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Abstract: Kujigamberol, a dinorlabdane compound isolated from Kuji amber, exerts multi-
ple biological effects, including anti-allergic and anti-inflammatory activities. The present
study demonstrated that kujigamberol inhibited cytokine production by T cells. In response
to a phorbol 12-myristate 13-acetate (PMA) and ionomycin (IM) stimulation, kujigamberol
suppressed interferon-γ (IFN-γ) and interleukin-2 (IL-2) mRNA expression in murine T-cell
lymphoma BW5147 cells stably transfected with the T-box transcription factor eomeso-
dermin. IL-4 and Fas ligand mRNA expression was also inhibited by kujigamberol. In
the murine cytotoxic T-cell line CTLL-2, kujigamberol more strongly decreased IFN-γ
mRNA expression induced by IM alone than that induced by the combination of PMA and
IM. A luciferase reporter assay showed that kujigamberol preferentially reduced nuclear
factor of activated T cell (NFAT)-dependent transcription in human embryonic kidney
293T cells. Unlike the calcineurin inhibitor FK506, kujigamberol did not markedly affect
NFATc2 protein levels in BW5147 cells but interfered with the binding of NFATc2 to the
IFN-γ and IL-2 promoters. These results indicate that kujigamberol inhibited IFN-γ and
IL-2 mRNA expression by preventing the binding of NFATc2 to their promoters; therefore,
it has potential as an immunosuppressive agent.

Keywords: kujigamberol; NFAT; T cells; interferon γ; interleukin-2; interleukin-4; Fas
ligand; eomesodermin

1. Introduction
T cells play a critical role in the adaptive immune system by responding and adapting

to various biomechanical signals in order to regulate adhesion, migration, and trafficking
and elicit immune functions [1]. T cells differentiate into distinct subsets that produce
different sets of cytokines [2,3]. Cytokines are essential for the regulation of immune
responses in a wide variety of target cells; however, excessive levels of cytokines cause
inflammatory and allergic diseases [4,5].

Interleukin-2 (IL-2) is a primary cytokine that is predominantly produced by helper
T cells, but it is also secreted by other cell types [6,7]. IL-2 has fundamental functions,
such as supporting T-cell proliferation and survival and the differentiation of naïve T cells
into effector and memory T cells [8,9]. IL-2 transcription is regulated by the proximal IL-2
promoter, which interacts with transcription factors, such as nuclear factor of activated T
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cell (NFAT), nuclear factor κB (NF-κB), and activated protein-1 (AP-1) [10,11]. Previous
studies demonstrated that T-cell receptor stimulation induced increases in Ca2+ levels
and activated protein kinases, which led to transcriptional activation mediated by NFAT,
NF-κB, and AP-1 [12,13]. In addition to IL-2, T cells produce other cytokines, including
interleukins, interferons, and members of the tumor necrosis factor superfamily [4,5].

Interferon-γ (IFN-γ) is a proinflammatory cytokine that plays a critical role in the
regulation of immune responses, including antigen presentation and cytokine produc-
tion [14,15]. It is mainly produced by T helper type 1 (Th1) cells, cytotoxic T cells, and
natural killer (NK) cells [16,17]. NFAT and NF-κB were shown to be essential for IFN-γ
transcription by interacting with the IFN-γ promoter [18]. In addition to these conventional
transcription factors, lineage-specifying transcription factors are required to promote IFN-γ
transcription through the epigenetic modification of the IFN-γ locus [18–20].

The NFAT family of transcription factors are regulated by Ca2+ signaling and are
highly phosphorylated in the regulatory domain, which is a prerequisite for their seques-
tration in the cytosol [21,22]. Calcineurin, a serine/threonine phosphatase, is capable of
directly dephosphorylating NFAT [21,22]. An increase in intracellular Ca2+ promotes the
interaction of Ca2+-calmodulin with calcineurin and its phosphatase activity [23]. Upon
dephosphorylation, NFAT is transcriptionally activated and translocates to the nucleus [24].
As a NFAT member, NFATc2 (also known as NFAT1) has been shown to play a critical role
in the transcription of IFN-γ [25–27].

The T-box family member eomesodermin (Eomes) is regarded as a lineage-specifying
transcription factor and consists of a T-box (DNA binding) domain and a transactivation
domain [28,29]. Eomes plays an essential role in the differentiation and function of Th1
cells, cytotoxic T cells, and NK cells, including IFN-γ production [28,29]. Consistent with
this notion, we reported that Eomes-transfected murine T-cell lymphomas acquired the
ability to produce IFN-γ, even though their parental cell lines did not express detectable
IFN-γ [30,31].

Kujigamberol (15,20-dinor-5,7,9-labdatrien-18-ol) (Figure 1) is a dinorlabdane com-
pound that was originally identified in Kuji amber using screening based on mutant yeast
hypersensitive to Ca2+-dependent signal transduction [32]. Previous studies demonstrated
that kujigamberol exerted several biological effects, including anti-tumor activity against
human leukemia HL-60 cells [32], anti-inflammatory activity in human vascular endothelial
cells [33], and anti-allergic activity in rat basophilic leukemia RBL-2H3 cells and an in vivo
rhinitis model using guinea pigs [34]. Our evaluation of the biological activity of kujigam-
berol in T cells showed that it suppressed IFN-γ and IL-2 expression in Eomes-transfected
BW5147 cells. In the present study, we investigated the mechanisms by which kujigamberol
inhibits T-cell cytokine expression.

Figure 1. Structure of kujigamberol.
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2. Results
2.1. Kujigamberol Inhibited IFN-γ and IL-2 mRNA Expression in Murine T-Cell Lymphoma
BW5147 Cells

Murine T-cell lymphoma BW5147 cells are capable of producing IL-2, but only a trace
amount of IFN-γ, in response to phorbol 12-myristate 13-acetate (PMA) and A23187, which
mimic T-cell receptor stimulation [35]. We previously showed that the T-box transcription
factor Eomes enabled BW5147 cells to produce high levels of IFN-γ in response to PMA
and ionomycin (IM) [30,31]. In the present study, we used Eomes-transfected BW5147 cells
as a T-cell model to examine the effects of kujigamberol on cytokine production by T cells.

Eomes-transfected BW5147 cells were treated with kujigamberol for 6 h. Kujigam-
berol did not significantly affect cell viability at concentrations up to 40 µM (Figure 2A).
Under these conditions, cytokine production at the mRNA level was assessed by re-
verse transcription-quantitative PCR (RT-qPCR). IFN-γ and IL-2 mRNA expression
was up-regulated when Eomes-transfected BW5147 cells were stimulated with PMA
and IM (Figure 2B,C). Kujigamberol decreased IFN-γ and IL-2 mRNA expression in a
dose-dependent manner and at concentrations higher than 20 and 10 µM, respectively
(Figure 2B,C). These results showed that kujigamberol inhibited IFN-γ and IL-2 mRNA
up-regulated by PMA and IM.

Figure 2. Kujigamberol inhibited IFN-γ and IL-2 mRNA expression in murine T-cell lymphoma
BW5147 cells transfected with Eomes. (A) Eomes-transfected BW5147 cells were treated with (+) or
without (−) serial dilutions of kujigamberol for 6 h at the indicated concentrations. Cell viability was
evaluated by the MTT assay. Cell viability (%) is shown as the mean ± S.E. of three independent
experiments. No significant differences were observed. (B,C) Eomes-transfected BW5147 cells were
pretreated with (+) or without (−) serial dilutions of kujigamberol for 1 h and were then incubated
with (+) or without (−) PMA (100 nM) plus IM (1 µM) for 6 h in the presence of kujigamberol
at the indicated concentrations. IFN-γ and IL-2 mRNA expression was evaluated by RT-qPCR.
IFN-γ mRNA (%) (B) and IL-2 mRNA (%) (C) are shown as the mean ± S.E. of three independent
experiments. ** p < 0.01 and *** p < 0.001.

2.2. Kujigamberol Inhibited IL-4 and Fas Ligand mRNA Expression in Eomes-Transfected
BW5147 Cells

We further investigated the effects of kujigamberol on the production of other T-cell
cytokines. The results obtained showed that IL-4 and Fas ligand mRNA expression was
highly up-regulated in Eomes-transfected BW5147 cells stimulated with PMA and IM
(Figure 3A,B). Kujigamberol markedly inhibited the up-regulation of IL-4 and Fas ligand
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mRNA expression (Figure 3A,B). Collectively, these results demonstrate that kujigamberol
exerted potent inhibitory effects on cytokine mRNA expression in BW5147 cells.

Figure 3. Kujigamberol inhibited IL-4 and Fas ligand mRNA expression in Eomes-transfected BW5147
cells. (A,B) Eomes-transfected BW5147 cells were pretreated with (+) or without (−) kujigamberol
for 1 h, followed by stimulation with (+) or without (−) PMA (100 nM) plus IM (1 µM) for 6 h in
the continued presence (+) or absence (−) of kujigamberol (40 µM). IL-4 and Fas ligand mRNA
expression was evaluated by RT-qPCR. IL-4 mRNA (%) (A) and Fas ligand mRNA (%) (B) are shown
as the mean ± S.E. of three independent experiments. * p < 0.05 and *** p < 0.001.

2.3. Kujigamberol Inhibited IFN-γ mRNA Expression in the Murine Cytotoxic T-Cell Line CTLL-2

In addition to helper T cells, IFN-γ is one of the cytokines produced by cytotoxic T cells
and NK cells [16,17]. The murine cytotoxic T-cell line CTLL-2 has been reported to produce
IFN-γ [36,37]. To investigate the effects of kujigamberol on cell viability, CTLL-2 cells were
treated with serial dilutions of kujigamberol for 6 h. Kujigamberol did not affect CTLL-2
cell viability at concentrations up to 50 µM (Figure 4A). CTLL-2 cells were stimulated
with PMA, IM, or both for 6 h. In contrast to BW5147 cells, IM alone was sufficient to up-
regulate IFN-γ mRNA expression by approximately 20-fold (Figure 4B). Furthermore, the
combination of PMA and IM up-regulated IFN-γ mRNA expression to a lesser extent than
IM alone (Figure 4B). This may be due to the influence of PMA-induced AP-1 and NF-κB
on IFN-γ transcription by competing with IM-induced NFAT as a major transcription factor
in CTLL-2 cells. These results demonstrate that IM was the most suitable stimulation to
promote IFN-γ expression in CTLL-2 cells.

CTLL-2 cells were treated with kujigamberol for 1 h and then stimulated with IM
alone or the combination of PMA and IM. The pretreatment with kujigamberol suppressed
IFN-γ mRNA expression by more than 80% in IM-stimulated CTLL-2 cells (Figure 4C). In
contrast, kujigamberol inhibited IFN-γ mRNA expression by approximately 40% in PMA-
and IM-stimulated CTLL-2 cells (Figure 4D), which was less than that in IM-stimulated
CTLL-2 cells (Figure 4C). These results show that kujigamberol inhibited IFN-γ mRNA
expression up-regulated by IM alone or PMA plus IM in CTLL-2 cells.
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Figure 4. Kujigamberol inhibited IFN-γ mRNA expression in the murine cytotoxic T-cell line CTLL-2.
(A) CTLL-2 cells were incubated with serial dilutions of kujigamberol for 6 h. Cell viability was
evaluated by the MTT assay. Cell viability (%) is shown as the mean ± S.E. of three independent
experiments. No significant differences were observed. (B–D) CTLL-2 cells were incubated with (+)
or without (−) PMA (100 nM) and IM (1 µM) for 6 h (B). CTLL-2 cells were pretreated with (+) or
without (−) kujigamberol for 1 h and were then incubated with (+) or without (−) IM (1 µM) (C) or
PMA (100 nM) plus IM (1 µM) (D) for 6 h in the presence (+) or absence (−) of kujigamberol (50 µM).
IFN-γ mRNA expression was evaluated by RT-qPCR. IFN-γ mRNA (fold) (B) and IFN-γ mRNA (%)
(C,D) are shown as the mean ± S.E. of three independent experiments. *** p < 0.001.

2.4. Kujigamberol Suppressed NFAT-Dependent Transcriptional Activity in Human Embryonic
Kidney 293T Cells

We previously used human embryonic kidney 293T cells in a luciferase reporter assay
on the IFN-γ promoter [30] because of their higher transfection efficiency for transient
expression. To examine the effects of kujigamberol on cell viability, 293T cells were pre-
treated with kujigamberol for 1 h and then stimulated with PMA and IM for 6 h. The
pretreatment with kujigamberol did not affect 293T cell viability at concentrations up to
50 µM (Figure 5A).

T-cell receptor stimulation or PMA and IM stimulation have been shown to activate
transcription factors, such as AP-1, NF-κB, and NFAT, which then promote the transcrip-
tion of cytokine genes, including IFN-γ and IL-2 [12,13]. To investigate the effects of
kujigamberol on the transcription factors involved in cytokine production, 293T cells were
transiently transfected with plasmid vectors encoding luciferase reporters responsive to AP-
1, NFAT, and NF-κB. In transfected 293T cells, the PMA and IM stimulation up-regulated
luciferase reporter activities for AP-1 and NFAT to high levels, but to a lesser extent for
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NF-κB (Figure 5B–D). Kujigamberol decreased AP-1-dependent luciferase activity by ap-
proximately 25%, whereas it inhibited NFAT-dependent luciferase activity by more than
65% (Figure 5B,C). In contrast, kujigamberol did not reduce NF-κB-dependent luciferase
activity (Figure 5D). These results suggest that kujigamberol preferentially inhibited NFAT-
dependent transcriptional activity over AP-1 or NF-κB.

Figure 5. Kujigamberol inhibited NFAT-dependent luciferase reporter activity in human embryonic
kidney 293T cells. (A) 293T cells were pretreated with (+) or without (−) serial dilutions of kujigam-
berol for 1 h and were then incubated with PMA (100 nM) plus IM (1 µM) for 6 h in the presence of
kujigamberol at the indicated concentrations. Cell viability was evaluated by the MTT assay. Cell
viability (%) is shown as the mean ± S.E. of three independent experiments. No significant differences
were observed. (B–D) 293T cells were transfected with plasmid vectors encoding firefly luciferase
reporters responsive to AP-1 (B), NFAT (C), and NF-κB (D), together with the Renilla luciferase
reporter driven by the cytomegalovirus promoter. Transfected 293T cells were pretreated with (+)
or without (−) kujigamberol (50 µM) for 1 h and were then treated with (+) or without (−) PMA
(100 nM) and IM (1 µM) for 6 h. Firefly luciferase activity was normalized to Renilla luciferase activity.
Luciferase activity (%) is shown as the mean ± S.E. of three independent experiments. ** p < 0.01 and
*** p < 0.001.

2.5. Kujigamberol Did Not Affect NFATc2 Protein Expression in Eomes-Transfected BW5147 Cells

NFATs are dephosphorylated by the Ca2+- and calmodulin-dependent serine/threonine
protein phosphatase calcineurin, leading to their activation and promotion of cytokine gene
transcription [21,22]. The immunosuppressant FK506 (also known as tacrolimus) interacts
with FK506-binding protein 12 (FKBP12), and the FK506–FKBP12 complex potently inhibits
calcineurin activity and subsequent NFAT-dependent transcription [38]. We previously
reported that FK506 inhibited the production of IFN-γ and IL-2 in Eomes-transfected
BW5147 cells [30], indicating that NFAT plays an essential role in IFN-γ and IL-2 expression.

NFATc2 is one of five NFAT isoforms and is responsible for IFN-γ expression in T
cells [25–27]. Eomes-transfected BW5147 cells have been shown to express the NFATc2



Molecules 2025, 30, 2214 7 of 15

protein [31]. The luciferase reporter assay revealed that kujigamberol preferentially inhib-
ited NFAT transcriptional activity (Figure 5C). Based on these results, we investigated the
NFAT signaling pathway. Eomes-transfected BW5147 cells were pretreated with or without
kujigamberol or FK506 for 1 h and then treated with PMA plus IM for 2 h. Whole-cell
lysates were then prepared and analyzed via Western blotting. The mouse NFATc2 protein
is composed of 927 amino acids and is estimated to be approximately 100 kDa. Consistent
with this information, the NFATc2 protein was observed as a main band migrating near
the 130 kDa marker (Figure 6). FK506 converted the NFATc2 protein to a band with a
larger molecular weight (Figure 6), which may correspond to the phosphorylated form by
preventing calcineurin-dependent dephosphorylation. The total amount of the NFATc2
protein was not affected by kujigamberol, whereas it was markedly decreased by FK506
(Figure 6). These results suggest that the mode of action of kujigamberol on the NFATc2
protein differed from that of FK506.

Figure 6. Kujigamberol did not markedly affect the NFATc2 protein in Eomes-transfected BW5147
cells. Eomes-transfected BW5147 cells were pretreated with (+) or without (−) kujigamberol or FK506
for 1 h and were then treated with (+) or without (−) PMA (100 nM) plus IM (1 µM) for 2 h in the
presence of kujigamberol (40 µM) or FK506 (100 nM). Whole-cell lysates were prepared in at least
two independent experiments. Blots were probed with anti-NFATc2 antibody and re-probed with
β-actin antibody.

2.6. Kujigamberol Interfered with the Binding of NFATc2 to IFN-γ and IL-2 Promoters in
Eomes-Transfected BW5147 Cells

We previously demonstrated that NFATc2 bound to the IFN-γ promoter in response
to PMA and IM stimulation [31]. The JASPAR 2024 database [39] revealed that the IFN-γ
promoter contains four consensus NFAT binding sites within −500 bp of the mouse IFN-
γ promoter (Figure 7A and Figure S1), whereas six consensus NFAT binding sites exist
within −500 bp of the IL-2 promoter (Figure 7B and Figure S2). Therefore, we investigated
whether kujigamberol affected the binding of NFATc2 to the IFN-γ and IL-2 promoters
using a chromatin immunoprecipitation (ChIP) assay. Eomes-transfected BW5147 cells
were pretreated with kujigamberol and then stimulated with PMA and IM for 6 h. The
PMA and IM stimulation markedly increased the binding of NFATc2 to the IFN-γ and
IL-2 promoters (Figure 7C–E). The pretreatment with kujigamberol inhibited the binding
of NFATc2 to the IFN-γ and IL-2 promoters in PMA- and IM-stimulated BW5147 cells
(Figure 7C–E). These results show that kujigamberol inhibited the interaction of NFATc2
with the IFN-γ and IL-2 promoters.
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Figure 7. Kujigamberol reduced NFATc2 binding to IFN-γ and IL-2 promoters in Eomes-transfected
BW5147 cells. (A,B) Consensus NFATc2 binding sites on the mouse IFN-γ promoter (A) and mouse IL-
2 promoter (B) (magenta squares) are represented based on the JASPAR 2024 database. DNA regions
amplified for the ChIP assay (blue lines) are shown. (C–E) Eomes-transfected BW5147 cells were
pretreated with (+) or without (−) kujigamberol for 1 h and were then treated with (+) or without (−)
PMA (100 nM) plus IM (1 µM) for 6 h in the presence (+) or absence (−) of kujigamberol (30 µM). The
ChIP assay was performed using an anti-NFATc2 antibody. The amount of immunoprecipitated (IP)
DNA for the IFN-γ promoter (−211 to −46) (C), IL-2 promoter (−345 to −246) (D), and IL-2 promoter
(−220 to −111) (E) was measured by qPCR. NFATc2 IP DNA (fold) is shown as the mean ± S.E. of
three independent experiments. *** p < 0.001.

3. Discussion
Kujigamberol is a major bioactive compound derived from Kuji amber [32]. It has been

shown to exert anti-tumor effects on human leukemia HL-60 cells [32], anti-inflammatory
activity in human vascular endothelial cells [33], and anti-allergic activity in rat basophilic
leukemia RBL-2H3 cells and an in vivo rhinitis model [34]. In the present study, we revealed
a novel biological effect of kujigamberol, namely the inhibition of cytokine expression by T
cells. In Eomes-transfected BW5147 cells, kujigamberol inhibited the mRNA expression
of IFN-γ, IL-2, IL-4, and the Fas ligand. IFN-γ mRNA expression was also suppressed by
kujigamberol in CTLL-2 cells. Kujigamberol inhibited the binding of NFATc2 to the IFN-γ
and IL-2 promoters in Eomes-transfected BW5147 cells. Previous studies reported that
NFATc2 was indispensable for IFN-γ expression, while NFATc1 and NFATc2 were both
required for IL-2 expression [25–27]. These findings show that kujigamberol inhibits IFN-γ
transcription by preventing NFATc2 binding to the IFN-γ promoter.

IL-2 is a fundamental growth factor produced by T cells [8,9]. T cells differentiate
into distinct subsets, including Th1 cells that produce IFN-γ and Th2 cells that secrete
IL-4 [2,3]. Parental BW5147 cells are murine T-cell lymphoma cells that produce high levels
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of IL-2 and no or trace levels of IL-4 and IFN-γ, respectively [35]. Consistent with these
findings, we previously demonstrated that BW5147 cells did not produce detectable levels
of IFN-γ, whereas IFN-γ was clearly generated by Eomes-transfected BW5147 cells [30,31].
In contrast, BW5147 cells have been shown to express the Fas ligand in response to the
calcium ionophore A23187 [40]. Eomes was previously found to up-regulate IFN-γ and Fas
ligand expression in T cells [41,42]. It was previously shown that enforced expression of
Eomes did not reduce IL-4 production in Th2 cells [43,44], whereas Eomes suppressed the
IL-5 expression through inhibition of GATA3 in Th2 cells [44]. Our present results showed
that Eomes-transfected BW5147 cells up-regulated the transcription of IFN-γ, IL-2, IL-4,
and the Fas ligand in response to PMA and IM stimulation. However, it is currently unclear
whether IL-4 expression is enhanced by Eomes in BW5147 cells or whether the present
stimulation condition by PMA and IM is more potent in inducing IL-4 expression than that
used in the previous study [35]. Using Eomes-transfected BW5147 cells as a T-cell model,
we demonstrated that kujigamberol inhibited the mRNA expression of IFN-γ, IL-2, IL-4,
and the Fas ligand as T-cell cytokines.

The results of the luciferase reporter assay showed that kujigamberol preferentially
inhibited NFAT reporter activity over AP-1 reporter activity, whereas NF-κB reporter activ-
ity was unaffected. Previous studies reported that the binding sites for NFAT, NF-κB, and
AP-1 were located in the IFN-γ promoter [45,46], IL-2 promoter [47,48], IL-4 promoter [49],
and Fas ligand promoter [50]. Therefore, among the three types of transcription factors,
NFAT appears to be the main target of kujigamberol. NFATc2 is one of five members of
the NFAT family. Its role in the transcription of IFN-γ, IL-2, IL-4, and the Fas ligand has
been demonstrated using gene knockout mice. Using NFATc2-deficient mice, NFATc2 was
found to be indispensable for IFN-γ, IL-4, and Fas ligand expression in T cells, whereas IL-2
expression was not affected [25,26]. Furthermore, IL-2 expression was completely reduced
in T cells deficient for NFATc1 and NFATc2 [51], suggesting that NFATc1 and NFATc2 have
redundant roles in IL-2 expression. Consistent with these findings, FK506, which blocks
the calcineurin–NFAT pathway, markedly inhibited the expression of IFN-γ and IL-2 in
Eomes-transfected BW5147 cells [30]. Based on these findings, we focused on NFATc2 and
investigated the effects of kujigamberol on NFATc2 protein and function.

The JASPAR 2024 database revealed the presence of four NFATc2 binding sites in
the mouse IFN-γ promoter (−500 to −1) and six NFATc2 binding sites in the mouse IL-2
promoter (−500 to −1). We previously showed that PMA and IM stimulation increased
the binding of NFATc2, the NF-κB subunit RelA, and Eomes to the IFN-γ promoter in
Eomes-transfected BW5147 cells [30,31]. It has also been reported that T-cell receptor
stimulation or PMA and IM stimulation up-regulated NFATc2 binding to the IL-2 promoter
in T cells [52,53]. By using the same primers as those in ChIP assays in these studies,
we demonstrated that kujigamberol inhibited the binding of NFATc2 to the IFN-γ and
IL-2 promoters in Eomes-transfected BW5147 cells. However, unlike FK506, kujigamberol
did not affect the total amount of the NFATc2 protein or its apparent molecular weight,
suggesting that the phosphorylation status of the NFATc2 protein remained unchanged.
Therefore, the mechanism by which kujigamerol inhibits NFATc2 binding activity differs
from that of FK506, which inactivates calcineurin.

In our previous study, kujigamberol inhibited degranulation and Ca2+ mobilization
in rat basophilic leukemia RBL-2H3 cells in response to A23187 [34]. The kujigamberol
derivative 8-labden-15-oic acid also suppressed degranulation and Ca2+ mobilization in
RBL-2H3 cells [54]. Kujigamberol did not inhibit calcineurin, even at 200 µM [32], whereas
8-labden-15-oic acid suppressed calcineurin at an IC50 value of 34.2 µM [54]. Collectively,
these findings suggest that kujigamberol does not affect calcineurin but inhibits Ca2+-
dependent cellular processes. Consistent with this notion, we demonstrated herein that the
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inhibitory mechanisms of kujigamberol and FK506 are different. In T cells, PMA mimics
diacylglycerol and thereby activates protein kinases (e.g., protein kinase C and protein
kinase θ), leading to the activation of the NF-κB and AP-1 pathways, whereas IM increases
cytoplasmic Ca2+ through direct ionophore activity and the activation of calcium channels,
which triggers the calcineurin–NFAT pathway [12]. Therefore, the Ca2+-dependent NFAT
pathway appears to be more sensitive to kujigamberol than the protein-kinase-dependent
NF-κB and AP-1 pathways. However, it is currently unclear whether kujigamberol reduced
AP-1 reporter activity in 293T cells and inhibited IFN-γ mRNA expression in CTLL-2 cells
induced by IM alone to a greater extent than the combination of PMA plus IM. Further
experiments are needed to elucidate the molecular mechanisms by which kujigamberol
inhibits cytokine production in T cells.

4. Materials and Methods
4.1. Cells

Murine T-cell lymphoma BW5147 cells (JCRB9002) were obtained from the National
Institutes of Biomedical Innovation, Health and Nutrition JCRB Cell Bank (Osaka, Japan).
BW5147 cells transfected with the pEF pGK puro expression vector encoding FLAG-Eomes
(Eomes #2 BW5147 transfectant) were established and used in our previous studies [30,31].
The murine cytotoxic T-cell line CTLL-2 (RCB0637) and human embryonic kidney 293T
cells (RCB2202) were obtained from the RIKEN BioResource Research Center (Tsukuba,
Japan). Eomes-transfected BW5147 cells were maintained in RPMI 1640 medium (Thermo
Fisher Scientific, Grand Island, NY, USA) supplemented with heat-inactivated fetal bovine
serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) and penicillin–streptomycin mixed
solution (stabilized) (Nacalai Tesque, Kyoto, Japan). CTLL-2 cells were maintained in RPMI
1640 medium supplemented with heat-inactivated FBS, penicillin–streptomycin mixed
solution, and recombinant human IL-2 (100 U/mL) (PeproTech, Cranbury, NJ, USA). The
293T cells were maintained in DMEM medium supplemented with heat-inactivated FBS
and penicillin–streptomycin mixed solution. All cells were incubated in a CO2 incubator at
37 ◦C and under 5% CO2 conditions.

4.2. Reagents

Kujigamberol was prepared as previously described [32]. FK506 (Cayman Chemical,
Ann Arbor, MI, USA), IM (Merck Millipore, Darmstadt, Germany), and PMA (Wako Pure
Chemical Industries, Osaka, Japan) were commercially purchased.

4.3. Antibodies

Primary antibodies reactive to NFATc2 (4G6-G5; Santa Cruz Biotechnology, Dallas,
TX, USA) and β-actin (AC-15; Sigma-Aldrich) and a peroxidase-conjugated anti-mouse
IgG (H+L) antibody (115-035-146; Jackson Immuno Research Laboratories, West Grove, PA,
USA) were used. An anti-NFATc2 antibody (4G6-G5) was used for both Western blotting
and immunoprecipitation.

4.4. Plasmid Vectors

Plasmid vectors encoding firefly luciferase reporters responsive to AP-1, NF-κB, and
NFAT (kindly provided by Prof. Ralph C. Budd) were used as previously described [55].
A plasmid vector encoding a cytomegalovirus promoter-driven Renilla luciferase reporter
was employed as previously described [56].
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4.5. Cell Viability Assay

Cells (5 × 104 cells/well for BW5147 cells, 5 × 104 cells/well for CTLL-2 cells, and
2 × 104 cells/well for 293T cells) were seeded on 96-well plates and preincubated overnight.
Cell viability was assessed by the formazan formation of 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT). Cells were treated with reagents and then incubated
with MTT (500 µg/mL) for the last 2 h. MTT formazan was solubilized with sodium
dodecyl sulfate overnight at the final concentration of 5%. Absorbance at 570 nm was
measured using an iMark microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

4.6. RT-qPCR

Cells (6 × 105 cells/dish for BW5147 cells and 5 × 105 cells/dish for CTLL-2 cells) were
seeded on 35 mm dishes and preincubated overnight. Cells were treated with reagents,
harvested by centrifugation (800× g, 5 min), and treated with Sepasol RNA I Super G
(Nacalai Tesque) according to the manufacturer’s protocol. Total RNA was purified and
solubilized with DEPC water (Nacalai Tesque). Total RNA was converted into cDNA using
ReverTra Ace® (TOYOBO, Osaka, Japan) and oligo (dT)20. mRNA levels were measured by
the Thermal Cycler Dice® Real Time System Lite (Takara Bio, Kusatsu, Japan) using primer
pairs [57–59] (Table S1). Primer-specific standard curves were used for the quantification of
initial DNA. The PCR conditions were 94 ◦C for 3 min, followed by 45 cycles at 95 ◦C for
20 s, 58 ◦C for 30 s, and 72 ◦C for 30 s.

4.7. Reporter Assay

The 293T cells (5 × 104 cells/well) were seeded on 24-well plates and preincubated
overnight. Cells were transfected with plasmid vectors encoding firefly luciferase reporters
responsive to AP-1, NF-κB, and NFAT, together with a plasmid vector encoding a cy-
tomegalovirus promoter-driven Renilla luciferase reporter using the calcium phosphate
method. Transfected cells were treated with reagents, harvested by centrifugation (800× g,
5 min), and washed with phosphate-buffered saline (PBS). Cells were lysed with digitonin
lysis buffer consisting of 1% Triton X-100, 50 mM Tris-HCl (pH 7.4), 2 mM dithiothreitol,
2 mM sodium vanadate, and the cOmpleteTM Protease Inhibitor Cocktail (Sigma-Aldrich)
and incubated on ice for 15 min, followed by centrifugation (15,300× g, 5 min) to collect
the supernatants. Luciferase activities were measured using Lumitester C-110 (Kikko-
man Biochemifa, Tokyo, Japan). Firefly luciferase activities were normalized to Renilla
luciferase activities.

4.8. Western Blotting

The preparation of whole-cell lysates and Western blotting were performed as previ-
ously described [30]. In brief, BW5147 cells (6 × 105 cells/dish) were seeded on 35 mm
dishes and preincubated overnight. Cells were treated with reagents, harvested by centrifu-
gation (800× g, 5 min), and washed with PBS. Cells were then lysed using Triton X-100 lysis
buffer consisting of 50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 2 mM dithiothreitol, 2 mM
sodium orthovanadate, and the protease inhibitor cocktail cOmpleteTM (Sigma-Aldrich)
and treated via sonication to prepare whole-cell lysates. The anti-NFATc2 antibody (4G6-
G5) was used for Western blotting. Blots were visualized and captured using Amersham
Imager 680 (GE Healthcare Japan, Tokyo, Japan). Membranes were treated with stripping
solution (Fujifilm Wako Pure Chemical Corporation, Richmond, VA, USA) and were then
subjected to additional Western blotting using the anti-β-actin antibody (AC-15).
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4.9. ChIP Assay

BW5147 cells (5 × 106 cells/dish) were seeded on 100 mm dishes and preincubated
overnight. Cells were treated with reagents and fixed via the direct addition of formalde-
hyde to the culture medium. The ChIP assay was performed as previously described [30].
Immunoprecipitation was conducted with the anti-NFATc2 antibody (4G6-G5) (2 µg). Con-
trol IgG was not used in this study because the specificity of the anti-NFATc2 antibody
(mouse IgG2a) used for the ChIP assay was validated in our previous study using mouse
IgG2a (MOPC-173) as a negative control [60]. Immunoprecipitated DNA and input DNA
were analyzed by qPCR using primers for the mouse IFN-γ promoter and mouse IL-2
promoter [52,53,61] (Table S2).

4.10. Statistical Analysis

Experiments were repeated to confirm reproducibility. Regarding quantification,
means ± standard errors were evaluated based on at least three independent experiments.
Each figure caption indicates the number of experiments. One-way ANOVA followed
by Tukey’s test were used to assess the significance of the differences (KaleidaGraph
software version 4.5.1; Hulinks, Tokyo, Japan). p-values less than 0.05 were considered to
be significant.

5. Conclusions
The present study demonstrated that kujigamberol reduced the mRNA expression

of IFN-γ, IL-2, IL-4, and the Fas ligand in T cells. Kujigamberol preferentially suppressed
the transcriptional activity of NFAT and interfered with the DNA binding activity of
NFATc2. The NFAT signaling pathway is activated by Ca2+- and calmodulin-dependent
calcineurin [21,22]. The calcineurin inhibitor FK506 has been used clinically as an immuno-
suppressant in organ transplantation [62,63]. In a mechanistic manner distinct from FK506,
the present study showed that kujigamberol inhibited IFN-γ and IL-2 mRNA expression
by preventing NFATc2 binding to their promoters. Therefore, kujigamberol is expected to
be a potential lead for the development of immunosuppressive agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30102214/s1, Figure S1: NFATc2 binding sites of the
mouse IFN-γ promoter; Figure S2: NFATc2 binding sites of the mouse IL-2 promoter; Figure S3:
Original blots in Figure 6; Table S1: Primers used for RT-qPCR; Table S2: Primers used for the
ChIP assay.
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