantitative reverse transcriptase PCR. Cytokine 1999, 11, 305–312. [Google Scholar] [CrossRef] [PubMed]

	



Yamada, Y.; Taketani, S.; Osada, H.; Kataoka, T. Cytotorienin A, a translation inhibitor that induces ectodomain shedding of TNF receptor 1 via activation of ERK and p38 MAP kinase. Eur. J. Pharmacol. 2011, 667, 113–119. [Google Scholar] [CrossRef]

	



Mitsuda, S.; Yokomichi, T.; Yokoigawa, J.; Kataoka, T. Ursolic acid, a natural pentacyclic triterpenoid, inhibits intercellular trafficking of proteins and induces accumulation of intercellular adhesion molecule-1 linked to high-mannose-type glycans in the endoplasmic reticulum. FEBS Open Bio 2014, 4, 229–239. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 13098 g001 550] 





Figure 1. Eomes promoted the expression of IFN-γ mRNA in EL4 cells. (A,B) Whole cell lysates were prepared from Control #1, Control #2, Eomes #1, and Eomes #2 EL4 transfectants and used for Western blotting using anti-FLAG, anti-RelA, and anti-NFATc2 antibodies. Blots were representative of five independent experiments (A). The amount of FLAG-Eomes, RelA, and NFATc2 was normalized to that of γ1-actin. The amount of the FLAG-Eomes protein in the Eomes #2 EL4 transfectant was set to 1-fold. The amounts of the RelA protein and NFATc2 protein in the Control #1 EL4 transfectant were set to 1-fold. The FLAG-Eomes protein (fold), RelA protein (fold), and NFATc2 protein (fold) are shown as the mean ± S.E. of five independent experiments. (C,D) Control #1, Control #2, Eomes #1, and Eomes #2 EL4 transfectants were treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 6 h. IFN-γ mRNA (C) and IL-2 mRNA (D) were measured by quantitative PCR. mRNA levels without PMA and IM in each EL4 transfectant were set to 1-fold. Data are shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2. Binding of FLAG-Eomes, RelA, and NFATc2 to the IFN-γ promoter, CNS−22, and CNS+30 in EL4 transfectants. (A–C) The Control #2 EL4 transfectant (Control) and Eomes #2 EL4 transfectant (Eomes) were treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 2 h. ChIP assays were performed for FLAG-Eomes (A), RelA (B), and NFATc2 (C). Quantitative PCR was used to measure the amounts of fifteen different DNA regions. The IFN-γ promoter (−0.1 kb), CNS−22, and CNS+30 are shown in this figure. Other regions for FLAG-Eomes, RelA, and NFATc2 are shown in Figures S2–S4, respectively. Immunoprecipitated (IP) DNA (% input) is shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 3. Effects of TPCA-1 on IFN-γ and IL-2 mRNA expression in EL4 transfectants. (A–C) Control #1, Control #2, Eomes #1, and Eomes #2 EL4 transfectants were pretreated with TPCA-1 for 1 h and then treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 2 h in the presence or absence of TPCA-1 at the indicated final concentrations. Cell viability (%) is shown as the mean ± S.E. of three independent experiments (A). IFN-γ mRNA (B) and IL-2 mRNA (C) were measured by quantitative PCR. mRNA levels with PMA and IM in each EL4 transfectant were set to 100%. IFN-γ mRNA (%) and IL-2 mRNA (%) are shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 4. Effects of IKK-16 on IFN-γ and IL-2 mRNA expression in EL4 transfectants. (A–C) Control #1, Control #2, Eomes #1, and Eomes #2 EL4 transfectants were pretreated with IKK-16 for 1 h and then treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 2 h in the presence or absence of IKK-16 at the indicated final concentrations. Cell viability (%) is shown as the mean ± S.E. of three independent experiments (A). IFN-γ mRNA (B) and IL-2 mRNA (C) were measured by quantitative PCR. mRNA levels with PMA and IM in each EL4 transfectant were set to 100%. IFN-γ mRNA (%) and IL-2 mRNA (%) are shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 4. Effects of IKK-16 on IFN-γ and IL-2 mRNA expression in EL4 transfectants. (A–C) Control #1, Control #2, Eomes #1, and Eomes #2 EL4 transfectants were pretreated with IKK-16 for 1 h and then treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 2 h in the presence or absence of IKK-16 at the indicated final concentrations. Cell viability (%) is shown as the mean ± S.E. of three independent experiments (A). IFN-γ mRNA (B) and IL-2 mRNA (C) were measured by quantitative PCR. mRNA levels with PMA and IM in each EL4 transfectant were set to 100%. IFN-γ mRNA (%) and IL-2 mRNA (%) are shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001.



[image: Ijms 22 13098 g004]







[image: Ijms 22 13098 g005 550] 





Figure 5. Effects of TPCA-1 on the binding of RelA, FLAG-Eomes, and NFATc2 to the IFN-γ promoter, CNS−22, and CNS+30 in EL4 transfectants. (A–C) Eomes #2 EL4 transfectants were pretreated with (+) or without (−) TPCA-1 for 1 h and then treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 2 h in the presence or absence of TPCA-1 (20 µM). ChIP assays were performed for FLAG-Eomes (A), RelA (B), and NFATc2 (C) using control IgG (light color bars) or specific antibodies (dark color bars). Quantitative PCR was used to measure the amounts of DNA regions. Immunoprecipitated (IP) DNA (% input) is shown as the mean ± S.E. of four (A) and three (B,C) independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 5. Effects of TPCA-1 on the binding of RelA, FLAG-Eomes, and NFATc2 to the IFN-γ promoter, CNS−22, and CNS+30 in EL4 transfectants. (A–C) Eomes #2 EL4 transfectants were pretreated with (+) or without (−) TPCA-1 for 1 h and then treated with (+) or without (−) PMA (10 nM) and IM (1 µM) for 2 h in the presence or absence of TPCA-1 (20 µM). ChIP assays were performed for FLAG-Eomes (A), RelA (B), and NFATc2 (C) using control IgG (light color bars) or specific antibodies (dark color bars). Quantitative PCR was used to measure the amounts of DNA regions. Immunoprecipitated (IP) DNA (% input) is shown as the mean ± S.E. of four (A) and three (B,C) independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001.



[image: Ijms 22 13098 g005]







[image: Ijms 22 13098 g006 550] 





Figure 6. Effects of TPCA-1 and IKK-16 on IFN-γ and IL-2 expression in primary effector T cells. (A–F) Splenic T cells were purified and incubated with anti-CD3 and anti-CD28 antibodies for 3 d. T cells were preincubated with the indicated concentrations of TPCA-1 or IKK-16 for 1 h and then incubated with (+) or without (−) PMA (20 ng/mL), A23187 (0.5 µg/mL), and monensin (2 µM) for 4 h in the presence or absence of TPCA-1 or IKK-16. Cells were stained with anti-CD4-allophycocyanin (APC) or anti-CD8α-APC, fixed and permeabilized, followed by staining with anti-IFN-γ-fluorescein isothiocyanate (FITC) or anti-IL-2-phycoerythrin (PE). (A) Plots are representative of three independent experiments performed in triplicate. Viable cells were surrounded by a red line in FSC-SSC plots. (B) Cell viability without PMA and A23187 was set to 100%. Cell viability (%) is shown as the mean ± S.E. of three independent experiments. (C to F) IFN-γ and IL-2 expression with PMA and A23187 was set to 100%. The percentage of CD4+ IFN-γ+ cells (C), CD8+ IFN-γ+ cells (D), CD4+ IL-2+ cells (E), and CD8+ IL-2+ cells (F) is shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 6. Effects of TPCA-1 and IKK-16 on IFN-γ and IL-2 expression in primary effector T cells. (A–F) Splenic T cells were purified and incubated with anti-CD3 and anti-CD28 antibodies for 3 d. T cells were preincubated with the indicated concentrations of TPCA-1 or IKK-16 for 1 h and then incubated with (+) or without (−) PMA (20 ng/mL), A23187 (0.5 µg/mL), and monensin (2 µM) for 4 h in the presence or absence of TPCA-1 or IKK-16. Cells were stained with anti-CD4-allophycocyanin (APC) or anti-CD8α-APC, fixed and permeabilized, followed by staining with anti-IFN-γ-fluorescein isothiocyanate (FITC) or anti-IL-2-phycoerythrin (PE). (A) Plots are representative of three independent experiments performed in triplicate. Viable cells were surrounded by a red line in FSC-SSC plots. (B) Cell viability without PMA and A23187 was set to 100%. Cell viability (%) is shown as the mean ± S.E. of three independent experiments. (C to F) IFN-γ and IL-2 expression with PMA and A23187 was set to 100%. The percentage of CD4+ IFN-γ+ cells (C), CD8+ IFN-γ+ cells (D), CD4+ IL-2+ cells (E), and CD8+ IL-2+ cells (F) is shown as the mean ± S.E. of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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