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Introduction

Upon stimulation from the environment, many cell types use 
calcium signals for intracellular processing of information 
and the induction of appropriate biological responses through 
activating specific gene expression programs (Berridge et al., 
2000; Clapham, 2007). To generate diversity in signal transduc-
tion using a single second messenger, cells exploit the spatial 
and temporal profiles of calcium transients (Rizzuto and Poz-
zan, 2006; Bading, 2013). This process is well documented 
in the nervous system, where the partitioning of calcium sig-
naling events in subcellular compartments and microdomains 
enables neurons to build a repertoire of stimulus-specific re-
sponses. For example, the genomic events that specify the 
expression patterns of target genes in synaptically stimulated 
neurons are differentially controlled by nuclear versus cytoplas-
mic calcium signals (Hardingham et al., 1997; Chawla et al., 
1998; Mauceri et al., 2011). In particular, calcium signals in 
the cell nucleus function as key regulators of plasticity-related 
gene expression in neurons and are needed for the long-term 
implementation of different neuroadaptations including mem-
ory formation, acquired neuroprotection, and the development 
of chronic pain (Limbäck-Stokin et al., 2004; Papadia et al., 
2005; Zhang et al., 2009; Bading, 2013; Simonetti et al., 2013; 
Weislogel et al., 2013).

Calcium regulates many cellular functions by forming 
a complex with calmodulin (CaM), a ubiquitously expressed 
calcium-binding protein. Upon binding of calcium, CaM in-
creases its affinity for its target proteins, which include the cyto-
plasmic serine/threonine phosphatase calcineurin (CaN) and the 
nuclear calcium/CaM-dependent protein kinase IV (CaMKIV; 
Crabtree, 1999; Hook and Means, 2001; Hogan et al., 2003). 
The instructive role of calcium signals in mounting adaptive re-
sponses in other tissues such as the heart or the immune system 
is generally appreciated (Feske et al., 2001; Oh-hora and Rao, 
2008; Higazi et al., 2009). In nonneuronal cells, however, the 
complexity of calcium transients and possible functional diver-
sity of spatially distinct signals is less well explored.

In antigen-stimulated T lymphocytes, increases in intra-
cellular calcium levels are critical for the immune response 
(Dolmetsch et al., 1998; Lewis, 2001; Feske, 2007). Both local 
signals in the immunological synapse (Lioudyno et al., 2008; 
Quintana et al., 2011) and cytoplasmic calcium microdomains 
have gene transcription–regulating functions (Di Capite et al., 
2009; Kar et al., 2011). In contrast, the role of nuclear calcium 
signaling is virtually unexplored in T cells. In particular, it has 
not been considered that calcium signals in the cytosol and 
the nucleus may serve distinct functions in T cells that could 
explain differences in the responses to antigen challenge. T 
cells can undergo two very different types of physiological re-
sponses: activation, leading to a productive immune response, 
or anergy, leading to tolerance. Anergy is characterized by 
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functional unresponsiveness and is induced when T cell recep-
tor (TCR) stimulation is not accompanied by a costimulatory 
event (Macián et al., 2004). The costimulatory signal involves 
phosphatidylinositol-3-kinase and PKC signaling cascades; it is 
initiated physiologically by the binding of CD80/CD86 recep-
tor on the antigen-presenting cell to the CD28 receptor and can 
be induced in vitro by the exposure of T cells to either CD28 
antibodies or chemical inducers of PKC such as PMA. At the 
genomic level, the decision between activation and anergy de-
pends on whether nuclear factor of activated T cells (NFAT), 
upon its stimulus-induced translocation to the nucleus, forms 
a transcription factor complex with AP1 (Macián et al., 2001). 
The transcriptional program induced by NFAT/AP1, which in-
cludes interleukin (IL)-2 and IFNγ, initiates a productive im-
mune response, whereas genes induced by NFAT lead only to T 
cell tolerance (Macián et al., 2000). One of the hallmarks of an-
ergic T cells is their reduced ability to produce IL-2 (Bandyop-
adhyay et al., 2007). The uncoupling of the activation of NFAT 
and AP1 is one reason for the lack of IL-2 production after TCR 
stimulation. In addition, in anergic T cells, active mechanisms 
of transcriptional repression of IL-2 are induced. This involves 
in particular the activation of the repressor complex cyclic ade-
nosine monophosphate (cAMP) response element binding pro-
tein (CREB)–cAMP responsive element modulator (CREM) 
that antagonizes both CREB- and AP1-mediated transcription 
(Masquilier and Sassone-Corsi, 1992; Powell et al., 1999). The 
expression levels of CREM tightly correlate with the suppres-
sion of IL-2 transcription (Bodor and Habener, 1998; Juang et 
al., 2005). Indeed, CREM is part of a set of genes referred to 
as “anergy inducing genes”; they include other transcriptional 
repressors and NFAT targets such as Egr2 and Egr3 (Wells, 
2009), but also phosphatases, proteases, and inhibitory recep-
tors that act as negative regulators of TCR-induced signaling 
and transcription (Baine et al., 2009). Collectively, the expres-
sion of these genes defines a genetic signature of reduced re-
sponsiveness (Lechner et al., 2001; Macián et al., 2002; Safford 
et al., 2005). In this study, we tested the hypothesis that the T 
cell activation process is differentially controlled by spatially 
distinct calcium signals. We used recombinant calcium sensors 
containing specific targeting sequences to monitor calcium 
transients in the cytosol and the nucleus during human T cell 
activation. A functional analysis revealed a key role for nuclear 
calcium in T cell activation. The stimulation of human T cells in 
the absence of nuclear calcium signaling redirects the transcrip-
tional response toward a gene expression profile characteristic 
of a hyporesponsive state.

Results

Activation of TCR induces nuclear and 
cytoplasmic calcium transients
We used compartment-specific recombinant calcium sen-
sors to determine the spatial features of calcium signals in 
primary human T cells after activation. Plasmids containing 
expression vectors for GCaMP3 or GCaMP3 fused to amino 
acid sequences encoding for either a nuclear localization sig-
nal (GCaMP3.NLS) or a nuclear export signal (GCaMP3.
NES) were transfected into primary human T cells isolated 
from healthy donors. GCaMP3 consists of a circularly per-
muted GFP fused to CaM and the CaM target peptide, M13 
(Tian et al., 2009; Bengtson et al., 2010). Upon binding of 

calcium, GCaMP3 undergoes a conformational change that 
increases its fluorescence.

Using confocal microscopy, we confirmed that GCaMP3 
is present throughout the cell, whereas expression of GCaMP3.
NLS and GCaMP3.NES is restricted to the nuclear and cytosolic 
compartments, respectively (Fig. 1 A). Changes in intracellular 
calcium concentrations were monitored using flow cytometry 
for a period of 9 min after TCR stimulation using CD3 antibod-
ies. Stimulus-induced increases in intracellular calcium levels 
were readily detectable in both the cytoplasm and the nucleus 
and remained at an elevated plateau for the duration of the ex-
periment (Fig. 1, B–D). The stimulation of T cells with a com-
bination of CD3 and CD28 antibodies induced similar nuclear 
calcium transients (Fig. S1). These results indicate that TCR 
stimulation generates a composite calcium signal that consists 
of a nuclear and a cytoplasmic component.

Nuclear calcium induces the expression of 
activation markers and cytokines
To investigate possible functional differences of nuclear and 
cytoplasmic calcium signals, we transfected primary human 
pan-T cells with expression vectors for either CaMBP4 fused 
to mCherry (CaMBP4.mCherry) or mCherry as a control. 
CaMBP4.mCherry is a nuclear protein that contains four re-
peats of the M13 binding peptide that binds to and thereby inac-
tivates the nuclear calcium/CaM complex (Wang et al., 1995). 
It is not a calcium buffer and therefore does not reduce intranu-
clear calcium concentrations; instead, it acts as a recombinant 
competitive inhibitor of calcium/CaM-dependent processes in 
the cell nucleus. Calcium imaging experiments confirmed that 
CaMBP4.mCherry does not alter calcium transients in response 
to TCR stimulation (Fig. S2 A). This inhibitor has been used 
in several studies to investigate the role of nuclear calcium in 
signal-regulated gene expression and adaptive processes in the 
nervous system of mice, rats, and Drosophila melanogaster 
(Limbäck-Stokin et al., 2004; Papadia et al., 2005; Zhang et 
al., 2009; Bading, 2013; Simonetti et al., 2013; Weislogel et 
al., 2013). To trigger activation, human pan-T cells were either 
exposed to antibodies to CD3 and CD28 or were chemically 
activated with a mixture of PMA and ionomycin. In control 
cells transfected with an expression vector for mCherry, these 
stimulation protocols induced the typical profile of activation 
markers, which include the IL-2 receptor α chain (CD25) and 
CD69 (Fig. 2, A and B) and the key regulatory cytokines, IL-2 
and IFNγ (Fig. 2, C and D). The presence of CaMBP4.mCherry 
in T cell nuclei led to a far smaller induction of CD69 and CD25 
expression (Fig. 2, A and B) and virtually completely blocked 
the stimulus-induced increase in the production of IL-2 and 
IFNγ (Fig. 2, C and D). CaMBP4.mCherry expression had the 
same inhibitory effect on IL-2 and CD25 production in naive 
CD4+ and CD8+ human T cells obtained by negative selection 
and stimulated with either a combination of CD3 and CD28 
antibodies or with PMA and ionomycin (Fig. S3). Expression 
of an inactive form of CaMBP4 (mut-CaMBP4.mCherry; Lau 
et al., 2015) did not block IL-2 production in T cells (Fig. S2 B).

A productive immune response culminates in T cell pro-
liferation and clonal expansion. To determine the role of nu-
clear calcium signaling in T cell proliferation, we performed a 
mixed lymphocyte reaction (MLR). The proliferative response 
measured in the MLR serves as an indicator of T cell activa-
tion in response to exposure to peripheral blood mononuclear 
cells (PBMCs) from a different donor (Chen et al., 2003). We 
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performed a nonradioactive, fluorescence-based MLR assay 
using the cell-permeable dye carboxyfluorescein diacetate 
succinimidyl ester (CFSE; Popma et al., 2000; Fig. S4). Re-
sponder T cells transfected with mCherry or CaMBP4.mCherry 
were labeled with CFSE and cultured with PBMCs for 3 d to 
induce a proliferative response. On days 1–3 after stimulation, 
we observed a decrease in the fluorescence intensity of the  
mCherry-expressing control cells, which is caused by the dilu-
tion of CFSE after cell division (Fig. S4 A). Quantitative anal-
ysis revealed that compared with mCherry control, CaMBP4.
mCherry expression dramatically decreased the responders’ 
proliferative response (Fig. S4 B). Thus, in the absence of nu-
clear calcium signaling, activated human T cells are unable to 
proliferate, supporting the hypothesis that nuclear calcium sig-
naling is necessary for a productive T cell response.

Nuclear calcium regulates CREB and 
CREM but not NFAT nuclear translocation
To investigate a possible role for nuclear calcium in the T cell 
fate decision process, we determined the effect of CaMBP4.
mCherry expression on the nuclear translocation of NFAT. Im-
munocytochemical analysis of the subcellular localization of en-
dogenous NFATc1 (NFAT2) in control cells expressing mCherry 

revealed that the typical stimuli used to induce activation (i.e., 
treatment with combination of CD3 and CD28 antibodies) or 
anergy (i.e., ionomycin treatment) promoted translocation of 
NFAT2 to the nucleus, and that this translocation was blocked 
by a mixture of the CaN inhibitors, cyclosporine A and FK506 
(Fig. 3, A [left] and B). Expression of CaMBP4.mCherry did 
not affect this nuclear translocation (Fig. 3, A [right] and B). A 
similar result was obtained for NFAT1, whose translocation to 
the nucleus upon stimulation of the cells with a combination of 
CD3 and CD28 antibodies was not affected by the expression of 
CaMBP4.mCherry (Fig. S5). These results are not unexpected 
because the calcium-dependent dephosphorylation of NFATs 
by CaN that triggers their nuclear translocation is taking place 
in the cytosol (Macián et al., 2002) and should function even 
when nuclear calcium signaling is blocked.

We next investigated the phosphorylation of CREB on its 
activator site, serine 133, and the stimulus-induced expression of 
CREM. In the nervous system, CREB is considered the prototyp-
ical nuclear calcium–regulated transcription factor that controls 
diverse forms of neuroadaptations (Hardingham et al., 2001; 
Bading, 2013). Its activity is primarily regulated by CaMKIV, 
a serine/threonine kinase located in the cell nucleus (Hook and 
Means, 2001; Racioppi and Means, 2008). CREB also has a 

Figure 1.  TCR activation induces calcium transients in the cytoplasm and the nucleus in primary human T cells. (A) Confocal images showing the subcellu-
lar localization of the genetically encoded calcium indicators GCaMP3 (cytoplasm and nucleus), GCaMP3.NLS (nucleus), and GCaMP3.NES (cytoplasm). 
Bar, 5 µm. (B–D) Representative experiments showing calcium transients in human T cells transfected with the indicated calcium sensors and stimulated 
with CD3 antibodies. Anti–mouse IgG (black arrows) was added for antibody cross-linking, and calcium signals were measured for 9 min. Ionomycin (red 
arrows) and EGTA (blue arrows) were added to obtain the maximum (Fmax) and minimum (Fmin) signal, respectively. Calcium signals were analyzed by 
monitoring changes in GFP mean fluorescence as a function of time. The dot plots (left) are representative examples of at least four independent experiments 
(a.u., arbitrary units). Histograms (right) show mean GFP fluorescence (ΔF/F0) from seven (GCaMP3), four (GCaMP3.NLS), and four (GCaMP3.NES) 
independent experiments. Error bars represent SEM.
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major role in the immune system (Wen et al., 2010). In T cells, 
CREB activity is induced by CD3 and CD28 costimulation, and 
it promotes activation, proliferation, and cytokine production 
(Yu et al., 2001). In contrast, CREM, an isoform of CREB that 
lacks the transactivation domain, binds to the distal AP1 site 
of the IL-2 promoter (Powell et al., 1999) and suppresses IL-2 
transcription in anergic cells. Thus, whereas CREB activation 
is required for T cell activation, the increased expression of 

CREM is associated with tolerance (Wells, 2009). Given the 
observation that the blockade of nuclear calcium signaling 
abolished IL-2 expression but left the signal-regulated nuclear 
translocation of NFATs unaffected (Figs. 2 and 3), we predicted 
that nuclear calcium differentially regulates CREB and CREM 
function. Indeed, we found that the PMA + ionomycin–induced 
phosphorylation of CREB on serine 133 was blocked by the 
inhibition of nuclear calcium signaling, whereas the expression 

Figure 2.  Nuclear calcium controls the expression of activation markers and cytokines in primary human T cells. T cells transfected with expression vectors 
for CaMBP4.mCherry (CaMBP4) or mCherry either were left unstimulated (ctr) or were stimulated with a combination of antibodies to CD3 and CD28 
or with a combination of PMA and ionomycin. Expression of CD25 (A), CD69 (B), IL-2 (C), and IFNγ (D) in T cells was analyzed by flow cytometry with 
FITC-conjugated antibodies. Dot plots (left) are representative examples of three independent experiments; histograms (right) show the mean percentage of 
FITC-positive cells (blue dots) from three independent experiments. Error bars represent SEM. Statistically significant differences are indicated with asterisks 
(*, P < 0.05; **, P < 0.01).
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of CREM mRNA increased under those conditions (Fig. 4, A 
and B). To investigate whether CREB and CaMKIV are in-
volved in the molecular mechanism by which nuclear calcium 
signaling controls T cell activation, we determined the effects 
of inhibition of CREB and CaMKIV on the production of acti-
vation markers, IL-2 and CD25. The expression of mut-CREB.
GFP, a mutant, transcriptionally inactive version of CREB (con-
taining a serine-to-alanine mutation at position aa 133) fused 
to GFP but not overexpression of wt-CREB.GFP (wild-type 
CREB-GFP fusion protein) strongly reduced IL-2 and CD25 
expression after 6 h of PMA + ionomycin treatment (Fig. 4, C 
and D). A similar reduction of IL-2 and CD25 expression in 
PMA + ionomycin–treated human T cells was observed using 
KN93, a general inhibitor of CaM kinases (Fig.  4, E and F). 
Thus, inhibition of either CaMKIV or inhibition of its target 
transcription factor CREB produced effects on T cell activation 
that are similar to the ones observed after blockade of nuclear 
calcium signaling, suggesting that similar to adaptive changes 
in the nervous system (Bading, 2013), a nuclear calcium– 
CaMKIV-CREB signaling module controls T cell activation. 
In the absence of nuclear calcium signaling, a cytoplasmic cal-
cium signal causing nuclear translocation of NFATs may direct 
the immune response toward an anergy-like state.

Gene expression profiling
To further investigate the possible role of nuclear calcium as 
a decision maker in the immune response, we determined the 
human T cells’ gene expression signatures using microarray 
analysis. The transcriptome profiles of T cells transfected with 
expression vectors for CaMBP4.GFP or GFP were compared. 
The fold increase or decrease in gene expression in CaMBP4.

GFP-expressing cells compared with GFP-expressing con-
trols was determined 2, 6, and 16  h after stimulation with 
PMA + ionomycin. Genes up-regulated or down-regulated 
with a p-value <0.05 in CaMBP4.GFP versus control (GFP) 
samples were considered differentially regulated. The cutoff 
was set to 1.3- and 0.7-fold for up-regulation and down-reg-
ulation, respectively. Using these criteria, we identified 29 
genes up-regulated and 12 genes down-regulated in CaMBP4.
GFP-expressing unstimulated T cells (Fig.  5  A). In PMA + 
ionomycin–treated T cells, the increase of a total of 349 genes 
was reduced by CaMBP4.GFP (Fig. 5, A and B), whereas the 
same condition led to an up-regulation of 865 genes (Fig. 5, 
A and C). The regulation by nuclear calcium signaling of 
many genes has been verified by quantitative RT-PCR (QRT-
PCR) analyses; Fig. 5, D–G illustrates several examples. The 
transcriptome data also confirmed the protein expression 
analyses shown in Fig. 2.

Blockade of nuclear calcium signaling 
induces an anergy-like gene program
A bioinformatics assessment of our microarray data revealed 
that human T cells stimulated under conditions of nuclear cal-
cium signaling blockade fail to induce expression of numerous 
genes necessary for activation. Instead, they acquire a tran-
scription profile with characteristic features of a hyporespon-
sive state. Tables 1 and 2 provide comprehensive lists of the 
nuclear calcium–regulated genes with known functions in T cell 
activation and the induction or maintenance of adaptive toler-
ance, respectively (Macián et al., 2000, 2002; Lechner et al., 
2001; Safford et al., 2005; Bandyopadhyay et al., 2007; Baine 
et al., 2009; Wells, 2009).

Figure 3.  Nuclear calcium signaling does not 
regulate nuclear translocation of NFATc1 in 
primary human T cells. (A) T cells transfected 
with expression vectors for CaMBP4.mCherry 
(CaMBP4) or mCherry were left unstimulated 
(ctr), were stimulated with a combination of an-
tibodies to CD3 and CD28 in the presence or 
absence of cyclosporine A (CsA) and FK506, 
or were stimulated with ionomycin (iono) for 
30 min. Cells were stained with antibodies 
against NFATc1. Nuclei were stained with 
Hoechst. Bar, 5 µm. (B) Quantitative analy-
sis of NFATc1 nuclear localization (n = 3). 
Error bars represent SEM.
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Among the prominent promoters of a productive immune 
response whose expression is down-regulated by CaMBP4.GFP 
are the cytokines IL-2, IL-3, IL-4, and IFNγ (see also Fig. 2), as 
well as cytokine receptors and genes involved in the regulation 
of cytotoxic activity and inflammation, such as granzyme A and 
granzyme K (Table 1). This impairment in signaling mediated 
by secreted factors is accompanied by alterations in the expres-
sion of genes involved in the control of cytoskeletal dynam-
ics and cell–cell interaction. This includes components of the 
Rho GTPase signaling pathway and different classes of adhe-
sion molecules (Table 1), which could structurally impair the 
immunological synapse and further compromise the immune 
response (Pernis, 2009).

The inhibition of nuclear calcium signaling also led to 
changes in the expression of key components and regulators of 
PKC and MAPK signaling, whose activation upon TCR stim-
ulation is crucial for T cell activation (Kwon et al., 2010; Kor-
tum et al., 2013). We observed a reduction in the expression of 

PKCθ and in the levels of phospholipase C γ2 (Table 1), which 
catalyzes the generation of the PKC activator, DAG. Inhibition 
of nuclear calcium signaling further impaired PKC signaling 
through an increase in expression of DAG kinase α (Table 2), 
which inactivates DAG. The MAPK cascades are major targets 
of genomic alterations caused by nuclear calcium signaling 
blockade. The expression of several enzymes involved in the 
activation of these pathways and in signal processing are altered 
in CaMBP4.GFP-expressing T cells. This included down-regu-
lation of expression of the Ras guanyl nucleotide-releasing pro-
tein (RasGRP3), which is involved in TCR proximal signaling 
to Ras, and MAP4K2, an upstream activator of both the stress- 
activated protein kinase/c-Jun N-terminal kinase signaling path-
way and the p38 MAPK signaling pathway (Zha et al., 2006; 
Cook et al., 2007; Table 1). Moreover, the blockade of nuclear 
calcium signaling led to a striking increase in the expression 
of inhibitors of the MAPK signaling pathway, which includes 
many dual-specificity phosphatases (DUSPs) and protein 

Figure 4.  Nuclear calcium signaling differ-
entially regulates CREB activation and CREM 
expression in primary human T cells. (A, left) 
Immunoblot analysis of CREB and the serine 
133–phosphorylated form of CREB (pCREB) 
in T cells transfected with expression vectors 
for CaMBP4.GFP (CaMBP4) or GFP and stim-
ulated with a combination of PMA and ion-
omycin for 30 or 120 min. A representative 
example is shown. (right) Quantitative analy-
sis of three experiments; fold induction is rela-
tive to the pCREB/CREB ratio in unstimulated 
GFP-expressing T cells. (B) QRT-PCR analysis 
of Crem mRNA in T cells transfected with ex-
pression vectors for CaMBP4.GFP (CaMBP4) 
or GFP. Cells were stimulated with a combina-
tion of PMA and ionomycin for 6 h or were left 
unstimulated (ctr). mRNA levels are expressed 
relative to the mRNA level in GFP-expressing 
T cells stimulated with a combination of PMA 
and ionomycin, which was set to 100%. n = 
3. Statistically significant differences are indi-
cated with an asterisk (*, P < 0.05). (C and D) 
FACS analysis of the percentage of IL-2– and 
CD25-expressing T cells transfected with GFP-
tagged expression vectors for either wild-type 
CREB (wt-CREB) or mutant CREB containing 
a serine-to-alanine mutation at aa 133 (mut-
CREB). Cells were stimulated with a combina-
tion of PMA and ionomycin for 6 h or were left 
unstimulated (ctr). n = 3. Statistically significant 
differences are indicated with asterisks (*, P 
< 0.05). (E and F) FACS analysis of the per-
centage of IL-2– and CD25-expressing T cells. 
Cells were stimulated with a combination of 
PMA and ionomycin for 6 h or were left un-
stimulated (ctr). n = 3. Pretreatment with KN93 
was done as indicated. Statistically significant 
differences are indicated with asterisks (*, P < 
0.05). Error bars represent SEM.
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Table 1.  Genes induced by nuclear calcium signaling (i.e., down-regulated by CaMBP4) with a role in T cell activation

Signaling MAPKs pathway Transcription

PRK​CQ (PKCθ) MAP4K2 STAT2
PLCG2 (PLCγ2) RAS​GRP3 SMAD3
Receptors IFN signaling SMAD4
CD27 IFI​TM SMAD7
CD8A IRF8 FOXO1
IL-2R IFI27 EOM​ES
TGFβ R IRFI35
Cytokines Inflammation and cytotoxic activity Adhesion molecules
IFNγ KLRD1 (CD94) ITGB2
IL-2 KLRB1 ITG​AL
IL-3 GZMA (granzyme) ICAM3
IL-4 GZMK (granzyme) ITGB7
GM-CSF (CSF2) GZMH (granzyme) Rho GTPase signaling
TNF​SF13B (BAFF) PTG​ER2 RAP-GEF
TNF​SF10 ARH​GAP4

Figure 5.  Analysis of nuclear calcium–reg-
ulated human T cell adaptogenomics. Repre-
sentation of gene profiling data of human T 
cells transfected with expression vectors for 
CaMBP4.GFP (CaMBP4) or GFP and stimu-
lated with a combination of PMA and iono-
mycin for 2, 6, and 16 h.  (A) Heatmap with 
cluster dendrogram of 939 genes differentially 
expressed (log2 fold change) in at least one 
condition. Maximum value is set to 2.0. Fold 
ratio values greater than or equal to 2.0 are 
depicted with saturated red; values less than 
or equal to −2.0 are depicted with saturated 
green. (B and C) Number of genes induced 
by nuclear calcium signaling (i.e., down-reg-
ulated by CaMBP4.GFP; B) and repressed by 
nuclear calcium signaling (up-regulated by 
CaMBP4; C) at different time points on the 
basis of Illumina Human Sentrix-12 BeadChip 
arrays. (D–G) Validation of gene regulatory 
events by QRT-PCR. Gene expression was ana-
lyzed in T cells transfected with expression vec-
tors for CaMBP4.GFP (CaMBP4) or GFP. Cells 
were stimulated with a combination of PMA 
and ionomycin for 2  h (Egr2 and Egr3) and 
6  h (DUSP2 and Ikzf5) or were left unstimu-
lated (ctr). mRNA levels are expressed relative 
to those in GFP-expressing T cells stimulated 
with PMA and ionomycin, which was set to 
100% (n = 3). Statistically significant differ-
ences are indicated with an asterisk (*, P < 
0.05). Error bars represent SEM.
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tyrosine phosphatases (PTPs) that dephosphorylate and thereby 
inactivate several components of both the MAPKs and the TCR 
signaling cascades (Table 2). These results, summarized in Ta-
bles 1 and 2, illustrate at the genomic level that the inhibition of 
nuclear calcium signaling prevented T cell activation. They also 
indicate that the T cells appear to acquire a transcriptional pro-
file characteristic of an anergy-like state (Macián et al., 2000, 
2002; Lechner et al., 2001; Safford et al., 2005; Bandyopad-
hyay et al., 2007; Baine et al., 2009). Indeed, we uncovered an 
entire network of anergy-related genes that were induced in ac-
tivated T cells in which nuclear calcium signaling was blocked 
(Table  2). This includes the NFAT-induced early growth re-
sponse gene 2 and 3 (Egr2 and Egr3; Harris et al., 2004), which 
act as transcriptional repressors and impair IL-2 transcription 
in anergy (Safford et al., 2005), and many other transcription 
factors with known functions in anergy (Macián et al., 2002; 
Safford et al., 2005; Wells, 2009). The concerted action of an-
ergy-promoting transcriptional regulators is complemented by 
an increased expression of inhibitory cell-surface molecules, 
PDCD1 (PD-1) and CTLA4 (Greenwald et al., 2001; Chikuma 
et al., 2009; Table 2). Finally, anergic T cells typically show an 
increase in the components of the ubiquitin protein degradation 
pathway (Heissmeyer et al., 2004). We observed a similar in-
crease in expression of nine proteasome subunits and some E3 
ubiquitin ligases in T cells activated under conditions of nuclear 
calcium signaling blockade (Table 2). Collectively, these find-
ings revealed that nuclear calcium is a key signal in the T cell 
activation process and that, in its absence, the genomic response 
is redirected toward an anergy-like gene program.

Nuclear calcium blockade induces human T 
cell unresponsiveness
T cells exposed to CD3 antibodies acquire a state of anergy that 
is characterized by a lack of IL-2 synthesis upon subsequent 
stimulation using a combination of CD3 and CD28 antibodies 
(Heissmeyer et al., 2004). We next investigated whether the 
blockade of nuclear calcium signaling induces a comparable 
hyporesponsive state. We found that the efficacy of the classic 
anergy-inducing protocol (i.e., exposure to CD3 antibodies) to 
block the induction of IL-2 expression upon stimulation with 

CD3 and CD28 antibodies is very similar to that obtained with 
CaMBP4.GFP expression (Fig. 6). These findings indicate that 
treatment with CD3 antibodies and blockade of nuclear calcium 
signaling were equally effective in shifting human T cells to-
ward a hyporesponsive, anergy-like state.

Discussion

In this study, we have investigated the role of spatially distinct 
calcium signals in the control of transcriptional responses as-
sociated with the human T cell immune response. The use of 
compartment-specific calcium sensors revealed that the T cell 
calcium signal induced by antigen challenge is a composite sig-
nal consisting of a cytosolic and a nuclear component that serve 
different functions in the immune response. The role of cytosolic 
calcium is to trigger the translocation of NFATs to the nucleus, 
whereas the generation of nuclear calcium transients is critical 
for the activation of CREB and the induction of NFAT/AP1- 
dependent genomic responses. A schematic illustration of the 
distinct roles of cytosolic and nuclear calcium signals in T cell 
activation is shown in Fig. 7. The identification of nuclear cal-
cium as a key signal for T cell activation fits well into an emerg-
ing concept that places nuclear calcium signaling at the center 
of adaptive responses induced by stimuli from the environment. 
In the nervous system, nuclear calcium functions as an evolu-
tionarily conserved signaling end point in synapse-to-nucleus 
communication that promotes gene expression programs needed 
for the long-term implementation of several different forms of 
adaptations including memory, acquired neuroprotection, and 
chronic pain (Limbäck-Stokin et al., 2004; Papadia et al., 2005; 
Zhang et al., 2009; Bading, 2013; Simonetti et al., 2013; Weis-
logel et al., 2013). In the heart, nuclear calcium signaling is in-
volved in the development of hypertrophy (Higazi et al., 2009), 
and outside the animal kingdom, nuclear calcium regulates sym-
biotic gene programs in plants (Oldroyd and Downie, 2006).

Our study revealed that inhibition of calcium signaling in 
the cell nucleus shifts the T cell immune response from activation 
toward a hyporesponsive state characterized by a gene expres-
sion profile similar to that of anergic T cells. This observation has 

Table 2.  Genes repressed by nuclear calcium signaling (i.e., up-regulated by CaMBP4) with a function in promoting anergy

Signaling Inhibitors of MAPKs pathway E3 ubiquitin ligases Proteasome

Fas PTPN7 RNF19B PSMA6
CD97 PTPN22 CBL PSMA1
GDI1 PTPN6 Transcription PSMC6
RGS16 DUSP6 NFA​TC1 PSMD12
GEM DUSP5 EGR1 PSMD6
Sh2D2A DUSP2 EGR2 PSMB2
Receptors DUSP8 EGR3 PSMC1
FasL DUSP1 STAT4 PSMC4
CD44 DUSP4 STAT6 PSMA3
IL7R DGKα Jarid2 Other functions
TNF​RSF4 Inhibitors of proliferation Nr4a2 Actn4
ICOS-LG BTG2 Nr4a3 CCRN4L
Inhibitory receptors IER5 IRF4 Hif1a
PDCD1 (PD1) CDKN1A (P21) Zfp36 S100a
CTLA4 GADD45B Stx11

PFN1
CDKN1B (p27 kip)
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far-reaching clinical implications, as it identifies a novel signal in 
the T cell fate decision process that provides an unexpected new 
path for modulating the genomic responses underlying immune 
reactions. A means of preventing a proliferative T cell response 
that at the same time redirects the immune reaction toward toler-
ance may improve the acceptance of foreign cells and tissue after 
transplantations. Attempts to selectively block T cell costimula-
tion through targeting CD40L or CD28 have been considered one 
possible therapeutic route to prevent allograft rejection but spare 
the side effects of a generalized immune suppression (Larsen et 
al., 1996; Laskowski et al., 2002; Sho et al., 2002; Vincenti et 
al., 2010; Zhang et al., 2011b). The results of our study suggest 
a novel strategy to accomplish “pro-tolerance immunosuppres-
sion,” in which blockade of nuclear calcium signaling may en-
able foreign cells to be recognized as self. So far, drugs that block 
nuclear calcium signaling have not been developed. However, the 
approach used in this study bears the potential for clinical appli-
cation. Targeting T cells in humans with viral vectors carrying 
expression cassettes for CaMBP4 may represent a feasible route 
for establishing pro-tolerance immunosuppression.

Our findings also provide a conceptual framework for 
developing novel immune-enhancement treatments. Increas-
ing the duration and/or amplitude of nuclear calcium signals 
is likely to enhance the transcriptional responses associated 

with T cell activation. In healthy individuals, this may result 
in a superinduction of cytokine and cytokine receptor ex-
pression and more robust immune responses. In conditions 
of immunodeficiency, augmenting nuclear calcium signaling 
may help restore functionality. The development of drugs 
that target the nuclear calcium clearance machinery and thus 
prolong stimulus-induced nuclear calcium transients rep-
resents one possible strategy in the design of novel treatments 
to boost T cell function.

Materials and methods

Cell culture and transfections
Human PBMCs were obtained by Ficoll-Hypaque (Linaris) den-
sity gradient centrifugation of heparinized blood from healthy vol-
unteers. Human pan-T cells were purified with negative magnetic 
bead selection using the Pan T cell isolation kit (Miltenyi Biotec). 
Naive human T cells were isolated using the Naive T cells iso-
lation kit (Miltenyi Biotec). Transfections were done using the 
Human T cells Nucleofector kit (Amaxa Biosystems) according to 
the manufacturer’s instructions. For MLR, responder cells (T cells) 
and stimulator cells (PBMCs) were isolated from blood of differ-
ent healthy human donors.

Figure 6.  Blockade of nuclear calcium signaling induces an an-
ergy-like state in activated human T cells. QRT-PCR analysis of 
IL-2 expression in human T cells transfected with expression vec-
tors for CaMBP4.GFP (CaMBP4) or GFP. Cells were stimulated as 
indicated with CD3 antibodies alone or with a combination of 
CD3 and CD28 antibodies (for 2 h) with or without overnight pre-
treatment with CD3 antibodies (n = 3). The results are expressed 
relative to the IL-2 mRNA levels of unstimulated GFP-expressing 
T cells. Statistically significant differences are indicated with an 
asterisk (*, P < 0.05). Error bars represent SEM.

Figure 7.  Differential role of spatially distinct calcium signals 
in the human T cell immune response. Schematic illustration 
of the roles of nuclear and cytoplasmic calcium signals in 
the decision of stimulated T cells to mount a proliferative im-
mune response or develop tolerance. In the immunological 
synapse, the stimulation of TCR and CD28 by the correspond-
ing receptors on the antigen-presenting cell (APC) trigger the 
activation of different signaling pathways that lead to the 
induction of the immune response. After being activated by 
binding to the major histocompatibility complex (MHC)/an-
tigen complex (the yellow rhombus represents the antigen), 
CD3 subunit of TCR induces an intracellular calcium increase, 
which activates CaN and NFAT in the cytoplasm and CREB 
and AP1 in the nucleus. The selective blockade of nuclear 
calcium signaling inhibits CREB activation but not NFAT 
translocation to the cell nucleus. As a consequence, T cell 
activation is blocked, and the immune response is redirected 
toward an anergy-like state.
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Expression plasmids
The GCaMP3 plasmid has been described (Tian et al., 2009). To direct 
the expression of GCaMP3 to different cellular compartments, three 
copies of a nuclear localization signal or a nuclear export signal were 
inserted at the C terminus of GCaMP3 to generate GCaMP3.NLS and 
GCaMP3.NES, respectively (Bengtson et al., 2010). We generated two 
different plasmids containing an expression cassette for CaMBP4 fused 
to either mCherry or GFP. The CaMBP4.mCherry expression vector 
was used in FACS and immunocytochemistry, in which an mCherry 
expression vector served as a control. The CaMBP4.GFP expression 
vector was used for FACS, followed by QRT-PCR, Western blot, and 
transcriptome analysis experiments, in which an EGFP expression vec-
tor (pEGFP-N1; Takara Bio Inc.) served as a control. The mutated inac-
tive version of CaMBP4 (mut-CaMBP4.mCherry) has been described 
(Lau et al., 2015). Wt-CREB.GFP and mut-CREB.GFP were generated 
by insertion of an expression cassette for wt-CREB and mut-CREB 
(Tan et al., 2012) into pEGFP-N1.

Cell stimulation
For stimulation with CD3 + CD28 antibodies, 24-well plates were 
precoated with 6 µg/ml goat anti–mouse antibodies in PBS (Dianova) 
overnight. After 30-min blocking with RPMI containing 10% FBS, the 
wells were incubated with 1 µg/ml CD3 antibodies (eBioscence) and 10 
µg/ml CD28 antibodies (BD) diluted in RPMI containing 10% FBS for 
1 h. The plates were then washed with RPMI, and the cells were plated 
for the indicated time (Wabnitz et al., 2007). Alternatively, cells were 
incubated with 1 nM PMA (Sigma-Aldrich) and 1 µM ionomycin (MP 
Biomedicals) for the indicated time. For anergy induction in vitro, T 
cells were pretreated overnight with plate-bound CD3 antibodies. The 
cells were then washed and left for 3 h. The cells were restimulated 
with plate-bound CD3 and CD28 antibodies for 2 h. Where indicated, 
T cells were treated with the CaM kinases inhibitor, KN93 (10 µM), for 
30 min before stimulation.

Calcium measurements
To measure calcium signals in different intracellular compartments, T 
cells were transfected with expression vectors containing GCaMP3, 
GCaMP3.NLS, and GCaMP3.NES. The cells were preincubated 
on ice with CD3 antibodies or a combination of CD3 and CD28 an-
tibodies (eBioscience) for 15 min. The cells were washed twice and 
resuspended in RPMI containing 2% FBS. The intracellular calcium 
concentrations were analyzed by flow cytometry (FAC​SAria; BD) 
by monitoring changes in the mean fluorescence of the GCaMP3- 
positive population over time. Samples were run for 90 s to measure 
the baseline and then treated with 0.6 µg/ml goat anti–mouse antibodies 
to enable antibody cross-linking. Samples were run for an additional 
9 min. At the end of the analysis, 1 µM ionomycin (MP Biomedicals) 
was added to obtain the maximum signal. After 2 min, 50 mM EGTA 
(Sigma-Aldrich) was added to eliminate the signal. Analysis was done 
using Diva software (BD). The data are presented as ΔF/F0 = (F − F0)/F0,  
where F represents the mean of fluorescence in a region of interest (a 
certain interval of time) from which the mean background fluorescence 
intensity was subtracted; F0 represents baseline F (measured before 
stimulation with the secondary antibody).

For measuring total intracellular calcium levels in cells trans-
fected with CaMBP4.mCherry and mCherry transfected, the cells were 
loaded with 0.2 µg/ml indo-1 for 45 min, resuspended in RPMI, and 
preincubated with CD3 antibodies. Baseline fluorescence signal was 
recorded for 10 min, and goat anti-mouse antibodies were added to 
induce cross-linking. The signal was measured for 9 min, and ionomy-
cin was added to obtain the maximal signal. The ratios of fluorescence 

signal intensity at a wavelength of 390 versus 496 nm (bound/free 
indo-1) indicated the intracellular calcium levels.

Flow cytometry
For surface staining of membrane receptors, transfected cells were 
fixed for 10 min with 1.5% PFA at RT, washed in FACS buffer (PBS 
containing 0.5% BSA and 0.07% NaN3), and incubated with FITC- or 
phycoerythrin (PE)-labeled antibodies against CD25 and CD69 (BD) 
diluted in FACS buffer for 1 h at RT. For intracellular staining of cy-
tokines, 10 µg/ml brefeldin A (Invitrogen) was added during the last 
4  h of stimulation to obtain intracellular accumulation of cytokines. 
The cells were subsequently fixed in 1.5% PFA and permeabilized in 
FACS buffer containing 0.05% saponin. Cells were washed and incu-
bated for 30 min with FITC- or PE-conjugated antibodies against IL-2 
or IFNγ (BD), washed again, and analyzed by FACS. FITC-conjugated 
antibodies were used in FACS experiments with mCherry-transfected 
cells, and PE-conjugated antibodies were used in FACS experiments 
with GFP-transfected cells. For all FACS experiments, the analysis was 
restricted to the transfected cells (i.e., the mCherry- or GFP-expressing 
population). Data acquisition was done using an LSR​II (BD), and data 
were analyzed using Diva software. For isolation of total RNA (for QRT-
PCR and microarray analysis) or proteins (for immunoblot analysis), 
the GFP-expressing cells were sorted on a FAC​SAria cytometer (BD) 
after having been resuspended in ice-cold RPMI containing 10% FCS, 
1 µg/ml propidium iodide, and 20 U/ml DNase (Ciccolini et al., 2005).

Immunocytochemistry
For analysis of the subcellular localization of NFAT-c1 (also known as 
NFAT2) and NFAT1, cells were stimulated with CD3 + CD28 antibodies 
for 6 h or 1 µM ionomycin for 30 min or were left unstimulated. Nuclear 
translocation of NFAT was inhibited by incubation of the cells with 
a combination of 0.1 µM cyclosporine A (Fluka) and 0.1 µM FK506 
(Axxora) for 30 min before stimulation. The cells were centrifuged in 
a cytospin for 5 min at 500 rpm onto poly-l-lysine–coated coverslips 
(Sigma-Aldrich), fixed in 4% PFA for 20 min at RT, and permeabilized 
by washing three times in wash buffer (PBS containing 0.5% NP-40 and 
0.01% NaN3). Nonspecific binding was blocked by incubation with wash 
buffer containing 10% FBS for 30 min at RT. The antibody incubation 
was done for 1 h at RT using antibodies against NFA​TC1 (Enzo Life Sci-
ences) to detect NFAT-c1 or antibodies against NFAT1 (Merck Millipore) 
followed by incubation with Alexa Fluor 488–conjugated goat anti– 
rabbit antibodies (Invitrogen) for 1 h at RT (Feske et al., 2000). Counter-
stain of nuclei was done with Hoechst 33258 (2 µg/ml; Serva). Samples 
were mounted in Mowiol. Stained samples were analyzed using a DM 
IRBE microscope (Leica Biosystems) and a CCD camera (Spot insight2; 
Visitron Systems) with 100× (numerical aperture 1.3) or 40× (numerical 
aperture 1.25–0.75) oil-immersion objectives. Data were acquired with 
Spot Advance software. Nuclear NFAT-c1 and NFAT1 immunoreactivity 
was quantified using ImageJ. Results are expressed as percentage of 
NFAT-c1 and NFAT1 nuclear immunoreactivity obtained in stimulated 
control cells expressing mCherry. Images of GCaMP3-transfected cells 
were acquired using a confocal laser-scanning microscope (TCS SP2; 
Leica Biosystems) equipped with an inverted fluorescence microscope 
(DM IRE2; Leica Biosystems) and Leica confocal scan software.

QRT-PCR
FACS was used to isolate GFP-expressing transfected cells. mRNA 
expression levels of Crem, Egr2, Egr3, Dusp2, Ikzf5, IL-2, and B2M 
were measured by QRT-PCR using real-time TaqMan technology 
with a sequence detection model 7300 PCR system (Applied Bio-
systems). Total RNA was isolated with RNeasy Mini kit (QIA​GEN); 
DNaseI treatment was for 15 min according to the manufacturer’s 
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instructions (QIA​GEN). For the generation of first-strand cDNA, 
1 µg total RNA was reverse transcribed by extension of oligo(dT) 
primers using SuperScript III reverse transcription (Invitrogen) ac-
cording to the manufacturer’s instructions. QRT-PCR was performed 
using TaqMan Universal PCR Master Mix (Applied Biosystems) with  
Assays-on-Demand Gene Expression Products. The human probes 
were Assays-on-Demand Gene Expression Products with TaqMan 
MGB probes, FAM dye labeled. The thermal cycling conditions were 
10 min at 95°C, 55 cycles of 15 s for denaturation at 95°C, and 60 s for 
annealing and extension at 60°C. The expression levels of the target 
mRNA were normalized to the relative ratio of the expression of B2M 
mRNA using the ΔΔCt cycle threshold method. Each QRT-PCR assay 
was performed at least three times, and the results are expressed as 
means ± SEM (Zhang et al., 2011a).

Immunoblot analysis
GFP-expressing cells were sorted, stimulated with PMA + ionomycin 
for the indicated time, and subjected to standard immunoblot analysis. 
Antibodies against CREB (Cell Signaling Technology) and the ser-
ine-133 phosphorylated form of CREB (EMD Millipore) were used.

Mixed lymphocyte reaction
Responder cells (T cells) and stimulator cells (PBMCs) were isolated 
from different healthy human donors. T cells were transfected with ex-
pression vectors for mCherry or CaMBP4.mCherry. PBMC stimulator 
cells were irradiated with 3,000 cGy from a 137Cs source. T cells and 
PBMCs were co-cultured at a ratio of 1:3. T cells (4 × 105) were in-
cubated with 1 µM CFSE in serum-free RPMI for 15 min and washed 
twice with RPMI supplemented with 10% FBS. T cells were cultured 
with 1.2 × 106 PBMCs in 2 ml RPMI medium, and aliquots of the cell 
suspension were harvested every day. For FACS analysis, cells were 
fixed in 1.5% PFA; analysis of CFSE fluorescence was restricted to 
mCherry-expressing cells (Tzachanis et al., 2002). Proliferation was 
calculated based on the percentage of cells in which CFSE fluorescence 
decreased over time. The proliferation gate was set to the basal CFSE 
fluorescence immediately after CFSE loading.

Gene profiling and bioinformatics analysis
The quality of total RNA from GFP-expressing human T cells 
was determined by gel analysis using the total RNA Nano chip 
assay on an Agilent 2100 Bioanalyzer (Agilent Technologies). 
RNA concentrations were determined using the NanoDrop 
spectrophotometer (NanoDrop Technologies). Microarray analysis 
was performed in the Genomics and Proteomics Core Facility 
at the German Cancer Research Center (Heidelberg, Germany). 
Biotin-labeled cRNA samples for hybridization on Illumina Human 
Sentrix-12 BeadChip arrays (Illumina) were prepared according to 
Illumina’s recommended sample-labeling procedure based on the 
modified Eberwine protocol (Eberwine et al., 1992). We selected 
the genes up- or down-regulated with a p-value <0.05 in CaMBP4.
GFP versus control (GFP) samples (t test with Benjamini–Hochberg 
correction for multiple comparisons). A cutoff of 1.3 was applied for 
up-regulated genes and 0.7 for down-regulated genes. To represent 
the data, we created a heatmap with cluster dendrogram of 939 
differentially expressed genes (log2 fold change) at a false discovery 
rate of 5% in at least one of the following conditions: CaMBP4​.GFP​
/GFP at 0, 2, 6, or 24 h. The heatmap was depicted by color-coding 
genewise log2 fold change with the heatmap.2 function from the 
gplots programming tool CRAN (https​://cran​.r​-project​.org​/package​
=gplots). Default maximum value is 2.0. A ratio greater than or equal 
to 2.0 is depicted with saturated red; less than or equal to −2.0 is 
depicted with saturated green.

Statistics
Data represent means ± SEM. Analysis of variance with Tukey’s post 
hoc test was used for statistical analysis.

Study approval
The blood samples were taken from healthy human donors. 
Written informed consent was received from the donors before 
inclusion in the study.

Online Supplemental Material
Fig. S1 shows that the stimulation of T cells with CD3 antibodies or 
with a combination of CD3 and CD28 antibodies induced similar nu-
clear calcium transients. Fig. S2 shows that CaMBP4.mCherry does 
not alter calcium transients in response to TCR stimulation (A) and 
that the expression of an inactive form of CaMBP4 (mut-CaMBP4.
mCherry) does not block IL-2 production (B). Fig. S3 shows that 
CaMBP4.mCherry expression had the same inhibitory effect on IL-2 
and CD25 production in human pan-T cells and human naive T cells. 
Fig. S4 shows that CaMBP4.mCherry inhibits T cell proliferation 
in an MLR. Fig. S5 shows that CaMBP4.mCherry does not inhibit 
NFAT1 nuclear translocation upon stimulation with a combination of 
CD3 and CD28 antibodies.
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