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The calcium channels in T cells. T cell receptor (TCR) engagement by a peptide-MHC on an antigen presenting cell (APC), induces protein tyrosine kinases (PTKs) to activate phospholipase C-γ1 (PLC-γ1), which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) from plasma membrane phospholipids to generate diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). Elevated levels of IP3 in the cytosol leads to the release of Ca2+ from IP3R Ca2+ channels located in the ER. Ca2+ depletion from the ER induces Ca2+ influx from the extracellular space through the plasma membrane channel, ORAI1. Several auxiliary channels also operate during TCR-mediated Ca2+ signalling. These include plasma membrane IP3R activated by the ligand IP3, transient receptor potential (TRP) channels that can be operated by DAG and SOCE, adenosine triphosphate (ATP) responsive purinergic P2 (P2X) receptors, glutamate mediated N-methyl-D-aspartate activated (NMDA) channels and voltage-dependent Ca2+ channels (CaV) that may be regulated through TCR signalling events. The mitochondria also control cytoplasmic Ca2+ levels. Increase in intracellular Ca2+ results in activation of calmodulin- calcineurin pathway that induces NFAT nuclear translocation and transcription of target genes to direct T cell homeostasis, activation, proliferation, differentiation and survival. Within this complex network of Ca2+ signalling, a model of the reciprocal regulation of CaV1 and ORAI1 in T cells has been proposed. (A) Low-level TCR signalling through interactions with self-antigens (ie. self-peptides/self MHC molecules) may result in CaV1 (particularly CaV1.4) activation and Ca2+ influx from outside the cell. This allows for filling of intracellular stores and initiation of a signalling cascade to activate a prosurvival program within the naive T cell. STIM1 is not activated in this scenario and, consequently, ORAI1 remains closed. (B) Strong TCR signalling through engagement by a foreign peptide-MHC induces the downstream signalling events that result in ER Ca2+ store depletion and STIM1 accumulation in puncta in regions of the ER near the plasma membrane allowing interactions with Ca2+ channels. ORAI1 enhances STIM1 recruitment to the vicinity of CaV1 channels. Here, STIM1 can activate ORAI1 while inhibiting CaV1. Yellow circles = Ca2+

Omilusik KD, Nohara LL, Stanwood S and Jefferies WA (2013) Weft, warp, and weave: the intricate tapestry of calcium channels regulating T lymphocyte function. Front. Immunol. 4:164. doi: 10.3389/fimmu.2013.00164

The process of T lymphocyte activation has always been a focus of interest in immunology. It determines the course of normal immune function and plays a substantial role in the development of immunological disorders. Calcium is an important messenger through which the kinetics of lymphocyte activation is regulated, and plays an essential role in T lymphocyte homeostasis, proliferation, differentiation, and apoptosis. This essential signaling pathway, involving both intracellular calcium release and calcium entry from the extracellular space has gained increasing attention over the recent decades.

Dynamic alterations of cytoplasmic calcium levels are coordinated by finely tuned cellular mechanisms responsible for the elevation and decrease of calcium. Over the recent years, we have gained insight into the molecular basis of the machinery that is responsible for the storage and release of intracellular calcium as well as for the uptake of extracellular calcium. Several techniques evolved that enable accurate real-time monitoring of the kinetics and regulation of calcium homeostasis and lymphocyte activation, offering valuable information on T lymphocyte function following activation. Mathematical models have also been developed that help a better understanding of calcium movement and fuel more focused research to reach a deeper understanding of key players and aspects of calcium homeostasis.

The relationship between calcium signals and disorders of the immune system is also receiving growing attention. Influencing the actual distribution and availability of cytoplasmic free calcium ions via modulation of the above mechanisms might provide novel therapeutic strategies for the treatment of immune-mediated disease. The complex roles and expression of calcium channel families in different subpopulations of T cells will contribute to the possibility of selective inhibition of a particular T cell subset at a given stage of differentiation, leading to more specific immunosuppressive strategies compared with current immunomodulatory agents.

In this Research Topic, we aim to approach the regulation of calcium homeostasis in T lymphocytes and the role of calcium in the function of T cells under normal and pathologic conditions from several different aspects. We aim to gather current knowledge on calcium handling of T lymphocytes in order to enhance future research and the elaboration of potential therapeutic strategies for the benefit of patients with immune-mediated disorders.
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Calcium is an important messenger in every cell type. Its intracellular level is regulated by finely tuned machinery responsible for calcium uptake, release, and intracellular storage. T cells are no exception in this regard. Pathways of calcium homeostasis participate in a number of cellular processes that determine short and long-term function of T lymphocytes. Over the recent year, an increasing number of calcium channels and transporters have been described that play a key role in balancing cytoplasmic calcium levels in T cells. Therapeutic strategies are now evolving based on the modulation of T-lymphocyte calcium homeostasis in order to combat immune-mediated disorders.

Submissions in this Research Topic include reviews on the ion channels that regulate calcium influx from the extracellular space in T cells (1, 2), either by conducting calcium ions or by modulating the membrane potential that provides the driving force for calcium influx (3, 4). The best characterized calcium channel in T cells is the calcium release-activated calcium (CRAC) channel, which is composed of ORAI and stromal interaction molecule (STIM) proteins. Several other channels may also mediate calcium influx directly in T cells including members of the transient receptor potential (TRP) family, P2X receptors, and voltage-gated calcium (Cav) channels. While the role of CRAC channels to T-cell function is well described by findings in ORAI1 and STIM1-deficient patients and mice (5, 6), the contributions of TRP, Cav1, and P2X receptor channels remain to be more clearly defined. These channels could contribute to calcium influx in specific T-cell subsets at distinct stages of T-cell development or following stimuli other than T-cell receptor (TCR) engagement.

Special attention is given to the emerging roles of Cav1 channels and their integration with other channels to generate a specific calcium signature in T lymphocytes (7, 8). The relationships between STIM, ORAI, and Cav1 will be discussed. For instance, STIM was shown to be a negative regulator of Cav1 signaling (9). Furthermore, the involvement of Cav1 channels as players in human disease will also be explored. In a recent study, a mixture of Cav1.2 and Cav1.3 specific antisense oligodeoxynucleotides strongly impaired the TCR-dependent increase of cytoplasmic calcium level and cytokine production in Th2 cells without any effect on Th1 cells, thus protecting mice against the development of asthma (10). These findings suggest that these channels may represent an interesting new approach in the treatment of allergic diseases.

The role of autophagy, a pathway for intracellular degradation in calcium homeostasis in T cells will also be reviewed (11). Autophagy regulates calcium signaling by developmentally maintaining the homeostasis of the ER (12).

Second messengers derived from the adenine dinucleotides, nicotinamide adenine dinucleotide (NAD), and nicotinamide adenine dinucleotide phosphate (NADP) have also been implicated in T-cell calcium signaling (13). Nicotinic acid adenine dinucleotide phosphate (NAADP) acts as a very early second messenger upon TCR/CD3 engagement, while cyclic ADP-ribose (cADPR) is mainly involved in sustained partial depletion of the endoplasmic reticulum by stimulating calcium release via ryanodine receptors. Finally, adenosine diphosphoribose (ADPR), a breakdown product of both NAD and cADPR activates the TRPM2 cation channel, thereby facilitating calcium (and sodium) entry into T cells. Receptor-mediated formation, metabolism, and mode of action of these novel second messengers in T lymphocytes will be reviewed. Their involvement in immune regulation also makes these pathways suitable targets for therapeutic intervention. The NAADP antagonist BZ194 has recently been shown to ameliorate the clinical course of transfer experimental autoimmune encephalitis, an animal model of multiple sclerosis (14).

While the crosstalk between calcium signaling and metabolic regulation in T cells is relatively poorly understood, one of the contributions highlights where such interactions occur (15). Calcium is known not only to mediate T-cell activation but it also modulates the unique metabolic changes that occur in distinct T-cell subsets and developmental stages. The crosstalk between mitochondrial metabolism, reactive oxygen species (ROS) generation, and CRAC channel activity will be highlighted.

In the course of lymphocyte activation, potassium channels maintain the driving force for sustained calcium influx from the extracellular milieu as they grant the efflux of potassium from the cytoplasm, thus conserving an electrochemical potential gradient between the intra- and extracellular spaces. There are two major types of potassium channels in T cells: the voltage-gated Kv1.3 and the calcium-activated IKCa1 channels. The relation between the calcium currents through CRAC channels and the efflux of potassium makes the proliferation and activation of lymphocytes sensitive to pharmacological modulation of Kv1.3 and IKCa1 channels (16), and provides an opportunity for targeted intervention that will also be discussed (17). Specific inhibition of these channels results in a diminished calcium influx in lymphocytes and a lower level of lymphocyte activation.

Finally, a quantitative mathematical model of T-lymphocyte calcium dynamics will be introduced that has been developed in order to establish a tool which helps to disentangle cause-effect relationships between ion fluxes and observed calcium time courses (18).
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Calcium (Ca2+) is a universal second messenger important for T lymphocyte homeostasis, activation, proliferation, differentiation, and apoptosis. The events surrounding Ca2+ mobilization in lymphocytes are tightly regulated and involve the coordination of diverse ion channels, membrane receptors, and signaling molecules. A mechanism termed store-operated Ca2+ entry (SOCE), causes depletion of endoplasmic reticulum (ER) Ca2+ stores following T cell receptor (TCR) engagement and triggers a sustained influx of extracellular Ca2+ through Ca2+ release-activated Ca2+ (CRAC) channels in the plasma membrane. The ER Ca2+ sensing molecule, stromal interaction molecule 1 (STIM1), and a pore-forming plasma membrane protein, ORAI1, have been identified as important mediators of SOCE. Here, we review the role of several additional families of Ca2+ channels expressed on the plasma membrane of T cells that likely contribute to Ca2+ influx following TCR engagement, particularly highlighting an important role for voltage-dependent Ca2+ channels (CaV) in T lymphocyte biology.

Keywords: calcium, T cell, calcium channels, L-type calcium channels, T cell signaling

In the body’s steady-state, a pool of T lymphocytes that express a diverse T cell receptor (TCR) repertoire is maintained in the periphery. In the event of an infection, T lymphocytes, through their TCR, recognize the infectious antigen and are activated and subsequently induced to proliferate and differentiate into effector cells capable of clearing the pathogen. Key components of the signaling events mediating T lymphocyte development, differentiation, homeostasis, effector function, and cell death are the universal second messenger calcium (Ca2+) and the Ca2+ channels that regulate the intracellular Ca2+ levels (Smith-Garvin et al., 2009).

The activation of a T cell occurs when its TCR recognizes cognate antigen presented on major histocompatibility complex (MHC) by an antigen processing cell. In primary immune responses, this is the function of dendritic cell (DC). DCs take up soluble and particulate antigen as well as cellular debris by phagocytosis, endocytosis, or macropinocytosis and degrade them in endolysosomal compartments where liberated foreign antigens, usually peptides, are subsequently loaded onto MHC-I or MHC-II molecules that cycle to the plasma membrane. Here, the MHC/foreign antigen complex is recognized by a cognate TCR expressed on a specific T lymphocyte (Vyas et al., 2008). A series of signaling events ensue following ligation of the TCR. Ca2+ is critical to the TCR signaling processes. TCR engagement triggers an increase in intracellular Ca2+ levels resulting from the activation of phospholipase Cγ1 (PLCγ1) and the associated hydrolysis of phosphatidylinositol-3,4-bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 binds to IP3 receptors (IP3R) in the endoplasmic reticulum (ER) causing release of ER Ca2+ stores into the cytoplasm. During the event of store-operated Ca2+ entry (SOCE), depletion of ER Ca2+ stores triggers a sustained influx of extracellular Ca2+ through Ca2+ release-activated Ca2+ (CRAC) channels in the plasma membrane (Hogan et al., 2010).

The sustained increase in intracellular Ca2+ results in the activation of signaling molecules and transcription factors that induce expression of genes required for T cell activation, proliferation, differentiation, and effector function. In T cells, Ca2+ can activate a variety of targets including the serine/threonine phosphatase calcineurin and its transcription factor target nuclear factor of activated T cells (NFAT), Ca2+-calmodulin-dependent kinase (CaMK) and its target cyclic AMP-responsive element-binding protein (CREB), myocyte enhancer factor 2 (MEF2) targeted by both calcineurin and CaMK, and nuclear factor kappa B (NFκB) (Oh-Hora, 2009). The best studied downstream effect of Ca2+ is the calcineurin-NFAT pathway. Increased Ca2+ levels promote the binding of Ca2+ to calmodulin inducing a conformational change that allows calmodulin to bind and activate calcineurin. Calcineurin dephosphorylates serines in the amino-terminus of NFAT exposing a nuclear localization signal. This results in the transport of NFAT into the nucleus, where NFAT can interact with other transcription factors, integrating signaling pathways, and inducing gene expression patterns dependent on the context of the TCR signaling (Hogan et al., 2003; Macian, 2005; Smith-Garvin et al., 2009). Ca2+ has also been proposed to regulate the Ras/mitogen-activated protein kinase (MAPK) pathway in T cells. RasGRP that activates Ras not only has a DAG binding domain but also has a pair of EF-hand motifs that can directly bind Ca2+ (Cullen and Lockyer, 2002). Through this interaction, activation and membrane localization of Ras guanyl nucleotide-releasing protein (RasGRP) is influenced. Upon weak TCR stimulation, RasGRP localizes to the Golgi membrane whereas strong TCR signaling results in recruitment to the plasma membrane. The site of activation may play a role in what extracellular-signal-regulated kinase (ERK) can target downstream thereby contributing to differential signaling dependent on the stimulus (Teixeiro and Daniels, 2010).

There are several families of channels expressed on the plasma membrane of T lymphocytes (Kotturi et al., 2006) that may play important roles in Ca2+ entry (Figure 1). Recently, through genome wide high-throughput RNA interference screens and analysis of patients with severe combined immunodeficiency (SCID), a pore-forming plasma membrane protein, ORAI1 (Feske et al., 2006; Vig et al., 2006; Zhang et al., 2006), and an ER Ca2+ sensing molecule, stromal interaction molecule 1 (STIM1) (Liou et al., 2005; Roos et al., 2005), have been identified as the classically defined CRAC channel. Transient receptor potential (TRP) channels have also been the focus of much attention and have been reported to be activated by store depletion in T cells. IP3 receptors (IP3R), similar to the ER-associated Ca2+ channels, have been shown to be expressed at the plasma membrane of T cells. In addition, T cell expressed adenosine triphosphate (ATP) responsive purinergic P2 (P2X) receptors and glutamate mediated N-methyl-D-aspartate (NMDA) activated receptors have shown significant Ca2+ permeability. Finally, voltage-dependent Ca2+ channels (CaV), the focus of this review, have been identified to play a crucial function in T cells (Omilusik et al., 2011).
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FIGURE 1 | The calcium channels in T cells. T cell receptor (TCR) engagement by a peptide-MHC on an antigen presenting cell (APC), induces protein tyrosine kinases (PTKs) to activate phospholipase C-γ1 (PLC-γ1), which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) from plasma membrane phospholipids to generate diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). Elevated levels of IP3 in the cytosol leads to the release of Ca2+ from IP3R Ca2+ channels located in the endoplasmic reticulum (ER). Ca2+ depletion from the ER induces Ca2+ influx from the extracellular space through the plasma membrane channel, ORAI1. Several auxiliary channels also operate during TCR-mediated Ca2+ signaling. These include plasma membrane IP3R activated by the ligand IP3, transient receptor potential (TRP) channels that can be operated by DAG and store-operated Ca2+ entry (SOCE), adenosine triphosphate (ATP) responsive purinergic P2 (P2X) receptors, glutamate mediated N-methyl-D-aspartate activated (NMDA) channels, and voltage-dependent Ca2+ channels (CaV1) that may be regulated through TCR signaling events. The mitochondria also control cytoplasmic Ca2+ levels. Increase in intracellular Ca2+ results in activation of calmodulin-calcineurin pathway that induces nuclear factor of activated T cells (NFAT) nuclear translocation and transcription of target genes to direct T cell homeostasis, activation, proliferation, differentiation, and survival. Within this complex network of Ca2+ signaling, a model of the reciprocal regulation of CaV1 and ORAI1 in T cells has been proposed. (A) Low-level TCR signaling through interactions with self-antigens (i.e., self-peptides/self-MHC molecules) may result in CaV1 (particularly CaV1.4) activation and Ca2+ influx from outside the cell. This allows for filling of intracellular stores and initiation of a signaling cascade to activate a pro-survival program within the naïve T cell. Stromal interaction molecule 1 (STIM1) is not activated in this scenario and, consequently, ORAI1 remains closed. (B) Strong TCR signaling through engagement by a foreign peptide-MHC induces the downstream signaling events that result in ER Ca2+ store depletion and STIM1 accumulation in puncta in regions of the ER near the plasma membrane allowing interactions with Ca2+ channels. ORAI1 enhances STIM1 recruitment to the vicinity of CaV1 channels. Here, STIM1 can activate ORAI1 while inhibiting CaV1. PKC, protein kinase C. AP-1, activating protein-1. NFκB, nuclear factor kappa B. Yellow circles, Ca2+.



ORAI AND STIM

The discovery of the pore-forming plasma membrane proteins, ORAI1 and homologs ORAI2 and ORAI3, and the ER Ca2+ sensors, STIM1 and STIM2, has led to the development of a well-established paradigm of their coordinated action (Hogan et al., 2010; Feske et al., 2012; Srikanth and Gwack, 2012). TCR engagement triggers the generation of IP3 and the subsequent activation of IP3Rs that mediate the release of Ca2+ from the ER. The ER transmembrane protein, STIM1, can sense the depletion of Ca2+ stores. STIM1 exists as a monomer when Ca2+ is present, and its conformation is stabilized through an interaction between its luminal EF-hand domain and sterile α-motif (SAM). When ER Ca2+ stores are depleted, the EF-SAM domain interaction in STIM1 becomes unstable resulting in the oligomerization of STIM1 molecules (Park et al., 2009; Stathopulos et al., 2009). STIM1 oligomers accumulate in puncta in regions of ER 10–25 nm beneath the plasma membrane (Liou et al., 2005, 2007; Wu et al., 2006a). Here, ORAI1 at the plasma membrane can interact with STIM1 (Luik et al., 2006; Xu et al., 2006). ORAI1 has been suggested to exist as a dimer in the plasma membrane and upon STIM1 interaction forms tetramers that can function to import Ca2+ (Penna et al., 2008).

Analyses of ORAI1 and STIM1 deficiency in human patients, that initially led to the identification of ORAI (Feske et al., 2006), as well as in mouse models, have validated their physiological role in T cell activation. In humans, loss of functional ORAI1 or STIM1 results in SCID (Partiseti et al., 1994; Le Deist et al., 1995; Feske et al., 2001, 2005, 2006; Picard et al., 2009). While lymphocyte numbers are normal in these patients, impaired SOCE leaves T cells with diminished ability to proliferate and produce cytokines upon activation. Analogous phenotypes are observed in animal models. In ORAI1−/− and STIM1−/− mice, thymic development of conventional TCRαβ T cells appears normal. However, impaired selection of agonist-selected T cells, T regulatory cells (Treg), invariant natural killer T cells and TCRαβ+ CD8αα+ intestinal intraepithelial lymphocytes, owing to a defect in IL-2 or IL-15 signaling has been noted in STIM1- and STIM2-deficient mice (Oh-Hora et al., 2013). ORAI1-deficiency causes a moderate reduction in SOCE and subsequent cytokine production in T cells (Gwack et al., 2008; Vig et al., 2008). STIM1-deficient T cells have no CRAC channel function or SOCE, no subsequent activation of NFAT transcription factor and, as a result, have impaired cytokine secretion (Oh-Hora et al., 2008). This impacts T cell responses and, consequently, confers protection from experimental autoimmune encephalomyelitis (EAE) due to poor generation of Th1/Th17 responses (Schuhmann et al., 2010).

Interestingly, STIM-deficiency is also associated with lymphoproliferative and autoimmune diseases. In SCID patients, this is seen as lymphadenopathy (enlarged lymph nodes) and hepatosplenomegaly (enlarged liver and spleen) as well as autoimmune hemolytic anemia and thrombocytopenia resulting from immune responses directed against the red blood cells and platelets, respectively (Picard et al., 2009). It has been suggested that this autoimmunity observed in STIM1-deficient patients is a consequence of the reduced Treg cell numbers found in the periphery (Feske, 2009; Picard et al., 2009). Similarly, mice lacking both STIM1 and STIM2 experienced autoimmune and lympho-myeloproliferative syndromes again due to a severe reduction in Treg number in the thymus and secondary lymphoid organs and impaired Treg suppressive function (Oh-Hora et al., 2008). This Treg deficiency is presumably a result of poor Ca2+/NFAT-dependent induction of Foxp3 expression (Wu et al., 2006b; Oh-Hora et al., 2008; Tone et al., 2008). Together, these studies highlight the importance of ORAI1/STIM1 in T cell activation and immune tolerance.

T cells also express family members ORAI2 and ORAI3 that exhibit similar structure to ORAI1. ORAI2 and ORAI3 form Ca2+-permeable ion pores; however, these channels differ in their pharmacology, ion selectivity, activation kinetics, and inactivation properties in comparison to ORAI1 (Lis et al., 2007). Overexpression of ORAI2 or ORAI3 with STIM1 can result in Ca2+ currents similar but not identical to the CRAC current (DeHaven et al., 2007; Lis et al., 2007). However, ORAI2’s contribution to Ca2+ signaling in differentiated T cells is questionable as overexpression of ORAI2 in ORAI1−/− T cells does not restore SOCE (Gwack et al., 2008). ORAI2 expression is high in naïve T cells and is down regulated upon activation; therefore, ORAI2 may have a major role in development or peripheral homeostasis (Gwack et al., 2008; Vig et al., 2008). ORAI3 has been shown to form pentamers with ORAI1 to make up the arachidonate-regulated Ca2+-selective (ARC) channels (Mignen et al., 2009). These channels are activated by arachidonic acid rather than store-depletion and require plasma membrane localized STIM1 for their regulation (Mignen et al., 2007). Their role in T cells has yet to be determined.

STIM2 with 42% sequence similarity to STIM1 is also found in T cells. While STIM1 has relatively high and constant expression and can be found to some extent in the plasma membrane as well as the ER, STIM2 is expressed at low levels in naïve T cells but is upregulated upon TCR activation and is exclusively localized to the ER (Williams et al., 2001; Soboloff et al., 2006). Like STIM1, STIM2 functions as an ER Ca2+ sensor and is able to mediate SOCE in lymphocytes. Nevertheless, STIM2 does not seem to serve a redundant purpose as its overexpression only partially rescues Ca2+ influx deficiency in STIM1−/− T cells (Brandman et al., 2007; Oh-Hora et al., 2008). Upon Ca2+ store depletion, STIM2 also oligomerizes and localizes to puncta at ER-plasma membrane contacts; however, STIM2 detects smaller decreases in ER Ca2+ concentration and forms multimers with slower kinetics than STIM1 with some STIM2 already activated in resting cells with replete Ca2+ stores (Soboloff et al., 2006; Brandman et al., 2007). This fits with the established role for STIM2 in regulating basal Ca2+ influx and stabilizing cytosolic and ER Ca2+ levels in resting cells (Brandman et al., 2007). It also explains the fact that STIM2-deficiency has minimal effect on the initial Ca2+ entry but impairs the ability of T cells to maintain nuclear translocation of NFAT and cytokine production (Oh-Hora et al., 2008). Where STIM1 readily senses ER Ca2+ store depletion and can initiate SOCE, STIM2 remains active in higher Ca2+ levels when stores are refilling and can sustain the response (Oh-Hora, 2009).

Although the details of the ORAI-STIM pathway have been the subject of a large amount of recent work, this scheme does not account for the involvement of other currents mediated by additional plasma membrane Ca2+ channels that have been shown to be expressed and function in T cells (Kotturi et al., 2003; Kotturi and Jefferies, 2005; Omilusik et al., 2011), nor does it allow for differential patterns in Ca2+ response between T cell subsets (Fanger et al., 2000; Weber et al., 2008; Robert et al., 2011). Immunologists are only beginning to acknowledge, accept, and integrate these channels into the pantheon of functions mediated by T cells. Therefore, incorporating multiple Ca2+ channels into a comprehensive model is essential for the complete understanding of Ca2+ signaling in T cells.

IMPORTANT ADDITIONAL Ca2+ CHANNELS IN T LYMPHOCYTES

IP3 RECEPTORS

The IP3Rs, similar to those found in the ER, have been suggested to function as Ca2+ channels at the plasma membrane (Khan et al., 1992; Kotturi et al., 2006). IP3 dissipates rapidly after TCR engagement; therefore, IP3 induced activation of plasma membrane receptors would only contribute to short-term Ca2+ signaling (Kotturi et al., 2006). Alternatively, it was suggested that IP3Rs in the ER, known to bind IP3 to deplete ER Ca2+ stores, change conformation upon ER store depletion, and signal to surface IP3Rs to open (Berridge, 1993). IP3Rs have been identified on the cell surface of cultured T cells (Khan et al., 1992; Tanimura et al., 2000). However, IP3-induced Ca2+ currents across the plasma membrane could not be detected (Zweifach and Lewis, 1993). As an alternate function based on the numerous protein binding sites present in the modulatory domain of the channel, IP3Rs have been proposed to operate at the plasma membrane as scaffolds (Patterson et al., 2004). Further work is required to clearly fit the IP3R into the Ca2+ signaling network in T cells.

TRANSIENT RECEPTOR POTENTIAL CHANNELS

The first TRP family member was discovered in Drosophila and was found to have a role in visual transduction (Montell and Rubin, 1989). Subsequently, 28 mammalian TRP channel proteins have been identified. These are grouped into six subfamilies based on amino acid sequence similarities: the classical TRPs (TRPCs) that are most similar to Drosophila TRP; the vanilloid receptor TRPs (TRPVs); the melastatin TRPs (TRPMs); the mucolipins (TRPMLs); the polycystins (TRPPs); and ankyrin transmembrane protein 1 (TRPA1) (Clapham et al., 2003; Montell and Rubin, 1989). The six transmembrane domain TRP channels form pores that are permeable to cations including Ca2+ (Owsianik et al., 2006). Various TRP channel family members have been shown to be expressed in cultured or primary T cells (Schwarz et al., 2007; Oh-Hora, 2009; Wenning et al., 2011).

Before the discovery of ORAI1 and STIM1, TRP channels were investigated as candidates for the CRAC channel. The TRPV6 channel is highly permeable to Ca2+ and has been shown to be activated by store-depletion (Cui et al., 2002). In addition, when a dominant-negative pore-region mutant of TRPV6 was expressed in Jurkat T cells, the CRAC current was diminished (Cui et al., 2002). However, in subsequent studies, the CRAC channel inhibitor, BTP2, had no effect on TRPV6 channel activity (Zitt et al., 2004; He et al., 2005; Schwarz et al., 2006) and the role of TRPV6 as a CRAC channel could not be confirmed (Voets et al., 2001; Bodding et al., 2002). TRPC3 channels were also under consideration as CRAC channels following the discovery that Jurkat T cell lines with mutated TRPC3 channels had reduced Ca2+ influx following TCR stimulation. This impairment could be overcome by overexpression of a wild-type TRPC3 (Fanger et al., 1995; Philipp et al., 2003). Furthermore, siRNA knockdown of TRPC3 expression in human T cells resulted in reduced proliferation following TCR stimulation (Wenning et al., 2011). However, while TRPC3 has been shown to be activated in response to store-depletion (Vazquez et al., 2001), the major stimulus gating TRPC3 seems to be DAG (Hofmann et al., 1999).

Although not store-operated, the TRPM2 channel in T cells has also been examined. TRMP2 is a non-selective Ca2+ channel that is activated by the intracellular secondary messengers ADP-ribose (ADPR), nicotinamide adenine dinucleotide (NAD+), hydrogen peroxide (H2O2), and cyclic ADPR (Perraud et al., 2001; Hara et al., 2002; Massullo et al., 2006). It has been proposed that activation of T cells can increase endogenous ADPR levels in T cells which results in Ca2+ entry through TRPM2 and subsequent induction of cell death demonstrating that TRPM2 can contribute to some degree to Ca2+ signaling in T cells (Gasser et al., 2006). Recently, the TRPM2 channels have been implicated in T cell effector function. CD4+ T cells from TRPM2-deficient mice were shown to have reduced ability to proliferate and secrete cytokines following TCR activation. Furthermore, TRPM2-deficient mice had decreased inflammation and demyelinating spinal cord lesions in an EAE model (Melzer et al., 2012). Although important to T cell function, the current role of TRP receptors in Ca2+ signaling is still under investigation.

ATP-RESPONSIVE PURINERGIC P2 RECEPTORS (P2X)

The P2X receptors are ATP-gated ion channels that permit the influx of extracellular cations including Ca2+ ions (reviewed in Junger, 2011). Four family members in particular, P2X1, P2X2, P2X4, and P2X7, have been associated with T cells and may serve to amplify the TCR signal to ensure antigen recognition and T cell activation through an autocrine feedback mechanism (Bours et al., 2006; Yip et al., 2009; Woehrle et al., 2010; Junger, 2011). Upon TCR engagement, ATP is released through Pannexin 1 hemichannels that localize to the immunological synapse where they release ATP that acts on the P2X channels to promote Ca2+ influx and enhance signaling (Filippini et al., 1990; Schenk et al., 2008; Yip et al., 2009). In particular, P2X1, 4, and 7 have been shown to contribute to the increase in intracellular Ca2+, NFAT activation, proliferation, and IL-2 production in murine and human T cells following stimulation (Baricordi et al., 1996; Schenk et al., 2008; Yip et al., 2009; Woehrle et al., 2010). Initial analysis of P2X7 receptor-deficient mice revealed no major defects in T cell development (Solle et al., 2001). However, additional studies did identify a deficiency in Treg stability and function as well as Th17 differentiation (Schenk et al., 2011). Also, T cells from C57Bl/6 mice with a natural mutation in the P2X7 gene that reduces ATP sensitivity have been shown to produce reduced amounts of IL-2 following stimulation compared to Balb/c mice with a fully functional receptor further delineating a role for P2X receptors in T cell function (Adriouch et al., 2002; Yip et al., 2009). Likewise, in two models of T cell-dependent inflammation, treatment with a P2XR antagonist impeded the development of colitogenic T cells in inflammatory bowel disease and induced unresponsiveness in anti-islet TCR transgenic T cells in diabetes (Schenk et al., 2008). Therefore, it is clear that P2X channels are playing an important role in T cell Ca2+ signaling; however, the specific mechanistic details of how they fit into shaping the T cell Ca2+ environment need further exploration.

N-METHYL-D-ASPARTATE ACTIVATED RECEPTORS

The NMDA receptors are a class of ligand-gated glutamate ionotropic receptors found in the central nervous system that play a crucial role in neuronal function. These receptors are heterotetramers composed of two subunits, NR1 and NR2, that form an ion channel which is highly permeable to K+, Na+, and Ca2+ (Boldyrev et al., 2012). Ca2+ entry through the receptors into the cell occurs when the NMDA receptors are activated by binding to their ligands, glutamate and glycine. In neurons, this allows for long-lasting memory formation (Boldyrev et al., 2012). Interestingly, NMDA receptors have been shown to be expressed on rodent and human T cells and contribute to the increase in intracellular Ca2+ level following T cell activation (Lombardi et al., 2001; Boldyrev et al., 2004; Miglio et al., 2005, 2007; Mashkina et al., 2007, 2010). Zainullina et al. (2011) further demonstrated that activation of T cells with thapsigargin, an inhibitor of a Ca2+-ATPase of the ER that induces Ca2+ store depletion and activation of plasma membrane Ca2+ channels, in the presence of an NMDA receptor antagonist did not affect the movement of Ca2+ from intracellular stores. However, it reduced the influx of Ca2+ from the extracellular space suggesting that NMDA receptors participate in SOCE, at least to some degree. In this scenario, the NMDA receptors may be mainly contributing to Ras/Rac-dependent signaling in T cells following TCR engagement (Zainullina et al., 2011). Analogous to neuronal synapses, a recent study of thymocytes showed that upon TCR stimulation, NMDA receptors localize to the immunological synapse (Affaticati et al., 2011). Here, DCs rapidly release glutamate that activates the NMDA receptors on the T cells contributing to the increase in intracellular Ca2+ concentration. It is suggested that glutamate signaling through these receptors may participate in negative selection in the thymus by inducing apoptosis in thymocytes while it may influence proliferation in peripheral T cells (Affaticati et al., 2011). Further studies are required to determine the role glutamate plays in shaping the Ca2+ signal in T cells.

VOLTAGE-DEPENDENT Ca2+ CHANNELS

CaV channels function typically in excitable cells such as nerve, muscle, and endocrine cells where they open in response to membrane depolarization to allow Ca2+ entry (Buraei and Yang, 2010). The CaV channels were initially classified based on the voltage required for activation into the subgroups high-voltage activated (HVA) and low-voltage activated (LVA) channels. Further analysis of the CaV channels allowed for additional classification of the channels into groups with distinct biophysical and pharmacological properties: T (tiny/transient)-, N (neuronal)-, P/Q (Purkinje)-, R (toxin-resistant)-, L (long-lasting)-type channels (Lacinova, 2005; Buraei and Yang, 2010).

The CaV channels are heteromultimeric protein complexes composed of five subunits: α1, α2, β, δ, and γ. The α2 and δ subunits are linked together through disulfide bonds to form a single unit referred to as α2δ. The α1 subunit of the channel is the pore-forming component responsible for the channel’s unique properties while the α2δ, β, and γ subunits regulate the structure and activity of α1 (Buraei and Yang, 2010). The α1 subunit consists of four homologous repeated motifs (I–IV) each composed of six transmembrane segments (S1–S6) with a re-entrant pore-forming loop (P-loop) between S5 and S6. The P-loop contains four highly conserved negatively charged amino acids responsible for selecting and conducting Ca2+ while the S6 segments form the inner pore (Buraei and Yang, 2010). The S4 segments are positively charged and constitute the voltage sensor. The pore opens and closes through voltage-mediated movement of this sensor (Lacinova, 2005).

Ten mammalian α1 subunits are divided into three subfamilies based on similarities in amino acid sequence. The CaV1 family contains L-type channels; the CaV2 family consists of N-, P/Q-, and R-type channels; and the CaV3 family are T-type channels (Buraei and Yang, 2010). Initially, “voltage-operable” current seemingly activated by TCR engagement or store depletion with electrophysiological properties different than the CRAC current in the plasma membrane of Jurkat T cells was identified (Densmore et al., 1992, 1996). Subsequently, numerous pharmacological and genetic studies have demonstrated the existence of CaV1 or L-type channels in T cells (Table 1). The CaV1 channels exist as four isoforms: CaV1.1, CaV1.2, CaV1.3, and CaV1.4. In excitable cells, L-type Ca2+ channels require high-voltage activation and have slow current decay kinetics. They have a unique sensitivity to 1,4-dihydropyridines (DHPs), a wide drug class that can either activate (for example: Bay K 8644) or inhibit (for example: nifedipine) the activity of the channel (Lacinova, 2005).

Table 1 | CaV1 Ca2+ channel expression in T cells.
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Early studies suggesting that L-type Ca2+ channels contributed to T cell Ca2+ signaling relied on pharmaceutical analysis (Grafton and Thwaite, 2001; Kotturi et al., 2003; Gomes et al., 2004). These include in vitro experiments where the DHP antagonist nifedipine was shown to block proliferation of human T cells or peripheral blood mononuclear cells or impair increase in intracellular Ca2+following stimulation with mitogens (Birx et al., 1984; Gelfand et al., 1986; Dupuis et al., 1993). This effect of nifedipine seemed to be dose-dependent when T cells were stimulated in the presence of the immunosuppressive agent cyclosporine A (Marx et al., 1990; Padberg et al., 1990). In a resultant study performed by Kotturi et al. (2003), treatment of Jurkat T cells and human peripheral blood T cells with the DHP agonist Bay K 8644 was shown to increase intracellular Ca2+ levels and induce ERK 1/2 phosphorylation, while treatment with the DHP antagonist nifedipine blocked Ca2+ influx, ERK 1/2 phosphorylation, NFAT activation, IL-2 production, and T cell proliferation. At micromolar concentrations, DHPs can also affect the function of K+ channels and therefore conclusions drawn from these pharmaceutical studies (Grafton and Thwaite, 2001; Kotturi et al., 2003, 2006; Gomes et al., 2004) regarding contribution of CaV1 to T cell function have been criticized (Wulff et al., 2003, 2004). However, inhibitory effects have been noted when DHP antagonists were used at concentrations well below those influencing K+ channels (Sadighi Akha et al., 1996; Kotturi et al., 2003) as well as with the more specific CaV1 blocker, calciseptine, that also obstructs Ca2+ influx in T cells (de Weille et al., 1991; Matza and Flavell, 2009).

Subsequent genetic studies have confirmed the expression of L-type Ca2+ channels in T cells and have gone on to compare their structure to those found in excitable cells. CaV1.4 was the first CaV1 channel identified in T cells (Kotturi et al., 2003; Kotturi and Jefferies, 2005; Omilusik et al., 2011). The CaV1.4 α1 subunit is encoded by the CACNA1F gene originally cloned from human retina (Fisher et al., 1997) where CaV1.4 mediates Ca2+ entry into the photoreceptors promoting tonic neurotransmitter release (Strom et al., 1998). Kotturi et al. identified the CaV1.4α1 subunit mRNA and protein in Jurkat T cells as well as in human peripheral blood T cells (Kotturi et al., 2003; Kotturi and Jefferies, 2005). This human lymphocyte form of Cav1.4 was shown to undergo alternative splicing, resulting in a protein smaller in size compared to a retinoblastoma version (Kotturi and Jefferies, 2005). Sequence analysis revealed that the CaV1.4 expressed in human T cells exists as two novel splice variants (termed CaV1.4a and CaV1.4b) distinct from the retina (Kotturi and Jefferies, 2005). CaV1.4a lacks exons 31, 32, 33, 34, and 37 resulting in deletions of transmembrane segments S3, S4, S5, and half of S6 in motif IV. As a result, the voltage sensor domain and part of the DHP binding site and EF-hand Ca2+ binding motif are deleted from the channel. While the removal of the voltage sensor may alter the voltage-gated activation of this channel, partial deletion of the DHP binding site may decrease the sensitivity of T cell-specific CaV1.4 channels. This explained why large doses of DHP antagonists are required to completely block Ca2+ influx through CaV channels in T cells (Dupuis et al., 1993). Remarkably, the splice event caused a frameshift that changed the carboxy-terminus to a sequence that resembles (40% identity) the CaV1.1 channel found in skeletal muscle (Kotturi and Jefferies, 2005). The second splice variant, CaV1.4b, lacks exons 32 and 36 causing a deletion of the extracellular loop between S3 and S4 in motif IV. CaV1.4b also has an early stop codon that prematurely truncates the channel. The voltage sensing motif is not spliced out; however, it has been proposed that removal of the extracellular loop may alter the voltage sensing function of this channel (Kotturi and Jefferies, 2005). Upon membrane depolarization, the S4 voltage sensor domain moves and this splicing event may leave the domain in a conformation that prevents S4 movement (Bezanilla, 2002; Jurkat-Rott and Lehmann-Horn, 2004). Since their discovery in T cells (Kotturi and Jefferies, 2005), alternative splice variants of other CaV channels have been found. Analogous structural changes have been subsequently noted for CaV1.1 (Matza and Flavell, 2009) with one isoform similarly lacking the extracellular loop between S3 and S4 in motif IV that translated to shifted voltage sensitivity in muscle cells (Tuluc et al., 2009). These structural changes likely explain the insensitivity of T cell CaV1 channels to be activated by cell depolarization and instead, gating in T cells may be through alternate mechanisms such as ER store-depletion or TCR signaling. Supporting this hypothesis, Jha et al. (2009) recently found CaV1.4 to be localized to lipid rafts in the plasma membrane of murine T cells. CaV1.4 was found to be associated with components of the T cell signaling complex. Given its location, CaV1 channel activity could be regulated in T cells by downstream TCR signaling events.

Recent in vivo studies have directly addressed the controversy regarding the importance of voltage-dependent Ca2+ channels in T cell function. Mice with targeted deletions in the regulatory β subunits that mediate CaV channel assembly, plasma membrane targeting, and activation have been described (Badou et al., 2006; Buraei and Yang, 2010). The β3 and β4 family members are expressed in naïve CD4+ T cells and upregulated in activated T cells. Upon TCR cross-linking, CD4+ T cells from β3 or β4-deficient mice showed impaired Ca2+ influx, NFAT nuclear translocation, and cytokine secretion (Badou et al., 2006). Cav1.1 expression was found to be reduced in the β4-deficient T cells providing a possible role for CaV1 in lymphocyte function (Badou et al., 2006). The same group later examined CD8+ T cell populations in a β3-deficient mouse (Jha et al., 2009). β3−/− mice have reduced numbers of CD8+ T cells possibly due to increased spontaneous apoptosis induced by higher expression of Fas. Upon activation, these CD8+ T cells have decreased Ca2+ entry, proliferation, and NFAT nuclear translocation. β3 was found to associate with CaV1.4 and several TCR signaling proteins suggesting its role in TCR gated Ca2+ signaling (Jha et al., 2009). Similarly, when the AHNAK1 protein, a large scaffold protein required for CaV1.1 surface expression, was disrupted, T cells had reduced Ca2+ influx and NFAT activation that equated to poor effector function (Matza et al., 2008, 2009). Recently, Cabral et al. (2010) began to address differential Ca2+ signaling in T cell subsets. This study demonstrated that CaV1.2 and CaV1.3 channels were expressed in Th2 but not Th1 differentiated effector T cells. Knockdown of CaV1.2 and/or CaV1.3 expression in Th2 cells with antisense oligodeoxynucleotides resulted in reduced Ca2+ influx following TCR stimulation and impaired cytokine secretion (Cabral et al., 2010). In addition, Th2 cells with disrupted CaV1 expression were impaired in their ability to induce asthma in an adoptive transfer model (Cabral et al., 2010). Further studies defining the Cav1 channel subtype or splice variant essential to various stages of development and activation of the T cell subsets will likely provide an explanation for differences in Ca2+ responses.

Omilusik et al. (2011) used a murine model deficient for CaV1.4 (Mansergh et al., 2005), one of the pore-forming subunits of a CaV channel, to unequivocally establish a T cell-intrinsic role for CaV1s in the activation, survival, and maintenance of naïve CD4+ and CD8+ T cells in vivo. CaV1.4 was shown to be essential for TCR-induced regulation of cytosolic free Ca2+ and downstream TCR signaling, impacting activation of the Ras/ERK and NFAT pathways, IL-7 receptor expression and IL-7 responsiveness. The loss of CaV1.4 and subsequently naïve peripheral T cells resulted in deficient immune responses when challenged with the model bacteria, L. monocytogenes. Instead of being activated by Ca2+ store release as in the case of ORAI1, it appears that CaV1.4 may operate to create intracellular Ca2+ stores in the ER. Low-level TCR signaling through interactions with self-antigens (i.e., self-peptides/self-MHC molecules) may result in CaV1.4-mediated Ca2+ influx from outside the cell, allowing the filling of intracellular stores and the initiation of a pro-survival program. This recent data supports the concept that in the absence of CaV1.4, there is a reduction in the influx of extracellular Ca2+ coupled to self/MHC-TCR interaction, resulting in low cytoplasmic Ca2+ levels and depleted Ca2+ ER stores (Omilusik et al., 2011). Therefore, when CaV1.4-deficient T cells are stimulated through the TCR, there is a defective Ca2+ release from the ER as a result of lower levels of stored Ca2+, decreased subsequent SOCE, and diminished inward Ca2+ flux through CRAC channels leading to weakened Ca2+-dependent signaling. Overall, the absence of tonic survival signals provided by CaV1.4 results in failure of naïve T cells to thrive and perpetuates a state of immunological activation and exhaustion (Omilusik et al., 2011). Studies on other immune cells support this contention. For example, CaV1.2 expressed in mast cells has been reported to protect against antigen-induced cell death by maintaining mitochondria integrity and inhibiting the mitochondrial cell death pathway (Suzuki et al., 2009). Using pharmacological agents and siRNA specific knockdown, Suzuki et al. (2009) demonstrated that CaV1.2 channels protect mast cells from undergoing apoptosis following FcεRI activation as discerned by assessing mitochondrial membrane potential, cytochrome c release, and caspase-3/7 activation. Furthermore, though it remains unclear, it appears that Ca2+ influx through CaV1.2 at the plasma membrane may be important for maintenance of the mitochondrial Ca2+ concentration, thereby providing the cell with pro-survival signals (Suzuki et al., 2009). In conclusion, it is of importance to note that knock-outs of the components of CaV1 channels in T cells have, by large, more severe phenotypes than those of other categories of Ca2+ channels in T cells and, certainly, this argues strongly that CaV1 channels play a significant role in regulating and orchestrating T cell biology.

It is interesting to consider and likely profoundly important for integrating the multiple functions of T cells with other homeostatic processes, that CaV1 coexist in excitable and non-excitable cells with other Ca2+ channels and the interplay between the channels all likely contribute to the highly regulated Ca2+ signaling system. CaV1 channels have been shown to interact with the ER/sarcoplasmic reticulum (SR) ryanodine receptors (RyRs) in excitable cells (Lanner et al., 2010). In skeletal muscle, CaV1.1 channels are activated by membrane depolarization and through a physical interaction with RyR1 stimulate the release of Ca2+ from the SR. Similarly, in cardiac muscle, CaV1.2 is triggered to mediate entry of extracellular Ca2+ which in turn activates RyR2 channels to release intracellular Ca2+ stores (Lanner et al., 2010). Both mechanisms have also been observed in neurons (Chavis et al., 1996; Mouton et al., 2001). Although T cells express RyRs (Hosoi et al., 2001) and these receptors have been shown to contribute to Ca2+ signaling following TCR activation (Hohenegger et al., 1999; Schwarzmann et al., 2002; Conrad et al., 2004), further studies are needed to demonstrate a CaV1–RyR interaction.

An interplay between voltage-gated sodium channels (VGSC) and CaV1 has also been suggested to shape the T cell Ca2+ signal. In excitable cells such as muscle and neurons, membrane depolarization by VGSC leads to an increase in cytosolic Ca2+ through the activation of CaV channels (Dravid et al., 2004; Fekete et al., 2009; Catterall, 2010). A recent study in T cells has determined an essential role for a VGSC in positive selection (Lo et al., 2012). Pharmacological inhibition and shRNA-mediated knockdown was used to demonstrate that the VGSC composed of a pore-forming SCN5a and a regulatory SCN5b subunit is necessary for Ca2+ influx during positive selection of CD4+ T cells. It is proposed that this SCN5a-SCN5b channel is expressed in double positive T cells in order to convert a weak positive selection signal into a sustained Ca2+ flux necessary for positive selection to take place. However, once in the periphery, T cells no longer express the channel to eliminate the possibility of autoimmunity (Lo et al., 2012). ORAI1 and STIM1 do not seem to contribute to thymic development of conventional TCRαβ T cells (Oh-Hora et al., 2013); therefore, it is an interesting idea that VGSC activation by kinases downstream of the TCR (Rook et al., 2012) can induce Ca2+ signaling by CaV1 in developing T cells. Further studies are required to formally demonstrate a functional link between CaV1 and VGSC channels in lymphocytes.

Recently, an interesting reciprocal relationship between CaV1.2 and ORAI1 has been described (Park et al., 2010; Wang et al., 2010). After Ca2+ store depletion in the ER, STIM1 oligomers form at ER-plasma membrane junctions allowing the STIM1 CRAC-activating domain (CAD) to interact with the C-terminus of ORAI1 and CaV1.2 channels. ORAI1 channels are activated by STIM1 and subsequently open causing sustained Ca2+ influx from the extracellular space. Conversely, STIM1 inhibits Ca2+ influx through CaV1.2 and promotes its internalization, further shutting down the activity of the channel (Park et al., 2010; Wang et al., 2010). It is interesting to speculate that strong TCR signaling through engagement by a foreign peptide-MHC may trigger this activation of ORAI1 and inhibition of CaV1 channels (Figure 1). However, low-level TCR signaling through interactions with self-antigens (i.e., self-peptides/self-MHC molecules) may not induce STIM1 to localize to the plasma membrane thereby activating CaV and co-ordinately inhibiting ORAI1. This results in CaV1-mediated Ca2+ influx from outside the cell, filling of depleted intracellular stores, and induction of a signaling cascade to activate a pro-survival program within the naïve T cell. The activation and inhibition of CaV1 channels through STIM1 or other TCR-mediated events is an intriguing concept and will likely be the focus of many new studies.

Although CaV1 function is vital for T cell Ca2+ signaling, their specific functions have yet to be fully explored. Further work is required to clarify the role played by each CaV1 channel family member as well as the other Ca2+ channels in shaping the Ca2+ signal. Altogether, these studies do provide a new framework for understanding the regulation of lymphocyte biology through the function of several Ca2+ channels, particularly the L-type Ca2+ channels, in the storage of intracellular Ca2+ and operative Ca2+ regulation during antigen receptor-mediated signal transduction.

Overall, the translational aspects of the current research in the field of Ca2+ channel biology have direct implications in designing new modalities for modifying T cell responses using drugs that are known to control Ca2+ channels activities, such as the plethora of drugs that already exist for modifying CaV1 channels. Agents that target the CaV1 splice variants expressed in lymphocytes and inhibit the activity of the channel may serve as more specific immunosuppressants than the current options. Relevant applications for these agents may include therapy for autoimmune diseases, reduction of transplant rejection risk, and treatment of other disorders requiring suppression or in the case of existing immunodeficiency, activation of the immune system.
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Ca2+ signals are critical for T cell function. A number of ion channels regulate Ca2+ influx from the extracellular space in T cells, either by conducting Ca2+ ions or by modulating the membrane potential that provides the driving force for Ca2+ influx (Cahalan and Chandy, 2009; Feske et al., 2012). The best characterized Ca2+ channel in T cells is the Ca2+ release-activated Ca2+ (CRAC) channel, which mediates store-operated Ca2+ entry (SOCE) in response to T cell receptor (TCR) activation and is composed of ORAI and stromal interaction molecules (STIM) family proteins. Several other channels may also mediate Ca2+ influx directly in T cells including members of the transient receptor potential (TRP) family, P2X receptors, and voltage-gated Ca2+ (Cav) channels. Compared to CRAC channels, however, their contribution to TCR-induced Ca2+ influx and immunity is less well defined.

Ca2+ release-activated Ca2+ channels were first identified in T cells (and mast cells) over 20 years ago (Lewis and Cahalan, 1989; Hoth and Penner, 1992; Zweifach and Lewis, 1993). They mediate Ca2+ influx and have well defined electrophysiological properties (Parekh and Penner, 1997; Prakriya and Lewis, 2003). The long elusive molecular identity of the CRAC channel was solved with the discovery of ORAI1 by genome-wide RNAi screens and positional cloning in patients lacking CRAC channel function (Feske et al., 2006; Vig et al., 2006b; Zhang et al., 2006). ORAI1 and its two homologs, ORAI2 and ORAI3, are integral membrane proteins (Figure 1). Mutagenesis and structural analyses have showed that ORAI1 forms the pore of the CRAC channel through which Ca2+ ions enter the cell (Prakriya et al., 2006; Vig et al., 2006a; Yeromin et al., 2006; Hou et al., 2012; McNally et al., 2012). CRAC channels open after TCR-induced production of inositol 1,4,5-trisphosphate (InsP3) and release of Ca2+ from ER stores. Reduced Ca2+ levels in the ER trigger the activation of STIM 1 and 2 located in the ER membrane. After translocation to ER-plasma membrane junctions, STIM proteins bind to ORAI1 and open the CRAC channel pore, resulting in sustained Ca2+ influx. The molecular regulation of CRAC channel function has been described in detail elsewhere (Shaw et al., 2012).


[image: image1]

FIGURE 1 | Ca2+ influx pathways in T cells. Stimulation of T cells through the TCR complex results in Ca2+ influx, which is involved in the regulation of many T cell functions. CRAC channels mediate store-operated Ca2+ entry (SOCE) following activation of PLCγ1 and production of InsP3. InsP3 binds to and opens Ca2+ permeable InsP3 receptors (InsP3R) in the ER, resulting in the release of Ca2+ from ER stores (Lewis, 2001; Feske, 2007). Ca2+ release from the ER causes the activation of STIM 1 and 2, which oligomerize and translocate to ER-plasma membrane junctions. STIM1 and STIM2 bind to ORAI1, the pore-forming subunit of the CRAC channel, thereby mediating its opening and sustained Ca2+ influx. The subunit composition of the CRAC channel awaits further studies; both tetrameric and hexameric assemblies of ORAI1 subunits were proposed (Ji et al., 2008; Mignen et al., 2008; Penna et al., 2008; Maruyama et al., 2009; Hou et al., 2012). TRPM2 is a Ca2+ permeable cation channel that can be activated by cADPR and NAADP in human T cells (Beck et al., 2006). Increased cADPR levels after TCR stimulation (Guse et al., 1999) activate SOCE by releasing Ca2+ from the ER through RyR channels and potentially activate TRPM2 channels directly. TRPM7 is a non-selective cation channel implicated in Mg2+ homeostasis in T cells; whether its ability to conduct Ca2+ contributes to T cell function and how it is activated by TCR stimulation is not understood. The L-type Cav channels Cav1.2, Cav1.3, and Cav1.4, which mediate depolarization-dependent Ca2+ influx in excitable cells including neurons may contribute to Ca2+ influx in T cells but their activation mechanism is unknown and their current properties are not well defined. P2X receptors are non-selective Ca2+ channels activated by extracellular ATP. Several homologs, P2X1, P2X4, and P2X7, were reported to mediate Ca2+ influx in T cells in vitro.



The essential role of CRAC channels for T cell function and adaptive immunity is best illustrated by patients with loss-of-function or null mutations in ORAI1 or STIM1 genes, whose T cells lack CRAC channel function and SOCE (Partiseti et al., 1994; Le Deist et al., 1995; Feske et al., 1996; McCarl et al., 2009; Picard et al., 2009; Feske, 2011; Fuchs et al., 2012). CRAC channel-deficient T cells proliferate poorly in vitro and have a profound defect in the production of cytokines such as IFNγ, TNFα, IL-2, and IL-17. Similar defects are found in CD4+ and CD8+ T cells from Stim1−/−, Orai1−/−, and Orai1R91W knock-in mice (Gwack et al., 2008; Beyersdorf et al., 2009; McCarl et al., 2010). SOCE-deficient T cells were found to be more resistant to apoptotic cell death and showed migration defects in vitro and in vivo (Ma et al., 2010; Kim et al., 2011; Greenberg et al., 2013) (and Stefan Feske unpublished data). Interestingly, SOCE is dispensable for the development and selection of conventional TCRαβ+ CD4+ and CD8+ T cells in SOCE-deficient patients and mice. However, their T cell function is severely compromised in vivo, apparent in absent delayed type hypersensitivity (DTH) responses to recall antigens in patients and mice (Le Deist et al., 1995; Feske et al., 1996; McCarl et al., 2010) and impaired skin allograft rejection in Orai1R93W knock-in mice (McCarl et al., 2010). Most importantly, impaired T cell function in ORAI1 and STIM1-deficient patients results in recurrent and chronic infections with a wide spectrum of viral, bacterial and fungal pathogens (Partiseti et al., 1994; Le Deist et al., 1995; Feske et al., 1996; McCarl et al., 2009; Picard et al., 2009; Byun et al., 2010; Feske, 2010; Fuchs et al., 2012).

Besides immunity to infection, CRAC channels in T cells regulate immunological tolerance and inflammation. CD4+ T cells from mice lacking ORAI1 or STIM1 function showed strongly impaired expression of proinflammatory cytokines such as IFN-γ and IL-17 (Ma et al., 2010; McCarl et al., 2010). Importantly, these mice were resistant to T cell-mediated intestinal and CNS inflammation in animal models of colitis and multiple sclerosis. Complete absence of CRAC channel function in mice with T cell-specific deletion of Stim1 and Stim2 genes, in addition, results in impaired development and function of Foxp3+ regulatory T (Treg) cells (Oh-Hora et al., 2008). As a result, STIM1/2-deficient mice over time develop severe myelo-lymphoproliferative disease with lymphadenopathy, splenomegaly, and pulmonary inflammation (Oh-Hora et al., 2008). Intriguingly, these mice show an exocrine gland autoimmune disease resembling Sjogren’s syndrome in humans (Cheng et al., 2012). Reduced numbers of Treg cells are also found in ORAI1- and STIM1-deficient patients (Picard et al., 2009) (and unpublished data), most of which suffer from autoimmune thrombocytopenia and hemolytic anemia due to autoantibodies against erythrocytes and platelets (Feske, 2011). The complete lack of SOCE in STIM1/2-deficient mice not only impaired the development of Treg cells but also that of natural killer T (NKT) cells and TCRαβ+ CD8αα+ intraepithelial lymphocytes (IEL) in the gut (Oh-Hora et al., 2013). These findings indicate that low to moderate SOCE is sufficient for the postselection maturation of agonist-selected T cells (Treg cells, NKT cells, IEL), whereas strong SOCE is required for the proinflammatory function of Th1 and Th17 cells.

Transient receptor potential channels belong to a large family of ion channels, which conduct monovalent and divalent cations including Ca2+ (Nilius and Owsianik, 2011). Before the discovery of ORAI1 as the CRAC channel, several TRPC channels were proposed to mediate Ca2+ influx in T cells. However, a significant role of TRPC channels in Ca2+ influx and T cell mediated immune function has not been established. By contrast, TRPM7 is essential for T cell development as mice with T cell-specific deletion of Trpm7 had a severe block in T cell development at the CD4−CD8− double negative stage (Jin et al., 2008). This is the most profound effect of any ion channel on lymphocyte development demonstrated so far. TRPM7 is Mg2+ permeable and widely considered to regulate cellular Mg2+ homeostasis. However, T cells from Trpm7−/− mice had normal Mg2+ influx and total Mg2+ levels, raising the question whether impaired T cell development is caused by dysregulated Mg2+ homeostasis or rather by impaired influx of other cations including Ca2+ which TRPM7 is able to conduct as well. Another TRP channel, TRPM2 is a non-selective, Ca2+ permeable cation channel and in human T cells, TRPM2 can be activated by a variety of intracellular agonists including adenosine diphosphate ribose (ADPR), cyclic ADPR (cADPR), and Nicotinic acid adenine dinucleotide phosphate (NAADP) (Beck et al., 2006). TCR stimulation was reported to result in increased intracellular cADPR levels and Ca2+ release from the ER through ryanodine receptors (RyR) (Guse et al., 1999), thereby initiating SOCE; alternatively, elevated cADPR levels could directly activate TRPM2 channels. However, the physiological function of TRPM2 channels in T cells is unknown. It is intriguing to speculate that TRPM2 may be involved in inflammatory T cell responses similar to their role in CXCL2 chemokine expression and NADPH oxidase function in monocytes (Yamamoto et al., 2008) and phagocytes (Di et al., 2011).

Voltage-gated Ca2+ (Cav) channels are highly Ca2+ selective channels that play an important role in Ca2+ influx and the function of electrically excitable cells such as neurons following cell depolarization (Tsien et al., 1987). In T cells, several members of the L-type family of CaV channels (CaV1) were reported to be expressed but their contribution to Ca2+ influx has remained controversial (Hogan et al., 2010). Recent studies showed that genetic deletion of CaV1.4 in mouse T cells and knockdown of Cav1.2 and Cav1.3 in human T cells attenuates TCR-induced Ca2+ influx (Cabral et al., 2010; Omilusik et al., 2011). Similarly, mutation of the regulatory β3 and β4 subunits of CaV1 channels in mice results in reduced Ca2+ influx and impaired IL-4, IFNγ, and TNFα production in CD4+ and CD8+ T cells following TCR stimulation (Badou et al., 2006; Jha et al., 2009). CD8+ T cells lacking functional β3 regulatory subunits or Cav1.4 channels were more susceptible to apoptosis (Jha et al., 2009; Omilusik et al., 2011). Cav1.4-deficient mice also showed reduced cytotoxic function of CD8+ T cells in vitro and impaired CD8+ T cell responses to infection with Listeria monocytogenes in vivo (Omilusik et al., 2011). Despite these intriguing findings, the pathways by which TCR signaling activates CaV1 channels are unknown. In contrast to excitable cells, depolarization of T cells fails to open CaV1 channels and mediate Ca2+ influx. It has been speculated that CaV1 channels in T cells are activated by an alternative, voltage-independent mechanism, but the nature of this mechanism remains to be elucidated. In addition, native CaV1 channel-like Ca2+ currents have so far been reported only once despite efforts by numerous labs and appear to be restricted to naïve CD4+ and CD8+ T cells (Omilusik et al., 2011). Intriguingly, these currents were abolished in T cells from Cav1.4−/− mice. Future studies will need to investigate the electrophysiological properties of CaV1 channels in T cells, clarify the molecular mechanisms that regulate their activation, and investigate the role of CaV1 channels in adaptive immunity.

P2X receptors are not, unlike the Ca2+ channels discussed above, activated by TCR stimulation but by extracellular ATP. Three P2X receptors, P2X1, P2X4 and P2X7 (Yip et al., 2009; Woehrle et al., 2010), were reported to mediate Ca2+ influx in T cells. The opening of P2X7 causes Ca2+ influx and activation of enzymes such as calcineurin, resulting in T cell proliferation (Baricordi et al., 1996) and IL-2 production (Adinolfi et al., 2005; Woehrle et al., 2010). Inhibition of P2X1, P2X4, and P2X7 function by RNAi or chemical antagonists attenuated Ca2+ influx and IL-2 production in Jurkat cells and human CD4+ T cells in vitro (Yip et al., 2009; Woehrle et al., 2010). A Ca2+ dependent role for individual P2X receptors in T cell immunity in vivo, however, is not well established. Using P2X7−/− mice, one study found that P2X7 is proinflammatory in T cells by promoting the differentiation and function of Th17 cells and inhibiting the stability of Treg cells (Schenk et al., 2011). The role of P2X7 in T cell-mediated autoimmunity, however, is ambiguous as both increased (Chen and Brosnan, 2006) and decreased (Sharp et al., 2008) CNS inflammation were observed in P2X7−/− mice when analyzed in animal models of multiple sclerosis. In addition, it is unclear whether the main function of P2X7 receptors in T cells is to mediate Ca2+ influx. At the high ATP concentrations (∼1 mM) used to measure Ca2+ influx in most studies, P2X7 channels form a large pore (Junger, 2011) that is permeable to a variety of anorganic and organic cations (Chused et al., 1996; Adriouch et al., 2002). Similarly high ATP concentrations are used to activate inflammasomes in innate immune cells, in which P2X7 channels are thought to mediate K+ efflux and thereby production of IL-1β (Ferrari et al., 2006; Tschopp and Schroder, 2010). Future studies need to evaluate if P2X7 receptors modulate T cell function through Ca2+ influx or other mechanisms. P2X1 and P2X4 conduct Ca2+ more selectively and open at lower (micromolar) ATP concentrations (Junger, 2011). However, P2X1 and P2X4-deficient mice have no reported immunological phenotype (Mulryan et al., 2000; Yamamoto et al., 2006) and their role in T cell immunity in vivo remains poorly understood.

Ca2+ signals have long been recognized as essential for T cell function and several channels may contribute to Ca2+ influx in T cells. Whereas the role of CRAC channels to T cell function and adaptive immunity is well documented by findings in ORAI1 and STIM1-deficient patients and mice, the contributions of TRP, CaV1, and P2X receptor channels remain to be more clearly defined. These channels could contribute to Ca2+ influx in specific T cell subsets, at distinct stages of T cell development or following stimuli other than TCR engagement. A better understanding of the contributions of different Ca2+ influx pathways in T cells will be essential to define potential drug targets for the modulation of T cell function in a variety of diseases caused by aberrant T cell function.
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In T lymphocytes, calcium ion controls a variety of biological processes including development, survival, proliferation, and effector functions. These distinct and specific roles are regulated by different calcium signals, which are generated by various plasma membrane calcium channels. The repertoire of calcium-conducting proteins in T lymphocytes includes store-operated CRAC channels, transient receptor potential channels, P2X channels, and L-type voltage-gated calcium (Cav1) channels. In this paper, we will focus mainly on the role of the Cav1 channels found expressed by T lymphocytes, where these channels appear to operate in a T cell receptor stimulation-dependent and voltage sensor independent manner. We will review their expression profile at various differentiation stages of CD4 and CD8 T lymphocytes. Then, we will present crucial genetic evidence in favor of a role of these Cav1 channels and related regulatory proteins in both CD4 and CD8 T cell functions such as proliferation, survival, cytokine production, and cytolysis. Finally, we will provide evidence and speculate on how these voltage-gated channels might function in the T lymphocyte, a non-excitable cell.

Keywords: Cav1 channels, calcium channels, CD4 T cells, CD8 T cells, CRAC channel

INTRODUCTION

T cells require Ca2+ for their development and function (1–4). A canonical pathway for Ca2+ entry into T cells has been described thus far. Accordingly, ligation of T Cell Receptor (TCR) leads to activation of phosphoinositide-specific phospholipase C (PLC)γ. PLCγ breaks down phosphatidylinositol-4,5-bisphosphate to generate inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 activates the release of Ca2+ into the cytoplasm by binding to IP3 receptors (IP3R) located on the surface of internal Ca2+ stores, such as the endoplasmic reticulum (ER). Store-operated calcium (SOC) channels in the plasma membrane are then activated by the store depletion (5–7). A requirement for sustained signaling arises largely from the need to recruit and retain Nuclear Factor of Activated T cells (NFAT), a key transcriptional regulator of the IL-2 gene and other cytokine genes, in the nucleus (8).

There are several families of plasma membrane channels expressed in T cells. The most studied channels in lymphocytes are known as “calcium release-activated calcium” (CRAC) channels (5, 9, 10). A breakthrough in their characterization occurred after the identification of stromal interaction molecule (STIM), which is an ER-resident Ca2+ sensor, and ORAI/CRACM (CRAC modulator), which is their pore-forming subunit (11–14). The transient receptor potential (TRP) channels have also been detected in T cells and reported to be functionally involved in Ca2+ entry possibly after store depletion (15–17). Finally, evidence for the expression of P2X receptor channels on the plasma membrane and for their contribution to Ca2+ entry in lymphocytes was also shown (18–20).

EXPRESSION OF Cav CHANNELS IN T CELLS

Cav channels are heteromultimers that are composed of a pore-forming α1 subunit, β regulatory subunit, and α2, γ, and δ subunits (21). The topology of the α1 pore subunit is predicted to have four repeated motifs (I–IV), each of which is hexahelical and contains a loop between the S5 and S6 transmembrane segments that forms the channel pore. The S4 transmembrane segments in each motif contain conserved positively charged amino acids that are voltage sensors and that move outwards upon membrane depolarization, thereby opening the channel (22).

Several studies, including our own, have shown that CD4+ and CD8+ T cells express high levels of the Cav1 pore-forming subunit subfamily (Cav1.1–1.4 or α1S, α1C, α1D, and α1F, respectively), but not Cav2 (α1A, α1B, α1E) or Cav3 (α1G, α1H, α1I) subfamilies (see Table 1); moreover they express these molecules at levels comparable with those in excitable cells (23–32).

Table 1 | Role of distinct Ca2 +-permeable channels in T lymphocyte development and functions.
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We showed that the Cav1.1 pore subunit is expressed in naïve CD4+ T cells and its expression is upregulated during primary stimulation of these cells (27, 29, 35). In CD8+ T cells, this subunit is only expressed in effector cells, late after primary stimulation and during secondary stimulation (31, 33).

The Cav1.2 pore subunit is apparently not detected in naïve CD4+ or CD8+ T cells. In the CD4 compartment, effector Th2 CD4+ cells selectively express this subunit and it is not expressed in effector CD8+ T cells. In CD8+ T cells, its protein expression seems to be upregulated briefly during primary stimulation (usually peaks at day 3 or 4 after in vitro stimulation of CD8+ T cells using anti-CD3 and anti-CD28 coated plates) (33).

The Cav1.3 pore subunit is expressed in effector Th2, but not in naïve, CD4+ T cells (36). Its mRNA was detected in naïve and effector CD8+ T cells but no information is yet available regarding the protein expression profile in these cells. Finally, the Cav1.4 pore subunit is expressed in naïve CD4+ and CD8+ T cells (31, 32). Apparently T cells express all the rest of the Cav complex subunits, including the regulatory β subunits, γ subunits, as well as α2, and δ subunits. It is therefore likely that these cells express a fully functional Cav channel, possibly similar to the ones found in excitable cells (25, 27). Other studies have also shown that these channels are widely expressed in various other immune cell types, such as Dendritic cells (DC), B-lymphocytes, and monocytes (37–39).

In addition to the expression of a full Cav complex, other similarities exist between excitable and non-excitable cells in relation to the Cav pathway. In striated muscle, Cav channels, expressed on the plasma membrane, are physically linked to Ryanodine receptors (RyR), expressed in the Sarcoplasmic Reticulum (SR). During a process called excitation-contraction coupling (E-C coupling), depolarization of the t-tubule membrane (i.e., excitation) induces extracellular Ca2+ flow through Cav channels (which are gated by the function of their voltage sensor) that lead to activation of RyR channel in the SR membrane. The activation of RyR channels leads to massive Ca2+ release from the SR, which in turn initiates contraction (40). Therefore, unlike T cells, muscle cells first obtain Ca2+ from the extracellular space that initiates the entire process of Ca2+ release from intracellular stores.

It seems that T cells also express all the components necessary for such a mechanism described above, i.e., RyRs and Cav channels. Primary T cells express RyR2, and they upregulate its expression after treatment with stromal cell-derived factor 1 (SDF-1), macrophage-inflammatory protein-1 α (MIP1α), or TGF-β. Other hemopoietic cells also express RyRs (41, 42). RyRs, expressed in T cells, can be activated pharmacologically to mobilize Ca2+ from intracellular stores independently from IP3R (43). On the other hand, pharmacological blocking of RyRs in T cells results in reduced proliferation and IL-2 production (44). Knockdown of RyR3, the RyR that is expressed mainly by Jurkat T cells (primary T cells express RyR2 mostly), resulted in a significant reduction in Ca2+ entry in response to TCR cross-linking using anti-CD3 (45).

Finally, a recent study has suggested that, similar to excitable cells, store-operated Ca2+ entry via TCR stimulation precedes Ca2+ release from intracellular stores via IP3R and RyRs (46). Further studies are required to determine if Cav channels are associated with RyRs in T cells and what are their roles in T cell activation.

ROLE OF β REGULATORY SUBUNITS AND Cav1 CHANNELS IN T CELL ACTIVATION AND FUNCTION

Numerous lines of evidence demonstrating the expression of Cav channels have indicated roles of these channels in T cell biology (see Table 1). A potential role for Cav channels in T cells became evident in mice with lethargic mutation, which arose spontaneously in the inbred mouse strain BALB/cGn in 1962. Homozygotes are recognizable at 2 weeks of age by ataxia, seizures, and lethargic behavior (47, 48). In 1997, Burgess et al. demonstrated that the ataxia and seizures in the lethargic mouse arise from a mutation of the β4 subunit gene (49). Neither full-length nor truncated β4 protein is expressed in the mutant mice (49). Interestingly, these mice experience an immunological disorder, including a defect in their cell-mediated immune response (50). β regulatory subunits, β1–β4, are crucial for normal Cav channel function (51), since they are required for the expression of functional channels at the plasma membrane (52), and modulate their biophysical properties by interacting with pore-forming α subunit (51). The mechanism of immune disorder described in these lethargic β4 mutant mice was unknown but of great interest since it implicitly supported the hypothesis that components of Cav1 channels are expressed in immune cells and play a crucial role in the activation and function of immune cells.

We and others demonstrated that human and mouse T cells express regulatory β3 and β4 subunits (23–25, 27, 31, 33, 53). In 2006, we provided genetic evidence, for the first time, that CD4+ T cells deficient in either β3 and β4 are impaired in Ca2+ response, NFAT activation, and cytokine production (27). Interestingly, in the β4-deficient T cells, we have also detected a notable and specific suppression of the Cav1.1 pore-forming α1 subunit protein. On the other hand, no significant effect was observed in the expression of the Cav1.2 channel protein. This observation suggests that the deficiency observed in the β4-deficient mice might be due to the lack of expression of the Cav1.1 channel (27). However, the exact mechanism of the requirement of multiple β regulatory subunits in effector T cell stage is still unknown.

In CD8+ T cells, we found that β3 is highly expressed in naïve and activated CD8+ T cells and β3 deficiency leads to enhanced apoptosis of naïve T cells and decrease in homeostatic survival of these cells (31). We found that the impaired Ca2+ influx in β3-deficient CD8+ T cells was associated with a lack of Cav1.4 protein expression (31). The functional defect in both β4- and β3-deficient T cells reflected the contribution of these subunits to Cav1 channel-dependent calcium response in T lymphocytes (27, 31).

Consistent with our findings (31), Omilusik et al. analyzed Cav1.4-deficient mice and reported that CD4+ and CD8+ T cells from Cav1.4-deficient mice had impaired homeostatic maintenance (32). β3 or Cav1.4-deficient T cells also had increased rates of cell death (31, 32). Naive CD4+ and CD8+ T cells were shown to be dependent on Cav1.4 function for SOCE, TCR-induced rises in cytosolic Ca2+ and downstream TCR signal transduction. The generation of antigen-specific T cell responses was altered in the absence of β3 or Cav1.4 (31, 32) since these mice failed to mount an effective T cell response to antigen challenge, and this was associated with reduced effector function of CD8+ T cells (32).

Unexpectedly, we found that β3 and Cav1.4 were associated with a T cell signaling complex in primary T cells that was not dependent on TCR stimulation, which suggested that a preformed complex of these proteins exists in naive T cells (31). Furthermore, we identified a fraction of Cav1.4 as a lipid raft-resident Ca2+ channel protein (31). The reported interaction of Cav1.4 with filamins in spleen cells (54) combined with our finding of its association with Lck and Vav highlight a Cav channel-dependent molecular architecture of a signaling complex in specialized microdomains of T cells. These observations further gain importance given the widely accepted model that the specificity, reliability, and accurate execution of signaling processes depend on tightly regulated spatiotemporal Ca2+ signals restricted to precise microdomains that contain Ca2+-permeable channels and their modulators (55, 56).

Similar to β3 deficiency, analyses of thymocytes lacking a functional Cav1.4 channel revealed unperturbed or subtle changes in T cell compartment (31, 32). In thymus, the expression of various maturation and activation markers such as TCRβ, CD44, CD69, and CD62L were similar on Cav1.4-/- and WT double positive (DP) and TCRβ+ SP subpopulations (32). Cav1.4-deficient SP thymocytes exhibited very moderate decreases in TCR- or thapsigargin-induced rises in cytosolic-free Ca2+ relative to WT. In contrast to thymocytes, Cav1.4-/- peripheral naive, and memory T cells were significantly impaired in TCR- or thapsigargin-induced rises in cytosolic-free Ca2+ compared to WT peripheral naive and memory T cells (32). This indicates the great complexity involved in Ca2+ regulation, dynamically changing with T cell differentiation, and suggests that differential responses are important for functional outcomes upon TCR engagement. These two independent studies indicated that Cav1.4/β3 complex-mediated influx of Ca2+ from outside the cell probably induces a signaling cascade as well as contributes to tonic filling of intracellular Ca2+ stores critical for TCR survival signaling (31, 32).

DIFFERENTIAL REGULATION OF T CELL SURVIVAL BY Cav VS. CRAC CHANNELS

While β3−/− or Cav1.4−/− naïve T cells die spontaneously (31, 32), it was surprising to find an enhanced T cell survival and proliferation in the absence of ORAI1/CRACM1 (57). CD4+ T cells from Orai1-/- mice showed robust proliferation with repetitive stimulations and strong resistance to stimulation-induced cell death due to reduced mitochondrial Ca2+ uptake and altered gene expression of proapoptotic and antiapoptotic molecules. Orai1-/- mice showed strong resistance to T cell depletion induced by injection of anti-CD3 Ab. Furthermore, ORAI1-deficient T cells showed enhanced survival after adoptive transfer into immunocompromised hosts. Together, therefore these data suggest a unique requirement of Cav1 calcium channels, not ORAI1/CRACM1 channel, in the survival, homeostasis, and proliferation of naïve T cells. While ORAI1/CRACM1 channels are undoubtedly required for the effector/late T cell functions (see Figure 1), others and our data also argue for a requirement for Cav1 calcium channels in the effector stage of T cells (27, 31–33). Although, it is clear now that both types of calcium channels (Cav1 and ORAI1/CRACM1) play critical roles in T cell biology, the present state of knowledge does not rule out a cross talk between Cav1 and ORAI1/CRACM1 calcium channels at the effector stage of T cells where all different kinds of calcium channels (Cav1.1, Cav1.2, Cav1.3, Cav1.4, and ORAI1/CRACM1) are co-expressed and deficiencies in these channels show immune defects. Indeed, STIM1 was shown to reciprocally control Cav1.2 and ORAI1 channels. While STIM1 activates the ORAI1 channel, it blocks Cav1.2 channel activity (58, 59). When Cav1.2 was introduced into Jurkat T cell lines expressing reduced levels of STIM1, the authors were able to measure a significant depolarization-induced increase in [Ca2+]i compared to WT Jurkat cells (59). This suggests that loss of STIM1 allowed Cav1.2 activation in these cells. This was further confirmed by using shRNA to suppress STIM1. The regulation of Cav1.2 by STIM1 occurs through direct interaction since by using co-immunoprecipitation, it was shown that these two proteins co-interact after overexpression but also at their physiological expression level in neuroblastoma cells. Furthermore, it was reported that STIM1 binds to the C terminal region of Cav1.2 through its CRAC activation domain (CAD) (58, 59). These observations may explain how these two widely expressed channel families, Cav1 and ORA1, could function in the same cell type to trigger different signaling pathways, potentially leading to the control of different functions (Figure 1).
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FIGURE 1 | A model for coordinated control of Cav1 and ORAI1 channels in T lymphocytes. Antigen encounter by T cells results in the activation of numerous pathways including the Ca2+ pathway. Mechanisms of Ca2+ influx through two major Ca2+-permeable channels, Cav1 and ORAI1, are depicted in this scheme. During the course of biological functions that require activation of the STIM/ORAI pathway (such as effector functions and apoptosis), STIM1 blocks Cav1 channel activity and all depending T cell functions. In contrast, this inhibitory effect would be lifted when Cav1-dependent T cell functions (such as survival and naïve T cell activation) take place (27, 29, 31, 33, 32, 36, 57–59, 77, 78). It is, however, important to point out that the crosstalk described in this model was shown solely for Cav1.2 channel, and no information is available to date for the relationship between STIM and other Cav1 channels. TCR, T cell receptor; Cav, voltage-gated Ca2+ channels; ER, endoplasmic reticulum; IP3, inositol-1,4,5-trisphosphate; SERCA, sarco-endoplasmic reticulum Ca2+-ATPase; STIM1, stromal interaction molecule 1; PLCγ1, phospholipase Cγ1; MAP kinase, Mitogen-activated protein kinase; PKC, protein kinase C; NFkB, nuclear factor kB; AP-1, activator protein-1; and NFAT, nuclear factor of activated T cells.



ROLE OF Cav CHANNELS IN T CELL DIFFERENTIATION AND INFLAMMATORY DISORDERS

Savignac et al. demonstrated that expression of Cav1 channels was induced during Th2 cell differentiation (60). Agonists and antagonists for Cav1 channels modulate the TCR-dependent increase in [Ca2+]i and IL-4 production by Th2 cells, whereas they failed to alter the Th1 cell responses. The administration of nicardipine, a specific and clinically approved inhibitor for Cav1 channels, was found beneficial in three models of Th2-mediated immunopathology but did not prevent experimental autoimmune encephalomyelitis (EAE), an experimental model of Th1-mediated autoimmune disease (60, 61). These studies highlighted that TCR-dependent calcium signaling differs between Th2 and Th1 cells and suggested an important role of Cav1 channels in the selective regulation of [Ca2+]i on stimulation through the TCR in Th2 cells. It is important to note that drugs targeting Cav1 channels may be beneficial in the treatment of pathologies associated with Th2 cell-mediated immunopathology.

Further, it is reported that differentiation in Th2 cells but not in Th1 cells was associated with the up-regulation of Cav1.2 and Cav1.3 channels both at the mRNA and protein level (36). Depletion of Cav1.2 and Cav1.3 expression by antisense oligodeoxynucleotides in T cells reduced TCR-induced Ca2+ influx in Th2 cells, attenuated IL-4 production and reduced airway inflammation in a mouse model of allergic asthma (36). Moreover, ovalbumin (OVA)-specific transgenic Th2 cells transfected with Cav1-specific antisense (Cav1AS) oligodeoxynucleotides were no longer able to induce asthma on adoptive transfer in BALB/c mice given intranasal OVA. The intranasal administration of Cav1AS at the time of intranasal challenge with OVA was effective in active experimental asthma, preventing airway inflammation, Th2 cell activation in the lung draining lymph nodes, and airway hyperreactivity (36).

MECHANISM OF Cav1 CHANNEL MEDIATED REGULATION OF Ca2+ SIGNALING IN T LYMPHOCYTES

Others and we demonstrated the presence and significance of Cav1 channels in T cells (see Table 1) (23, 25, 27, 31, 33, 53). However, it is not known how these Cav1 channels open in T cells to conduct calcium. In excitable cell types, Cav channels conduct Ca2+ upon depolarization (62, 21). The basic question here is whether Cav1 channels are activated by TCR stimulation or by depolarization. From a physiological standpoint, T cells should respond only to antigen stimulation through cognate TCR. A voltage-dependent opening in the absence of TCR dependence would lead to a random opening of Cav channels and subsequent activation of T cells, which could lead to immune activation in the absence of antigen. Unlike excitable cells, T cells migrate and roam the body through variable extracellular environments and tissues with various ion concentrations. It is therefore conceivable that Cav channels expressed by T cells have developed a more specific control of their opening than mere voltage sensing. Notably, Cav1.4, as well as Cav1.3, has been found to have low activation thresholds that do not require strong depolarization for their activation (63). Earlier surprising findings showed that Cav1.3 channels can be activated at voltages of approximately -60 mV under physiological calcium concentrations (64).

Since Cav1 channels are expressed in T lymphocytes before and after TCR stimulation (23, 25, 27, 31, 33, 53), we tested the susceptibility of T cell Cav channels to depolarization induced by KCl. Artificial depolarization of CD4+ T cells, which have been differentiated under Th1 (IL-12 plus anti-IL-4), Th2 (IL-4 plus anti-IFNγ), or Th0 (no cytokine) conditions, with KCl did not lead to calcium influx (27). KCl was used at 40 mM, a dose that induces a significant depolarization of T cells (27). However, under the same conditions and as expected, KCl triggered a transient calcium response in the C2C12 skeletal muscle excitable cell line as previously reported (65). In addition, all four groups of cells, Th0, Th1, Th2, and C2C12, were able to mount a calcium response after stimulation with the calcium ionophore, ionomycin (27). In agreement with our findings, other studies also have shown that treatment of T cells with KCl does not lead to calcium entry (25, 66) and in fact KCl addition seems to inhibit proliferation and IL-2 production (67). These observations demonstrate that, unlike in excitable cells, depolarization of T cells does not induce Cav channel opening.

OTHER Ca2+-PERMEABLE CHANNELS EXPRESSED BY T LYMPHOCYTES

The encounter of peptide-antigen presenting cell (APC) by naïve T cells induces a quick increase of intracellular calcium concentration in T lymphocytes (4). This calcium increase could be sustained for hours at levels higher than basal standards in order to mediate appropriate T lymphocyte functions such as activation, proliferation, expression of various activation-associated genes such as cytokines and chemokines (4, 7, 68). During their maturation stages, naïve T lymphocyte differentiate into distinct T cell subpopulations (such as Th1, Th2, Th17, and Treg), all of which require calcium signal. In light of these multitude and specific functions governed by T cells, it is logical to discover the expression, by these cell types, of various plasma membrane calcium channels, or even different levels of expression of the same channel at different stages of differentiation. In this section, we review the role of three major families of Ca2+ permeable channels expressed by T lymphocytes, SOC channels, TRP channels, and P2X receptor channels.

STORE-OPERATED CALCIUM CHANNELS

One well studied mechanism of calcium entry into T cells is the store-operated Ca2+ (SOC) entry process. This mechanism was suggested by Putney (69). In this study, the authors presented evidence showing that the Ca2+ released from ER stores could “directly” induce Ca2+ influx through plasma membrane calcium channels in cells that are non-excitable (69). Numerous and independent electrophysiological studies showed that T cells indeed express channels that can be opened in response to store depletion by distinct stimuli (4, 5, 70). These channels have been designated CRAC channels in T cells, and have been extensively characterized at the electrophysiological level (4, 71) and are distinguished by a high selectivity for Ca2+ and a low conductance (4, 71). However, the molecular identity of the channels and their related regulatory proteins had remained unknown. In the year 2005, it has first been proposed, using RNA interference (RNAi)-based screen, that STIM 1, a conserved protein, is required for SOC influx both in Drosophila S2 cells and in Jurkat T cells (72). In a second study, by generating a point mutation in the STIM1 Ca2+ binding domain, it has been proposed that STIM1 operates as a Ca2+ store sensor, which functions by connecting Ca2+ store depletion to Ca2+ influx (11). In 2006, by using genome-wide approaches designed to identify regulators of store-operated Ca2+ entry, three separate groups have proposed a protein containing four transmembrane segments, ORAI1 (also named CRACM1) as the putative CRAC channel, or an essential component or related regulatory protein of the CRAC channel (13, 73, 74). It was still not clear, at this stage, whether ORAI1 forms the CRAC channel itself. Using site-directed mutagenesis, three additional studies have shown that it is indeed ORAI1 itself that forms the Ca2+ selectivity filter of the CRAC channel complex, providing strong evidence that ORAI1 is the pore-forming subunit of the CRAC channel (14, 75, 76). In addition, the protein ORAI1 was proposed as the prototypical CRAC channel, especially after the discovery that human patients presenting with a SCID disease lack functional CRAC channels and SOCE in T cells (13). However, ORAI1 deficiency in mice resulted surprisingly in no defect in T cell development in the thymus, no defect in T cell proliferation and only a partial inhibition of IL-2 and IFNγ production (77). In contrast, these mice exhibited a major defect in mast cell effector functions (77). It was also reported, in a second independent study, that T cell development is normal in ORAI1−/− mice and that ORAI1-deficient naive CD4+ T cells and CD8+ T cells show no significant decrease of SOC influx after stimulation by thapsigargin or by anti-CD3 mAb (78). Consistently, ORAI1-deficient naive T cells exhibited normal proliferation upon stimulation with anti-CD3 and anti-CD28 mAbs (78). However, ORAI1 seemed to be of more importance to differentiated CD4+ and CD8+ T cells. Indeed, the impairment in Ca2+ influx in the absence of ORAI1 was most apparent in Th1 cells, followed by CTLs and then Th2 cells (78). Furthermore, when cytokine production was assessed, only a partial inhibition was observed in differentiated CD4+ and CD8+ T cells from ORAI1−/− mice (78). Interestingly, when cyclosporine A was applied, cytokine production was completely abolished (78), indicating that other calcium/calcineurin-dependent, ORAI1-independent pathways are involved in this cytokine production in differentiated CD4 and CD8 T cells. The lack of a major contribution of ORAI1 is likely not due to a compensatory process by ORAI2 or ORAI3. In fact, while reconstitution with ORAI1 restored SOC influx in differentiated ORAI1-deficient T cells, reconstitution with ORAI2 protein showed no effect, and reconstitution with ORAI3 exhibited only a small SOC influx upon stimulation with thapsigargin but not anti-CD3 mAb (78). These observations suggest that ORAI1 is dispensable for T cell development and for initial intracellular calcium increases detected in naïve T cells upon the initial antigen encounter (see Table 1; Figure 1). However, ORAI1 is likely to contribute at least partially to CD4 and CD8 effector functions (see Table 1). This discovery is perhaps not completely surprising as the discovery phase of research on CRAC channels derived from studies in cell lines such as Jurkat, which are more similar, to some extent, to differentiated effector T cells rather than naive primary T cells. This observation also suggests that Ca2+ channels other than CRAC proteins are likely involved in T cell functions.

TRANSIENT RECEPTOR POTENTIAL CHANNELS

Before the discovery of ORAI1 as the main channel responsible for SOC influx in T cells, members of the TRP family were considered as key candidates for T cell calcium channels. In human cells, TRP superfamily of channels can be classified into 7 subfamilies (TRPC, TRPV, TRPM, TRPA, TRPN, TRPP, and TRPML) with a total of 27 cation channels (79). These channels, which share six transmembrane domains, form ion-conducting proteins that are mostly non-selective and permeable to several cations, including Ca2+ and Na+ (80). TRP channels can be activated via diverse mechanisms. In fact, some TRP channels could respond to stimuli ranging from heat to natural product compounds, pro-inflammatory agents, and exocytosis (79). TRPC, TRPM, and TRPV seem to be the major subfamilies expressed by murine (81) and human T cells (82) (see Table 1). In 2003, Hoth and colleagues, by analyzing mutant T cell lines exhibiting defects in Ca2+ entry and Ca2+-dependent gene expression (83), suggested an alteration of TRPC3 gene in these mutant cell lines relative to wild type cells. When the wild type TRPC3 gene was reintroduced in mutant cell lines through transient transfection, it was able to restore TCR-mediated Ca2+ influx. It was then concluded that TRPC3 channel contributes to TCR-induced Ca2+ entry into T cells, and is therefore critical for Ca2+-dependent activation of T cells (16). In this study, the authors used cell lines and overexpression approaches, and therefore, the conclusions needed to be confirmed in a more physiological system. A few years later, using murine immune cells the expression profile of diverse subsets of TRPC, TRPV, and TRPM was reported (81). Similarly, consistent mRNA expression of TRPC1, TRPC3, TRPV1, TRPM2, and TRPM7 was detected in primary human CD4+ T cells purified from healthy donors. TRPC3 and TRPM2 transcripts were upregulated after stimulation via TCR; and knockdown of TRPC3 channel by siRNA showed that this channel may contribute to Ca2+-dependent proliferation of primary T cells (82). Another study pointed out a significant role of TRPC5 channel in the mechanism of effector T cell suppression by Treg cells (84). Interaction of these two cell types was described as involving cross-linking of GM1 ganglioside (expressed by effector T cells) by galectin-1 (expressed by Treg cells); and the TRPC5 channel was shown to be involved in this regulatory process. In this paper, the authors described the up-regulation of TRPC5 channel transcript, but not TRPC4, in effector murine CD4, and CD8 T cells relative to naïve T cells (84). They also showed that knockdown of TRPC5 channel in effector T cells by short hairpin RNA inhibited both contact-dependent inhibition of effector T cell proliferation and galectin-1-induced Ca2+ influx (84). TRPM2 forms non-selective Ca2+-permeable cation channel. This channel is expressed in the brain but also in immune cells (85–87) and it can be opened by the intracellular messenger, adenosine 5′-diphosphoribose (ADPR) (85–87). One of the first reports on the role of TRPM2 (formerly LTRPC2) channel in calcium influx in immune cells demonstrated that the TRPM2 channel mediates Ca2+ influx into monocytes (86). This report showed that ADPR and nicotinamide adenine dinucleotide (NAD) can directly stimulate TRPM2 channel activity to mediate Ca2+ entry (86). A key question is whether these second messengers, NAD and/or ADPR, are involved in this process upon receptor stimulation. Guse and colleagues showed that indeed intracellular ADPR concentrations are increased upon stimulation of Jurkat T cells by ConA; and that this messenger mediates Ca2+ influx through TRPM2 channels (87). In this study, the authors also showed that inhibition of ADPR formation or knockdown of TRPM2 both inhibited this stimulation-dependent TRPM2-mediated Ca2+ influx (87). By modifying intracellular NAD concentration and using siRNA knockdown, another recent study similarly emphasized the role of NAD and ADPR in mitogen-induced Ca2+ rise in human T lymphocytes through the involvement of TRPM2 channels (88). Subsequently, using TRPM2-deficient mice, it was shown that this channel contributes to T lymphocyte proliferation and production of pro-inflammatory cytokines after stimulation via TCR (89). When evaluated in vivo, TRPM2−/− mice displayed amelioration in EAE development. The authors attributed this improved EAE phenotype to reduced T cell effector functions and proposed TRPM2 channel as a potential therapeutic target (89).

Initial evidence for a role of the TRPM7 channel in immune cells emanated from its disruption in DT-40 B cell lines (90). TRPM7 deficient cells exhibited a defect in proliferation and required elevated extracellular Mg2+ for their survival (90). In a related interesting study, Clapham and colleagues used lck-Cre mice, since TRPM7−/− mice died prenatally, to selectively delete TRPM7 in T cells. Surprisingly, TRPM7flox−/− Lck-Cre mice displayed a notable defect in T cell development in the thymus. The authors detected a block in transition from the double negative (CD4 − CD8−) to DP (CD4 + CD8+) stage in TRPM7 deficient thymocytes. As a result, both the number and the percentage of T cells in the periphery are reduced. Interestingly, TRPM7 deficient thymocytes did not show any significant defect in Mg2+ uptake. And using inductively coupled plasma mass spectrometry, the authors showed that total Mg2+ concentration in wild type and deficient T cells is similar suggesting that TRPM7 is dispensable for cellular Mg2+ homeostasis in T cells (91). TRPM7 is a channel protein permeable to Ca2+ and Mg2+ but also contains a regulatory serine-threonine kinase domain in the same structure (92). A role for the kinase domain is likely to be also excluded. In fact, a recent study showed that the defect of TRPM7 deficient T cells in Fas-mediated apoptosis depends on its activity as a channel rather than a kinase (92). Therefore, after the involvement of Mg2+ and the kinase domain in this process have been excluded, the question arises as to whether the effects of the TRPM7 channel on T cell development are related to Ca2+.

In addition to TRPC and TRPM channels, other TRP channels such as TRPV1 and TRPV2 appear to show an interesting and consistent expression profile in primary human T cells (82), however, their role in T cell function is still elusive.

P2X RECEPTOR CHANNELS

P2 receptors are broadly distributed in many cell types. Two distinct subfamilies have been described, the G-protein-coupled seven-transmembrane P2Y receptors and the ligand-gated P2X receptors (P2XR) (18). There are seven mammalian P2X receptor members (P2X1–7). These proteins form non-selective cation channels that are gated by extracellular ATP to allow influx of cations including Ca2+, and Na2+. In T lymphocytes, three distinct P2X members have been suggested to contribute to calcium entry in human T cells, P2X1, P2X4, and P2X7 (20) (see Table 1). One of the first reports to suggest a potential expression of ATP-gated receptor channels on T cells was published in 1996. In this article, it was shown that extracellular ATP (ATPe) was able to induce intracellular Ca2+ concentration increases in PBLs and purified human T cells (93). ATPe exhibited also a synergistic effect with PHA and anti-CD3 mAb on PBL proliferation. It was suggested, in this study, that the ATP-mediated Ca2+ influx and the ATP contribution in proliferation were both dependent on P2X and/or P2Z receptors since these effects were blocked using oxidized ATP (oATP), a covalent blocker of these two channels (93). In other reports, it was shown that ATPe was able to induce thymocyte apoptosis (94); and that the biochemical and morphological changes induced by ATPe and leading to apoptosis, are preceded by a rapid intracellular calcium increase (94). It was then documented that P2X7 receptor is critical for apoptosis of BALB/c thymocytes induced by ATPe (18). In fact, the potent P2X7 receptor agonist, benzoylbenzoyl-ATP, was able to mimic the ATPe effect. Furthermore, two P2X7 receptor antagonists (oATP and pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid) inhibited the effect of ATPe. However, notable evidence emanated from the use of thymocytes prepared from P2X7R−/− mice, where ATPe-induced apoptosis was completely abolished (18). Interestingly, ATPe could also induce activation of T cells (19, 95); and it appears that whether cells will undergo apoptosis or activation would depend on the level of expression of the P2X7 receptor and on concentrations of ATPe (19, 95). High concentrations of ATPe induce apoptosis, in contrast, lower ATPe doses closer to those secreted in an autocrine or paracrine manner would induce T cell activation (19). Indeed, Junger and colleagues showed that P2X7 receptors are critical for TCR-mediated Ca2+ influx and downstream signaling events accompanying T cell activation. The authors were able to reveal secretion of ATP (<100 μM) by Jurkat cells after TCR stimulation. Subsequently, they showed that released ATPe activates P2X7 receptors, in an autocrine manner, contributing to Ca2+ influx, which induces T cell activation via the activation of NFAT and IL-2 gene transcription (19). In addition to P2X7 receptor, the expression and involvement of two other critical members, P2X1 and P2X4, in calcium entry and T cell activation was reported (20). In this study, it was shown that P2X1, P2X4 receptors and pannexin-1 hemichannels translocate to the immunological synapse of activated T cells. Inhibition of pannexin-1, using the gap junction inhibitor carbenoxolone, resulted in the inhibition of TCR-mediated ATP release, Ca2+ influx and T cell activation. Similarly, inhibition or silencing of P2X1 and P2X4 receptors suppresses Ca2+ entry and subsequent signaling events leading to T cell activation, such as NFAT activation and IL-2 gene induction (20). These reports indicate that P2X1, P2X4, and P2X7 receptors play critical roles in TCR-mediated Ca2+ signal amplification upon stimulation of T lymphocytes.

PERSPECTIVES AND CONCLUDING REMARKS

Calcium ion is a critical and universal second messenger, which is involved in T lymphocyte function at various stages including development, survival, activation, differentiation, cytokine production, and cell death. In this review, we presented our views on the crucial role played by L-type Cav1 channels in T cells. We also summarized the important discovery of the main elements controlling Ca2+ entry through CRAC channels in T cells, STIM, and ORAI. The contribution of other Ca2+ entry pathways such as the TRP family of channels and ligand-gated P2X receptors was also taken into consideration. Collectively, data reviewed in this manuscript show that T lymphocytes express a considerable number of Ca2+ permeable channels (see Table 1), which highly likely communicate together in order to regulate development and distinct functions of T cells. However, many questions still remain to be answered. While there is no doubt for a role of Cav1 channel proteins in contributing to Ca2+ entry in T cells, it has still not been established that it is the Cav1 pore-forming protein that conducts Ca2+ after TCR stimulation. Site-directed mutagenesis experiments could answer this important question. We also have presented evidence showing that Cav1 channels expressed by T cells are not voltage-sensitive and contribute to Ca2+ entry after TCR stimulation (27, 29, 31, 32). How Cav1 channels are gated after TCR stimulation is still not clear. Another major point is how different Cav1, CRAC, TRP, and P2XR subsets contribute, physiologically, to development of T cells, but especially to their differentiation into various effector T cell subpopulations. As shown with distinct subsets of Cav1 family of channels, the repertoire of Ca2+ channels operating in T cells changes during various stages of differentiation. A more profound study of the expression level of various channels after TCR stimulation, at various differentiation stages and under physiological conditions, will be of major interest. We believe that it will be of importance, therapeutically, to target a channel that is expressed at a specific stage on a specific T cell subpopulation rather than robust blockage of the entire immune system, which leads to major side effects. We also need to uncover factors that are implicated in physiological regulation of these channels. Ultimately, it will be crucial to understand how all these channels interact with each other to finely regulate T lymphocyte functions.
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The role of voltage-dependent calcium (Cav1) channels is prominent in excitable cells while store-operated calcium channels (SOCC) were considered as characteristic of non-excitable cells. Cav1 channels are implicated in excitation transcription. Store-operated calcium channels (SOCC) activity is increased during cardiac stress and would contribute to Ca2+ influx and expression of genes responsible for cardiac hypertrophy and heart failure (Luo et al., 2012). Several lines of evidence now show the importance of Cav1 channels in non-excitable cells including lymphocytes (reviewed in Robert et al., 2011, 2013). Cav1 channels are defined by their voltage sensitivity and their sensitivity to drugs as dihydropyridines, phenylalkylamines, benzothiazepines, known to alter T-cell functions. However the drug concentrations needed were higher compared to excitable cells. The absence of cell membrane depolarization upon activation and possible non-specific effects of the drugs questioned the putative role of Cav1 channels in T-cells.

Cav1 channels are formed by the ion forming pore α1 subunit encoded by four genes conferring some tissue-specific expression pattern in excitable cells. Cav1.1 is characteristic of skeletal muscle cells. Cav1.2 is found in neurons, heart, and smooth muscle cells while Cav1.3 is detected in neuroendocrine cells. Cav1.2 and Cav1.3 can be found in the same tissues even if their role is not redundant as shown by the differential phenotypes of Cav1.2 and Cav1.3 null mice. Cav1.4 is the retinal form. Cav1 channel isoforms differ by their sensitivity to depolarization and to antagonizing drugs such as dihydropyridines (DHP) as well as by their inactivation properties (Lipscombe et al., 2004). For example, Cav1.4 channels activate at more negative potentials than Cav1.3 and Cav1.2, which highlights the potential involvement of Cav1.4 in non-excitable cells as mast cells (McRory et al., 2004) and more recently in mouse T-lymphocytes (Omilusik et al., 2011).

CALCIUM IN T-LYMPHOCYTES: PROMINENT ROLE OF THE STIM-ORAI PATHWAY

In T-lymphocytes, Ca2+ ions are important for the activation of many enzymes including phospholipase C gamma (PLCγ), classical protein kinases C, for proper protein folding, for the accessibility of key enzymes in T-cell transduction, and as a second messenger (Vig and Kinet, 2009). Variations in the intracellular calcium concentration ([Ca]i) are responsible for modulating the transcription of more than 75% of genes induced or down-regulated by T-cell receptor engagement in T-lymphocytes (Feske et al., 2001). The intracellular [Ca]i that decides the cellular fate is tightly regulated in both resting and activated conditions. The calcium concentration in the external medium is about 1–2 mM, whereas the [Ca]i is about 50–100 nM and depends on the calcium channels expressed at both the cell and endoplasmic reticulum (ER) membranes, on exchangers, pumps, … Activation of potassium channels that extrude the potassium from the cell is needed for supporting the electrochemical driving force allowing the calcium influx. In T-lymphocytes, TCR engagement results in a cascade of tyrosine kinase activation, the constitution of a platform transducing the signal with the recruitment of adapters and enzymes such as PLCγ that generates inositol trisphosphate (IP3) and diacylglycerol. IP3 binds to its receptors on the ER membrane leading to the release of ER Ca2+ stores, which induces a conformational change of STIM1, an ER Ca2+ sensor. STIM1 then localizes near the cell membrane, and activates the SOCC ORAI1 at the cell membrane (Barr et al., 2009; Oh-hora, 2009; Vig and Kinet, 2009; Zhou et al., 2010). The sustained entry of Ca2+ into the cell through ORAI channels is responsible for the activation of calcineurin, resulting in the nuclear translocation of the transcription factor NFAT as well as the activation of calmodulin kinase-dependent pathways. The severe immunodeficiency observed in mice or Humans with defective STIM1 (Picard et al., 2009) and ORAI1 testifies the importance of these molecules in T-cell biology (Partiseti et al., 1994; Feske et al., 2006, 2012).

However, this scheme accounts neither for the heterogeneity of calcium responses induced by TCR stimulation depending upon the state of activation and differentiation of T-lymphocytes nor for the possible implication of other calcium channels at the T-cell membrane.

CAV1 CHANNELS IN T-CELLS

An increasing line of evidence pleads for the involvement of Cav1 channels in T-lymphocyte biology (Kotturi et al., 2003, 2006; Stokes et al., 2004; Kotturi and Jefferies, 2005; Badou et al., 2006; Matza et al., 2008, 2009; Jha et al., 2009). Thus, the analysis of mice with ablation of the auxiliary subunits Cavβ3 (Jha et al., 2009) and Cavβ4 (Badou et al., 2006) and more recently of mice deleted for Cav1.4 (Omilusik et al., 2011) reveals the role of Cav1 channels in T-lymphocyte survival and activation. Cav1.4 was recently described as interacting with Vav and lck src kinase (Jha et al., 2009), which could result in Ca2+ entry required for maintaining [Ca]i and the ER Ca2+ stores (Figure 1A). As a consequence, Cav1.4 defective T-cells are more prone to apoptosis and have a reduced homeostatic proliferation capacity. Naïve Cav1.4 null T-cells also harbor defective calcium influx upon TCR stimulation suggesting the involvement of these channels in TCR-dependent Ca2+ signaling (Omilusik et al., 2011). Interestingly, the human Timothy syndrome which is associated to mutation in gene encoding for Cav1.2 resulting in excessive Ca2+ entry is associated in most patients with an immunosuppression suggesting a role for Cav1.2 channels in immune functions (Liao and Soong, 2010). It will be interesting to determine if and how the Cav1.2 mutation affects immune cell functions.
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FIGURE 1 | Role of Cav1 channels in T-cell Ca2+ responses and functions. (A) Cav1.4 is found localized in preformed complexes containing src kinase and Vav. Self peptide-MHC interactions with the TCR, independently of the antigen specificity would induce a survival signal in naïve T-cells. This signal requires some calcium entry depending upon the Cav1.4 containing complex. Cav1.4 would be also important for maintaining correct endoplasmic reticulum (ER) Ca2+ stores. Cav1.4 null T-cells exhibit defective calcium homeostasis associated with defective survival. (B) The scheme depicts how we assume Cav1.2 channel regulation in Th2-cells. TCR activation would lead to src and PKC enzyme activation. Possible PKC-Cav1.2 interactions would induce Cav1.2 channel opening. Cav1.2 channels can interact with Ryanodine receptors (RyR) at the membrane of the endoplasmic reticulum (ER). These channels release Ca2+ from the ER into the cytosol. The depletion of ER Ca2+ stores would allow conformational changes of the Ca2+ sensor STIM and the subsequent activation of ORAI channels. IP3R, IP3 receptors; MHC, major histocompatibility complex; SERCA, sarco/endoplasmic reticulum Ca2+ ATPase; TCR, T-cell receptor.



CAV1 CHANNELS IN TH2-CELLS

Depending upon the strength of TCR stimulation, the chronicity of antigenic exposure, the route of antigen administration, and the cytokines present during T-cell differentiation, CD4+ T-cells can differentiate into Th1, Th2, and Th17-cells that produce distinct sets of cytokines and exert different functions. In addition, these subpopulations express lineage specific and common transcription factors. Th1-cells produce gamma interferon (IFN-γ) and are implicated in the eradication of intracellular pathogens, viruses; Th2-cells produce interleukin (IL)-4, IL-5, and IL-13, contribute to the elimination of parasites and Th17, producing IL-17 and IL-22, participate in the elimination of extracellular pathogens as fungi. These subsets may also be pathogenic. Th1 and Th17 can promote autoimmune diseases, whereas Th2-cells can cause allergic diseases. Especially, Th2-cells can induce all the cardinal features of allergic asthma through all the cytokines they produce.

The calcium signature differs between Th1, Th2, and Th17-cells suggesting that components regulating calcium entry may differ between each T-cell subsets. The resting [Ca]i is the lowest in Th1, the highest in Th2, and intermediate in Th17. Conversely the TCR-dependent increase in [Ca]i is the highest in Th1, intermediate in Th17, and less important and sustained in Th2-cells, which could be related to the differential dependence of calcium-regulated transcription factors as NFAT, NFkB, and CREB (Dolmetsch et al., 1997) in the different T-cell subsets. It was suggested that these differences could result from lower equipment in pumps or in potassium channels required for maintaining the electrochemical driving force that supports calcium entry in Th2-cells, compared with the other T-cell subsets (Fanger et al., 2000). Our group identified voltage-dependent calcium Cav1.2 and Cav1.3 channels as selectively overexpressed in Th2-cells (Badou et al., 1997; Savignac et al., 2001, 2004; Gomes et al., 2006; Djata Cabral et al., 2010). Knocking down Cav1.2 and/or Cav1.3 α1 subunits by transfection with specific antisense oligodeoxynucleotides (Cav1AS) did not affect the proliferative response of Th2-cells but strongly impaired the TCR-dependent increase in [Ca]i and Th2 cytokine production without any effect on Th1-cells. We have then injected OVA-specific DO11.10 transgenic Th2-cells transfected or not with Cav1.2 plus Cav1.3 AS into BALB/c mice that were given intranasal OVA. Th2 Cav1AS localized into the lungs and proliferated as well as control Th2-cells. However they were unable to support a sustained inflammation characteristic of asthma. On the contrary, Th1 Cav1AS were as effective as control Th1-cells in the induction of inflammation. Antisense oligodeoxynucleotides were shown to remain localized into the airways when given by inhalation (Tanaka and Nyce, 2001). A mixture of Cav1.2 and Cav1.3 AS given by this route protected mice against the development of asthma (Djata Cabral et al., 2010), suggesting that these channels may represent an interesting new approach in the treatment of allergic diseases. Interestingly TCR stimulation is associated with polarized signaling as shown by an enrichment of Ca2+ (Lioudyno et al., 2008) and other ionic channels near the immune synapse, an area where the T-cell membrane contacts the antigen-presenting cell (Cahalan and Chandy, 2009). It will be important to assess whether Cav1 channels traffic at the immune synapse upon TCR activation, in which areas and to identify the partners with which they associate.

Another important feature of the regulation of [Ca]i will be the understanding of ionic channels as potassium and non-specific cationic channels in Cav1 channel opening. Indeed K+ channels comprising voltage and Ca2+-activated channels maintain the electrochemical gradient of Ca2+ required for Ca2+ entry and tend to hyperpolarize the cell membrane favoring Cav1 channel inactivation. Conversely, TCR-dependent TRPM4 activation induces Na+ entry described as limiting the Ca2+ entry and permitting Ca2+ oscillations (Launay et al., 2004). It would be interesting to determine if TRPM4 can favor Cav1 channel opening.

REGULATION OF CAV1 CHANNELS IN LYMPHOCYTES

All the authors showing the presence of Cav1 channels in T-lymphocytes agree that these channels are not voltage-operated in physiological conditions. Therefore, how they are regulated in T-lymphocytes must be explained. Differences in the sequence/structure of Cav1 channels in T-cells relative to the canonical forms in excitable cells have been reported and could provide an account for the absence of voltage sensitivity in T-cells (Stokes et al., 2004; Kotturi and Jefferies, 2005). However, the authors must demonstrate that the truncated Cav1 channels are true Ca2+ channels. The analysis of T-lymphocytes from Cav1.4 null and sufficient mice reveals the presence of voltage-gated currents in control cells, which were undetectable in null T-cells (Omilusik et al., 2011). Noticeably, the authors used peculiar conditions for their patch clamp experiments and mentioned that normal T-cells were pre-activated before recordings. This suggests that TCR activation could induce or enhance the number of Cav1 channels at the cell membrane. The TCR-induced opening of Cav1 channels may alternatively be explained by the existence of partners able to drive channel recruitment via two non-exclusive pathways: (i) post-translational modifications regulating Cav1.2 channel availability at the cell membrane without voltage change and/or (ii) modification of channel trafficking, targeting, recycling, or degradation induced by TCR stimulation. We demonstrate that the sequence of Cav1 channels in Th2-lymphocytes is similar to neuronal forms of the channel. However, Cav1 channels do not seem to be voltage-operated in Th2-lymphocytes. We have already demonstrated that TCR-induced L-type dependent calcium influx is at least sensitive to Src kinases and the PKC in an IL-4 producing T-cell hybridoma (Savignac et al., 2001). In fact, the application of PP2, an inhibitor of Src kinases or an inhibitor of PKCα on Th2-cells suppresses the Cav1 channel-dependent Ca2+ influx. In addition, we showed that PKC activator induced an entry of Ca2+, suppressed by an antagonist of Cav1 channels (Savignac et al., 2001). These data mean that kinase activation is implicated in Cav1 dependent currents (Figure 1B). PKCα is a good candidate since Cav1.2 channels can be constitutively activated at the resting potential of smooth arteriolar cells due to their interaction with PKCα (Navedo et al., 2005; Santana and Navedo, 2010). Ryanodine receptors (RyR) are channels releasing Ca2+ from the ER into the cytosol. They are activated directly or not by Cav1 channels. It is not known if Cav1 channels interact with RyR in T-lymphocytes, inducing ER Ca2+ depletion and the activation of the STIM-ORAI pathway (Figure 1B).

The pending questions deal with how Cav1 channels work in lymphocytes and their integration with other channels to generate a specific calcium signature. The relationships between STIM, ORAI, and Cav1 are puzzling. STIM was shown as a negative regulator of Cav1 signaling (Park et al., 2010). The possibility of a checkpoint controlling ORAI versus Cav1 channel-dependent calcium responses merits to be explored.
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The T lymphocyte response initiates with the recognition of MHC/peptides on antigen presenting cells by the T cell receptor (TCR). After the TCR engagement, the proximal signaling pathways are activated for downstream cellular events. Among these pathways, the calcium-signaling flux is activated through the depletion of endoplasmic reticulum (ER) calcium stores and plays pivotal roles in T cell proliferation, cell survival, and apoptosis. In studying the roles of macroautophagy (hereafter referred to as autophagy) in T cell function, we found that a pathway for intracellular degradation, autophagy, regulates calcium signaling by developmentally maintaining the homeostasis of the ER. Using mouse genetic models with specific deletion of autophagy-related genes in T lymphocytes, we found that the calcium influx is defective and the calcium efflux is increased in autophagy-deficient T cells. The abnormal calcium flux is related to the expansion of the ER and higher calcium stores in the ER. Because of this, treatment with the ER sarco/ER Ca2+-ATPase pump inhibitor, thapsigargin, rescues the calcium influx defect in autophagy-deficient T cells. Therefore, autophagy regulates calcium mobilization in T lymphocytes through ER homeostasis.
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INTRODUCTION

The highly conserved intracellular pathway, autophagy, degrades long-lived proteins, or damaged/extra organelles for quality control purposes to protects cells from death, or to provide energy during stress conditions (1). Using mouse genetic models, in which specific autophagy-related genes (Atgs) are deleted and autophagic pathways are blocked, our lab and other groups have found that autophagy-related molecules are expressed in T lymphocytes and T cell receptor TCR stimulation activates autophagy processing pathway (2–4). Autophagy developmentally regulates the homeostasis of endoplasmic reticulum (ER) and mitochondria (5, 6). ER is expanded when the autophagy pathway is impaired in T lymphocytes (7).

A physiological function of ER in T lymphocytes is the initiation of calcium flux after TCR engagement. The current model for calcium flux downstream of TCR activation is store-operated Ca2+ entry (SOCE) and this is mediated by the opening of Ca2+ release-activated Ca2+ (CRAC) channels on the T cell surface, which is in turn initiated by the depletion of ER calcium stores (8). Molecular mechanistic studies indicate that the ER-resident molecule, stromal interaction molecule 1 (STIM1), senses the calcium concentration of ER stores, redistributes itself and binds a pore subunit of CRAC, ORAI1, to begin the calcium influx into T cells (9–11). Calcium flux and signaling in T lymphocytes are tuned at different levels. We found that the calcium mobilization in T lymphocytes is also regulated by autophagy. Autophagy regulates the volume of the ER in both CD4+ and CD8+ T lymphocytes. Expanded ER leads to increased calcium stores when autophagy is impaired. Depletion of calcium stores is incomplete after TCR stimulation and the redistribution of STIM1 is severely reduced. Finally, calcium influx is much lower in autophagy-deficient T lymphocytes (7). Here we review how autophagy regulates the calcium mobilization in T lymphocytes.

THE CALCIUM-SIGNALING PATHWAY IN T LYMPHOCYTES

After the initial TCR-MHC/peptide contact, activation of the Src-family tyrosine kinase, Lck, leads to the phosphorylation of tyrosine residues in the immunoreceptor tyrosine-based activation motifs (ITAMs) in CD3 chains of the TCR/CD3 complex. Following the phosphorylation of ITAMs, the Syk family kinase ZAP70 is recruited to the TCR/CD3 complex, phosphorylated, and activated by the tyrosine kinase, Lck. Next, ZAP70 phosphorylates and activates the linker for activation of T cells (LAT) and SLP-76. Then phosphatidylinositol-3-kinases (PI3K) are activated and phosphatidylinositol (3,4,5) triphosphate (PIP3) is produced. Following this, the inducible T cell kinase (Itk) is recruited and interacts with LAT and SLP-76 (12). This sequential cascade spreads, activating several different signaling pathways in the proximal signaling transduction in T lymphocytes. Among these pathways, calcium-signaling starts with the activation of phospholipase Cγ1 (PLCγ1) by Itk. PLCγ1 hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to produce the secondary messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). DAG activates PKC-θ and MAPK/Erk pathways. IP3 binds to the IP3 receptor on the ER membrane to release calcium stores from the ER lumen (marked with open arrow head in Figure 1) in order to initiate calcium mobilization and activate further downstream signals in T lymphocytes (13).


[image: image1]

FIGURE 1 | Autophagy regulates calcium mobilization through the control of endoplasmic reticulum (ER) homeostasis. Autophagy is activated when there are damaged, senescent, or extra organelles in order to maintain normal ER contents. In T lymphocytes, inositol 1,4,5-trisphosphate (IP3) is produced after TCR engagement. IP3 binds with the IP3 receptor (IP3R) expressed on ER to initiate the depletion of calcium stores from the ER lumen (marked with an open arrow head). The calcium sensor and ER-resident molecule stromal interaction molecule 1 (STIM1) oligomerizes, and redistributes toward the ER plasma membrane junction after the depletion of calcium stores. Then STIM1 interacts with the pore subunit of Ca2+ release-activated Ca2+ (CRAC) channels, ORAI1, to open CRAC channels. Extracellular calcium fluxes through CRAC channels into the cytoplasm of T cells (visualized as Ca2+ inside of the cells). When autophagy is ablated, as shown in the cartoon figure of autophagy-deficient T cells, the contents of the ER are expanded. Calcium stores are increased since the ER is expanded and more sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase (SERCA) are expressed. The depletion of calcium stores is incomplete and less STIM1 redistributes to the ER plasma junction. Therefore, less CRAC is opened. The end result is that calcium influx is defective compared to that of wild type T cells. IM, isolation membrane.



The molecular mechanism of the opening of CRAC channels is mediated by the interaction between the ER-resident protein stromal interaction molecule (STIM) 1/2 (14) with CRAC channel components, ORAI protein (ORAI1 and its homologs ORAI2 and ORAI3) (10). ORAI1, ORAI2, and ORAI3 are widely transcribed in different tissues and ORAI1 is the dominant component of the CRAC channel in T lymphocytes (15, 16). Both STIM1 and STIM2 are expressed in T lymphocytes. However, STIM1 is the predominant regulator for SOCE in T cells, while the STIM2 plays a relatively less important role during SOCE (16, 17). STIM senses the concentration of ER calcium stores through an N-terminal EF-hand and a sterile α motif domain (EF-SAM) (18), forms oligomers, and redistributes itself toward a plasma membrane junction after calcium depletion from ER stores. Then the C-terminus of STIM1 interacts with the CRAC channel components ORAI1 to open the CRAC channels on the T cell surface (19). Consequent extracellular calcium influxes into T cells further activate downstream molecules of TCR signal transduction pathways. The influx of calcium activates the serine/threonine phosphatase calcineurin, which in turn phosphorylates nuclear factor of activated T cells (NFAT). NFAT translocates to nucleus to turn on the transcription of target genes, such as the cytokines IL-2, IL-17A, IL-22, IL-21, and the transcription factor Foxp3 depending on the situation (20–22). This signal transduction in T lymphocytes is finely regulated by different mechanisms.

AUTOPHAGY IN T LYMPHOCYTES

Autophagy is a highly conserved cellular homeostasis and degradation pathway present in all eukaryotic species (23, 24). According to specific characteristics, three different types of autophagy have been described, termed microautophagy, macroautophagy, and chaperone-mediated autophagy (25). Most research focuses on macroautophagy. Macroautophagy degrades long-lived proteins, provides energy during stress conditions, maintains organellar homeostasis, and eliminates various invading intracellular pathogens (26). Panoply of cellular stress conditions, such as growth factor withdrawal, nutrient depletion, or T cell activation can activate the autophagy pathway. Autophagy starts with an overtly crescent membrane structure, called an isolation membrane (IM) in mammalian cells and a phagophore in yeast cells. These membranes are originally derived from Golgi membranes (27), plasma membrane (28), mitochondria (29), or ER (30).

In a manner remarkably homologous to the yeast system, two kinase complexes are essential for the induction of autophagy in mammalian cells. One is the class III PI3K complex and the other is UNC-51-like kinase (ULK) complex. The PI3K complex is composed of the class III PI3K catalytic subunit Vps34, the class III PI3-kinase regulatory subunit p150 (the homolog of Vps15 in yeast), Beclin 1 (the homolog of Vps30/Atg6 in yeast), and Barkor [Beclin 1-associated autophagy-related key regulator, also named KIAA0831 (31), or the Atg14-like molecule (Atg14L) (32), the homolog of Atg14 in yeast] (33). Several Beclin 1 interacted molecules, such as UV-irradiation-resistance-associated gene (UVRAG) (34), vacuole membrane protein 1 (VMP1) (35), activating molecule in Beclin 1-regulated autophagy 1 (Ambra1) (36), Bif-1 (37), and Rubicon (38) are also present in the PI3K complex and regulate autophagy. Vps34 phosphorylates phosphatidylinositol (PI) to produce phosphatidylinositol-3-phosphate (PI3P). The energy sensor, AMP-activated protein kinase (AMPK), phosphorylates T163/S165 of Vps34 to reduce the production of PI3P and therefore inhibits the induction of autophagy. While under conditions of nutrient stress, AMPK phosphorylates S91/S94 of Beclin 1 to activate the autophagic processing pathway. Atg14L distinguishes between nutrient rich or starvation conditions through the inhibition of the phosphorylation of Vps34 induced by AMPK, but promotes the phosphorylation of Beclin 1 caused by AMPK under starvation conditions (39). In T lymphocytes, Vps34 controls the trafficking, recycling, and signaling capacity of the IL-7 receptor (IL-7R), which provides a major survival signal for naïve T cells (40). In another model, Vps34-deficient T cells showed impaired autophagy and abnormal homeostasis of mitochondria (41). The ULK complex includes the mammalian Atg13, FIP200 (Atg17 in yeast) (42), Atg101 (43, 44), and one ULK1 or one ULK2. ULK is the homologous molecule of the serine/threonine kinase Atg1 in yeast. mTOR phosphorylates Atg13, ULK1, and ULK2, and inhibits ULK1 and ULK2 kinase activity to inhibit autophagy induction. Atg13 mediates the interactions between ULK1/2 and FIP200, and is essential for the phosphorylation of FIP200 by ULK (45). Atg101 is required for the stability and phosphorylation of ULK and Atg13 (43, 44).

During the elongation phase, the IM is further expanded and directed by autophagy-related molecules to form a characteristic double membrane structure, termed an autophagosome, to enwrap cytosolic materials. The enveloped components of the autophagosome can be long-lived proteins, organelles, or even invading pathogens (46). Two protein/lipid conjugation systems mediated by Atg molecules regulate autophagosome formation outward from the IM structures. One is the Atg12-conjugation system and the other is the microtubule-associated protein 1 light chain 3 (LC3, Atg8 in the yeast system)-conjugation system. Atg7, an ubiquitin E1-like molecule, is involved in both conjugation systems. Atg10 and Atg3 are ubiquitin E2-like molecules and participate in either the Atg12 or LC3-conjugation system, respectively. Atg12, Atg5, and Atg16L form a large complex (47), the culmination of the Atg12-conjugation system, which further functions as an ubiquitin E3-like molecule to enhance the formation of the lipid form of phosphatidylethanolamine (PE)-LC3 (LC3-II) in the LC3-conjugation system. The lipid form of LC3 (LC3-II) is widely used as a marker for the detection of autophagy induction (48). Finally, at the maturation stage, the autophagosomes fuse with preexisting lysosomes to become mature autolysosomes and lysosomal enzymes degrade the enclosed materials. Macromolecular transporters in the autolysosome then allow for the recycling of degraded materials back to the cytoplasm (49, 50).

The discovery of autophagy related to the adaptive immune system was first reported in the late 1960s. Abnormal granules were observed in human lymphocytes from sarcoidosis patients treated with chloroquine and these granules in the cytosol of lymphocytes were hypothesized as autophagy-related structures (51). In 1984, Seglen first identified that there was autophagosome formation in human primary lymphocytes as well as in leukemic cells (52). In 2004, Gerland reported that several Atgs were expressed in long-term (>14 weeks) cultured human CD8+ T cells. Autophagy was induced in these senescent cells and related to cell death (53). In 2006, Espert found that HIV-1 envelope glycoproteins induced autophagy and accumulation of Beclin 1 in HIV-uninfected CD4+ T cells through CXCR4 to cause cell death (54). Our lab and other groups have thoroughly analyzed the autophagic processing pathways in mouse T lymphocytes using mouse genetic models (2, 3, 55). Many Atgs, such as Atg5, Beclin 1 and LC3, are expressed in thymocytes, most highly during double negative (DN) thymocyte development, but also expressed in mature CD4+ and CD8+ T cell sub-populations. Both CD4+ and CD8+ lymphocytes continue expressing autophagy genes after TCR stimulation and activation. The expression of autophagy machinery was further confirmed by the observation of characteristic double membrane structures of autophagosomes in T lymphocytes by electron microscopy (EM). Compared to freshly isolated T lymphocytes, the formation of LC3-II was moderately promoted by starvation, but strongly induced by anti-CD3 antibody-mediated TCR stimulation. The detection of LC3-II indicates that autophagic flux occurs in T lymphocytes after T cells are activated by TCR stimulation (3). By using mouse genetic models in which Atg5 (3, 6), Atg7 (5, 55), Atg3 (56), Vps34 (41), or Beclin 1 (57), were specifically deleted in T lymphocytes, it is apparent that autophagy developmentally regulates the homeostasis of organelles such as mitochondria or ER in T lymphocytes (5–7). Through the use of BAC Beclin 1-GFP transgenic mice, Arsov reported that the expression of Beclin 1 was developmentally regulated in both T and B lymphocytes. Beclin 1-GFP is highly expressed in DN thymocytes, down-regulated in double positive (DP) thymocytes and re-expressed in mature thymocytes (4). On top of this, recombination activating gene 1 (Rag1)−/− chimeric mice reconstituted with Beclin 1−/− embryonic stem cells (ESCs) indicated that Beclin 1 is involved in the development of early progenitors of thymocytes (58). The functions of autophagy in T lymphocytes have been reviewed in detail (59, 60). Autophagy is essential for the survival of mature T lymphocytes (3, 56). More specifically, autophagy regulates calcium mobilization in T lymphocytes (7).

AUTOPHAGY DEVELOPMENTALLY REGULATES THE HOMEOSTASIS OF ER IN T CELLS

One of the basic physiological functions of autophagy is to remove damaged, senescent, or extra organelles before they become cytotoxic. Contrary to the non-selective bulk degradation of cytosol materials, autophagy selectively reduces organelles to maintain homeostatic volumes. Selective autophagy for the degradation of ER and mitochondria are termed as ER-phagy (or reticulophagy) (61, 62) and mitophagy (63), respectively. ER-phagy can be induced by starvation or the unfolded protein response (UPR). ER-phagy eliminates the expanded ER volume when the UPR is not needed (62). Our data suggests that autophagy maintains the volumes of organelles in certain levels at different stages during T cell development. Analysis of mouse genetic models demonstrates that the deficiency of Atg5, Atg7, Atg3, or Vps34 blocks the autophagy machinery in T lymphocytes. Both the mitochondrial contents and ER volumes are abnormal in autophagy-deficient thymocytes and mature CD4+ and CD8+ T cells (5–7, 41, 56).

During thymocyte development, the contents of ER are dynamic. The thymocytes at DN stage have highest level of the ER volumes and ER content decreases at the DP and single positive (SP) stages. Mature T cells have relatively lower ER contents. Autophagy-deficient thymocytes have similar ER contents in the DN, DP, and SP thymocytes compared to that of wild type thymocytes. However, the ER contents expand in both mature CD4+ and CD8+ autophagy-deficient T cells. Therefore, autophagy maintains ER membrane and content at relative lower levels in mature T cell populations (7). In an inducible-deletion system, the level of ER or mitochondria membranes start increasing at day 10 and significantly increase by day 21 after Atg3 is inducibly deleted and autophagy processing pathway is blocked. Therefore, autophagy regulates the homeostasis of the ER in a temporal manner (56).

Autophagy provides protective roles for cell survival during ER stress (64). Autophagy-deficient T cells constitutively express ER-stress markers, such as disulfide isomerase (PDI), and ER chaperones, such as glucose-regulated protein 78 (Grp78), and Grp94 (7). This suggests that the ER-stress response is activated in autophagy-deficient T cells and ER-stress caused by abnormal homeostasis of ER is one of the reasons why autophagy-deficient T cells show increased susceptibility to apoptosis.

CALCIUM STORES ARE INCREASED IN AUTOPHAGY-DEFICIENT T CELLS

One of the main functions of the ER in T lymphocytes is to regulate calcium mobilization. Upon TCR engagement, the calcium flux starts with the depletion of calcium stores in the ER lumen. The calcium stores are dramatically increased in autophagy impaired T lymphocytes. The higher calcium stores in ER are consistent with the expansion of ER contents in autophagy-deficient mature CD4+ and CD8+ T cells. The calcium stores are maintained by the sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase (SERCA) pumps expressed on the surface of the ER. Autophagy-deficient T cells express twofold more SERCA pumps than wild type T cells (7). Over the life span of the cell, more calcium is imported by the SERCA pumps in autophagy-deficient T lymphocytes, which leads to increased calcium stores. Higher expressed SERCA pumps also affect the depletion of calcium stores in ER after TCR engagement in autophagy-deficient T cells.

The abnormal and excessive calcium stores in the ER and defective depletion directly affect the oligomerization and redistribution of the calcium sensor STIM1. Although autophagy-deficient T cells express more STIM1, the puncta intensity of STIM1 after TCR stimulation is much lower in autophagy-deficient T cells than that of wild type cells. The autophagy-deficient T cells express a similar level of ORAI1 compared to that of wild type T cells and CRAC channels remain intact in autophagy-deficient T cells (7). Therefore, the insufficient opening of CRAC channels is caused by the higher calcium stores, incomplete depletion, and less oligomerization of STIM1 after TCR activation in autophagy-deficient T cells.

AUTOPHAGY REGULATES THE CALCIUM MOBILIZATION THROUGH THE CONTROL OF ER HOMEOSTASIS IN T CELLS

Mouse genetic models provide novel methods to investigate the physiological functions of autophagy. The specific deletion of Atg7, Atg3, or other Atgs blocks the autophagy processing pathway. The calcium influx in autophagy-deficient T cells is defective upon receipt of TCR signaling. The reason behind the calcium influx defect is due to the higher calcium stores mediated by the expansion of ER organelles in autophagy impaired T lymphocytes. The SERCA pump inhibitor, thapsigargin, inhibits the SERCA pumps from taking up calcium, corrects oligomerization of STIM1, and rescues the defective calcium influx in autophagy-deficient T lymphocytes. A model of the regulation of calcium mobilization in T lymphocytes by autophagy is summarized in Figure 1. Individual cell calcium influx analysis indicates that it takes longer for calcium influx in autophagy-deficient T cells to reach the peak of [Ca2+]i, in addition to less total calcium influx after stimulation. The average time for wild type cells to reach the peak of [Ca2+]i is 56 s, while it takes 76 s for autophagy-deficient T cell to reach a lower peak of [Ca2+]i (7).

Autophagy also regulates the homeostasis of mitochondria (5, 6). In contrast to the constant trimming of the ER, autophagy decreases the contents of mitochondria from SP compartment of thymocytes to mature CD4+ or CD8+ T cells in a developmentally stage-specific manner. Although there is abnormal expansion of total mitochondrial levels in autophagy-deficient T cells and mitochondria also contributes to the regulation of calcium flux through taking up calcium from the cytosol, the defect of calcium influx in autophagy-deficient T cells is not related to the abnormal expansion of mitochondria. When autophagy-deficient T cells were treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP) before or after stimulation with thapsigargin, the calcium influx was not different between wild type and autophagy-deficient T cells (our unpublished data).

Although the calcium storage and influx is defective in autophagy-deficient T cells, the IL-2 production is not decreased and actually more IL-2 is produced in autophagy-deficient T cells. Since the calcium influx is not totally abolished in autophagy-deficient T cells, the observed level of calcium proves to be sufficient for turning on the transcription and translation of IL-2 (7). However, Hubbard reported that upon activation CD4+ T cells, IL-2, and IFN-γ production were defective in Atg7-deficient T cells (55). A recent study demonstrates that the autophagy adaptor protein, p62, is important for the ability of Bcl10 to signal to NF-κB, but also for its degradation by autophagy, explaining the enhanced IL-2 production by autophagy-deficient T cells (65).

The regulation of the ER by autophagy is not completely surprising. The ER is one of the purported sites of membrane donor activity for autophagy (66). Additionally, ER stress and the UPR are potent inducers of autophagy (67, 68). The knockdown of inositol trisphosphate receptor (IP3R) expressed on ER membranes or treatment with an IP3R antagonist can induce autophagy (69). Therefore, when autophagy is genetically inhibited for long periods of time, autophagosomes are not formed from the ER-mitochondrial membrane junctions. Since the ER membranes are not trimmed to provide substrates for the elongation of autophagic membranes, they accumulate and express ER-stress markers (7). This process is especially important in cells that make large amounts of secreted proteins, such as plasma cells (70, 71), but also in cells with very little cytoplasmic volume, such as naïve T cells (7). Thus, autophagy is a pro-survival stress response.

AUTOPHAGY-RELATED CALCIUM HOMEOSTASIS IS INVOLVED IN THE PATHOGENESIS OF DISEASES

A mutation in the gene encoding α-synuclein has been shown to be related to the familial forms of Parkinson disease. Cellular α-synuclein maintains the morphology of mitochondria and regulates pools of Ca2+ transferred from ER stores to the mitochondria. Homeostatic levels of α-synuclein control the uptake of calcium by mitochondria. Autophagic flux is enhanced when calcium uptake in mitochondria is reduced, due to the inability of mitochondria to buffer Ca2+ concentrations (72). Another report indicates that increased intra-axonal calcium levels are followed by the activation of autophagy-mediated axonal degeneration, which often accompanies traumatic nerve injury or neurodegenerative diseases (73). Autophagy induced by calcium signaling is also involved in cell survival during hypoxia-induced stress. In a mouse liver ischemia-reperfusion injury model, the Ca2+/calmodulin-dependent protein kinase IV (CaMKIV) is activated and induces autophagy to protect hepatocytes from oxidative-stress-induced cell death (74).

In cancer cells, autophagy is often associated with enhanced cell survival. In breast cancer cells, nutrient and growth factor withdrawal decreases ATP and activates Ca2+/calmodulin-dependent protein kinase III, the eukaryotic elongation factor-2 kinase (eEF-2 kinase). Finally, autophagy provides protective roles for cancer cells. Knockdown of eEF-2 kinase inhibits autophagy and imparts sensitivity of breast cancer cells to treatments based on the inhibition of growth factors (75). However, the plant indole, diindolylmethane, found in cruciferous vegetables, has antineoplastic activity through the regulation of autophagy to attenuate the growth of cancer cells. Diindolylmethane induces ER stress in ovarian cancer cells and increases cytosolic calcium, which activates AMPK. The activation of AMPK promotes autophagy and inhibits ovarian cancer cell growth (76). Thus autophagy helps cells adapt to ever changing cellular conditions related to stress, metabolism, but acts as a brake on uncontrolled proliferation.

CONCLUSION

Autophagy regulates the homeostasis of ER in a temporal manner. Abnormal expansion of ER increases the calcium stores in the ER lumen. The excessive calcium stores cause the incomplete depletion of resident ER calcium stores and directly affect the oligomerization and redistribution of STIM1 upon TCR activation. Finally, CRAC channels cannot be opened completely and eventually the calcium influx is much lower after T cells are activated. This suggests that autophagy is a novel pathway to regulate the calcium mobilization in T lymphocytes. When published data are taken into consideration, it is apparent that increased cytosolic calcium could inhibit mTOR to induce autophagy in human tumor cell lines and this pathway is mediated by Ca2+/calmodulin-dependent kinase kinase-β (CaMKK-β) and AMPK. Ectopic expression of Bcl-2 in ER decreased the calcium stored in the ER and inhibited the autophagy induced by increased cytosolic calcium (77). The inhibition of the calcium-signaling impacts autophagy. In T cell lines, it has been demonstrated that glucocorticoids promote autophagy through the downregulation of Fyn and inhibition of IP3-mediated calcium signaling (78). It seems that the autophagic pathway and calcium mobilization are reciprocal and delicately intertwined.
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Calcium signaling is a universal signal transduction mechanism in animal and plant cells. In mammalian T-lymphocytes calcium signaling is essential for activation and re-activation and thus important for a functional immune response. Since many years it has been known that both calcium release from intracellular stores and calcium entry via plasma membrane calcium channels are involved in shaping spatio-temporal calcium signals. Second messengers derived from the adenine dinucleotides NAD and NADP have been implicated in T cell calcium signaling. Nicotinic acid adenine dinucleotide phosphate (NAADP) acts as a very early second messenger upon T cell receptor/CD3 engagement, while cyclic ADP-ribose (cADPR) is mainly involved in sustained partial depletion of the endoplasmic reticulum by stimulating calcium release via ryanodine receptors. Finally, adenosine diphosphoribose (ADPR) a breakdown product of both NAD and cADPR activates a plasma membrane cation channel termed TRPM2 thereby facilitating calcium (and sodium) entry into T cells. Receptor-mediated formation, metabolism, and mode of action of these novel second messengers in T-lymphocytes will be reviewed.

Keywords: calcium signaling, T-lymphocyte, calcium release, nicotinic acid adenine dinucleotide phosphate, cyclic ADP-ribose, adenosine diphosphoribose, TRPM2 cation channels, calcium entry

Adenine derived Ca2+ mobilizing second messengers comprise nicotinic acid adenine dinucleotide phosphate (NAADP), cyclic ADP-ribose (cADPR), and adenosine diphosphoribose (ADPR; Figure 1). They are all metabolites of nicotinamide adenine dinucleotide (NAD), a dinucleotide well known as coenzyme of oxidoreductases. NAD is converted by the multifunctional ectoenzyme NAD-glycohydrolase/ADP-ribosyl cyclase CD38 to ADPR and cADPR (Figure 1). The fact that the active site of CD38 faces the extracellular space while the targets for its products are located inside the cell, also known as topological paradox (1), has recently been investigated in detail. Importantly, in addition to the type II conformation with the active site facing the extracellular space, it was demonstrated that a smaller portion of CD38 is expressed in type III conformation thereby allowing for production of ADPR and cADPR within the cytosol (2). Another interesting feature of CD38 is the fact that it not only can make cADPR and ADPR, but also can synthesize NAADP, at least in vitro (Figure 1). However, this base-exchange mechanism needs nicotinamide adenine dinucleotide phosphate (NADP) and an excess of nicotinic acid as substrates and it works at acidic pH. Thus, it remains unclear whether this reaction is of physiological significance for second messenger formation in the cytosol. The substrate for the base-exchange reaction, NADP, is produced from NAD by NAD kinase (3). While mature, naïve T cells express only small amounts of CD38, it is upregulated as a consequence of mitogenic stimulation (4, 5). This is for instance seen after infection with HIV in activated antiviral CD8+ T cells (6). CD38 expression in the CD8 compartment is therefore used to monitor antiretroviral therapy (7). Whether CD38 upregulation in activated T cells affects Ca2+ signaling compared to naïve, mature T cells is not known, but it is easy to envision the production of Ca2+ mobilizing messengers in effector cells being facilitated by upregulation of CD38, allowing for faster Ca2+ responses necessary for secretion of cytokines or granzymes and perforin in contrast to activation of calcineurin and NFAT in naïve cells.
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FIGURE 1 | Metabolism of adenine derived second messengers cADPR, NAADP, and ADPR.



Ca2+ signaling is one of the essential intracellular signaling pathways involved in T cell activation. It has long been known that both Ca2+ release and Ca2+ entry contribute to global Ca2+ signaling in T cells. In addition to Ca2+ release and Ca2+ entry evoked by the adenine derived Ca2+ mobilizing second messengers introduced above, two “standard” Ca2+ signaling systems are involved: (i) Ca2+ release by d-myo-inositol 1,4,5-trisphosphate [IP3; (8)] and store-operated or capacitative Ca2+ entry (9). Since these systems have been thoroughly investigated and described in detail, they will not be reviewed in this article. However, due to their importance for T cell Ca2+ signaling, their roles will be mentioned and/or depicted, as for example in Figure 2.
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FIGURE 2 | Model of T cell Ca2+ signaling. TCR/CD3 ligation by antigenic peptide presented by MHC molecules on antigen presenting cells results in consecutive formation of the second messengers NAADP, IP3, and cADPR, all of which release Ca2+ from the ER. Thus, a continuously decreased intraluminal free Ca2+ concentration in the ER ([Ca2+]lu) resulting from this constant Ca2+ release concomitantly activates CRAC/Orai1 channels in the plasma membrane. The mode of action of both NAADP and cADPR likely involves specific binding proteins for both second messengers (abbreviated here as NAADP-BP or cADPR-BP). A strong stimulus, e.g., cross-linking of receptors by concanavalin A (right side of FIGURE 2), triggers formation of ADPR and activation of TRPM2, in addition to the mechanisms described on the left side of the figure.



The initial player in our model of T cell Ca2+ signaling is NAADP (Figure 2) being formed within seconds upon TCR/CD3 ligation (10). However, NAADP is a rather short-lived second messenger, although after a rapid decrease to control levels, a second much smaller rise over several minutes was observed in Jurkat T cells (11). NAADP probably delivers the first local Ca2+ signals which then act as co-agonists at IP3 receptors (IP3R) and ryanodine receptors (RyR). IP3 is formed soon after the initial NAADP peak (12) and releases Ca2+ via IP3R (13). Finally, cADPR starts to increase and acts on RyR (14); likely, Ca2+ released by NAADP and/or IP3 facilitates the action of cADPR. Continuous Ca2+ release by these consecutively increased second messengers results in continuously decreased luminal Ca2+ concentration in the ER ([Ca2+]lu). Stromal interaction molecule-1 (Stim1) senses the decreased [Ca2+]lu and activates Ca2+ entry via orai/CRAC channels (15–17).

In addition to this Ca2+ signaling pathway involved in T cell activation or re-activation, high input signal strength, e.g., obtained by a high concentration of the cross-linking lectin Concanavalin A, activates another different Ca2+ entry system operated by ADPR and the transient receptor potential channel, subtype melastatin 2 (TRPM2; Figure 2).

Following we will review hallmarks of NAADP, cADPR, and ADPR as second messengers in T cell Ca2+ signaling.

NAADP

Upon activation of the TCR/CD3 complex, formation of NAADP rapidly increases within 10–20 s in Jurkat T cells. Following a subsequent decrease within the first minute, a continuously elevated [NAADP] remains for 5–20 min (10). It has been proposed that NAADP may act as an early triggering messenger, mediating initial localized Ca2+ events which are subsequently amplified to a global signal, e.g., by recruitment of further channels, other second messengers like cADPR, IP3, and/or Ca2+ induced Ca2+ release (CICR). In T-lymphocytes a bell-shaped concentration-response curve following NAADP microinjection is observed. Compared to other second messengers such as IP3, already low concentrations in the nanomolar range (30–100 nM) induce Ca2+ signaling in T-lymphocytes (18).

The mechanism and very early kinetics of receptor-mediated formation of NAADP in vivo remains unclear and has been discussed previously [e.g., (19)]. In brief, NAADP is formed in vitro by a base-exchange of NADP in presence of nicotinic acid and a pH of 5 [Figure 1; (20)]. Further, at pH 5, but also at pH 7.4, 2′-phospho-cADPR may be converted to NAADP (21). Both reactions are catalyzed by the membrane bound, multifunctional enzyme CD38 and require presence of up to millimolar concentrations of nicotinic acid in vitro (20, 21). Furthermore, influx of extracellular NAADP may also induce Ca2+ signals as shown in a rat basophilic cell line (22). Interestingly, gene silencing of CD38 in Jurkat T-lymphocytes did not result in decreased NAADP levels. Rather, in thymus and spleen of CD38 knock-out mice increased NAADP levels were observed, thus indicating that CD38 may particularly drive degradation of NAADP (23, 24). Accordingly, in T cells to date CD38 may be primarily understood as degrading enzyme while its role in NAADP synthesis in vivo remains to be elucidated. In T-lymphocytes and other CD38+ cells, NAADP is degraded to 2′-phospho-ADPR at neutral and acidic pH by CD38, but degradation may also occur non-specifically via nucleotide pyrophosphatases (25).

The targeted receptor(s) and hence target organelle(s) of NAADP are still under debate (19, 26–29). In general, RyR have been implicated as NAADP targets in different cell types, e.g., skeletal muscle cell (30), or pancreatic acinar cells (31, 32). Nonetheless, in the majority of mammalian cells as well as in sea urchin eggs there is evidence that NAADP may primarily target acidic stores and that the RyR located on the ER may rather play a central role in the amplification of the Ca2+ signal (33–35).

However focusing particularly on data obtained in T-lymphocytes, NAADP Ca2+ signaling strongly depends on RyR activity in the ER (36–40). Following either knock-down or inhibition of RyR by ryanodine in Jurkat T cells, subcellular and global Ca2+ signals by NAADP microinjection were inhibited or almost completely abolished (36, 38). In primary effector T-lymphocytes the NAADP antagonist BZ194 inhibits Ca2+ signaling, e.g., during formation of the immunological synapse. Furthermore, BZ194 has been shown to selectively inhibit NAADP dependent binding of [3H]ryanodine to RyR1 (39). Interestingly, in primary effector T cells of an animal model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE), BZ194 leads to a decrease in cell motility and invasive capacity as well as a decrease in cytokine expression, all of which indicate the central role of NAADP-mediated Ca2+ signaling in T cells possibly via RyR (40). In contrast to these results obtained in CD4+ T cells, in cytotoxic T cells NAADP appears to target two-pore channels (TPC) on cytolytic granules (41). In general, overexpression or inhibition of the endolysosomal TPC1 and TPC2 suggest that NAADP initiates Ca2+ events via TPC [e.g., (42–44)]. Recently, the N-terminus of TPC1 has been identified as functional region for NAADP-mediated Ca2+ signaling (26). In contrast, it was shown that NAADP-mediated Ca2+ signaling in TPC1−/−/TPC2−/− mice does not differ from wild-type mice (27). Thus, whether NAADP primarily targets TPCs is controversial and particularly the effect of NAADP on TPCs in T-lymphocytes is not yet clear.

Further, in T-lymphocytes and neutrophils TRPM2 is activated by micromolar concentrations of NAADP per se, but particularly in synergism with cADPR (45, 46). The effect of cADPR on TRPM2 however, could not be confirmed in HEK293 cells overexpressing TRPM2 and contamination of commercial cADPR preparations with ADPR have been discussed (47, 48). NAADP has been shown to target the unspecific Ca2+ channel TRPML1 in smooth muscle myocytes (49). Whether TRPML1 and TRPM2 are of functional relevance within NAADP – mediated Ca2+ signaling in T-lymphocytes, remains to be elucidated.

Despite the questions which organelles are targeted by NAADP and which specific downstream mechanisms may underlie the initiated Ca2+ events, also the identity of the NAADP receptor remains unclear. Photoaffinity labeling in mammalian cells using a probe specific for NAADP binding proteins was not altered upon overexpression or knock-out of TPC1 or TPC2, but suggests that a yet not identified 22/23 kDa protein binds NAADP and may hence couple NAADP to its respective Ca2+ channels (50, 51), a mechanism recently introduced as unifying hypothesis of NAADP action (29).

CYCLIC ADP-RIBOSE

Cyclic adenosine diphosphoribose (cADPR) was the first Ca2+ mobilizing second messenger discovered as derivative of an adenine dinucleotide (52, 53). Though first described in sea urchin egg homogenates, the Ca2+ mobilizing activity of cADPR was soon detected in many cells types. In 1995 we published the first report demonstrating specific Ca2+ release in human Jurkat T cells (54). Central aspects of the role of cADPR in T cell Ca2+ signaling were subsequently published by our laboratory: (i) formation of cADPR upon TCR/CD3 ligation (14, 55), and (ii) mode of action of cADPR by activation of Ca2+ release via RyR, as shown by gene silencing of RyR (56). Further, we demonstrated tyrosine phosphorylation of RyR upon TCR/CD3 ligation; in permeabilized T cells enhancement of cADPR evoked Ca2+ release by tyrosine kinase p59fyn was observed (57). Importantly, we demonstrated amplification and propagation of pacemaker Ca2+ signals by cADPR (58). A connection of cADPR signaling to Ca2+ entry was also observed: microinjection of cADPR in the absence of extracellular Ca2+ or in the presence of Ca2+ channel blockers resulted in much reduced Ca2+ signals (59). Finally, using a specific cADPR antagonist it was shown that downstream activation parameters of primary human T cells, such as activation antigen expression or proliferation, were concentration-dependently inhibited (14) suggesting a pivotal role of cADPR in T cell biology.

A detailed structure-activity analysis of cADPR in T cells has been conducted over the past couple of years. The main results from these studies were recently reviewed (60) and are (i) critical dependence of agonist vs. antagonist properties on the substituent at the C-atom 6 of the purine base, (ii) maintenance of biological activity, albeit at a lower level, when both southern and northern ribose were replaced by carbocyclic moieties or simplified ether/alkane bridges, and (iii) the possibility of radical simplification of the purine structure, e.g., the 1,2,3-triazole-4-amide mimic of adenine within cADPR retains biological activity.

ADPR

A relatively new addition to the realm of adenine based Ca2+ mobilizing second messengers in T-lymphocytes is ADPR. Presence of ADPR in eukaryotic cells has been known for quite a while (61), but since ADPR is rather dangerous for the cell – its reactive ribose can non-enzymatically form Schiff-bases with amino groups of cellular proteins (62, 63) – it was mostly considered a toxic cellular waste product. This casually explained the presence of efficient mechanisms for the degradation of ADPR in form of cytosolic (64, 65) and mitochondrial ADPR pyrophosphatases (66, 67). These enzymes hydrolyze the pyrophosphate bridge of ADPR yielding AMP and ribose-5′-phosphate that are fed back into metabolism.

Two discoveries suggested that there might be more to ADPR: in 2001 it was reported that TRPM2 (formerly termed TRPC7 or LTRPC2), a Ca2+-permeable cation channel of the melastatin subfamily of TRP channels, can be activated by binding of ADPR to a cytoplasmic domain homologous to the mitochondrial ADPR pyrophosphatase NUDT9 (68, 69). This channel shows expression in a variety of tissues with highest levels being found in brain and cells of the immune system. A year later Bastide et al. showed that ADPR is also able to activate type I RyR isolated from rat skeletal muscle in the presence of micromolar concentrations of Ca2+ (70). Since there has been little news on the action of ADPR on RyR, we will focus on the role of ADPR for TRPM2 activation in T-lymphocytes.

Most of the work on ADPR and TRPM2 in T cells so far has been done in Jurkat cells that express TRPM2 on transcript and protein level and respond with a typical TRPM2 current to ADPR infusion (11, 45, 69). Microinjection of ADPR (11) and uncaging of photoactivatable ADPR (71) in these cells results in Ca2+ entry-dependent Ca2+ signals. By HPLC analysis the cellular ADPR concentration of roughly 40 μmol/L in resting Jurkat cells (72) was shown to nearly double after stimulation with high concentrations of concanavalin A (11).

There are different conceivable ways how this ADPR might be generated. CD38 expressed in Jurkat as well as primary T cells (73) can metabolize β-NAD+ and cADPR to yield ADPR (74). The topological paradox initially described for cADPR also holds true for ADPR (1). This paradox might be resolved by specific uptake mechanisms for ADPR as have been reported for erythrocytes (75, 76). Another possibility is the presence of CD38 in a type III orientation (2). While the contribution of CD38 to the increase in ADPR after stimulation is still unclear, the basal ADPR seems to be independent of CD38 as the murine T-lymphoma line BW5147 that lacks transcripts for CD38 (77) has even higher basal ADPR levels [73 μmol/L (72)] than Jurkat cells.

Another way that has been discussed for the production of ADPR is the consecutive action of poly-ADPR polymerase (PARP) and poly-ADPR glycohydrolase (PARG) (78). While PARP activity and poly-ADPR levels are quite low in non-stimulated cells, there is a constant turn-over due to the low KM of PARG [reviewed in (79)] that might contribute to the basal ADPR detected in Jurkat cells. Under DNA damaging conditions like strong oxidative stress the activity of PARP increases to such levels that a large part of cellular β-NAD+ can be metabolized as has been shown for DT-40 cells (80). Data for a range of cells suggest activation of TRPM2 by oxidative stress results in cell death by apoptosis (78, 81), most likely due to mitochondrial calcium overload and downstream activation of caspases [reviewed in (82)]. While murine CD4+ T cells also die after exposure to hydrogen peroxide, this apparently does not involve TRPM2 (83).

Interestingly there have been reports that in T cells PARP-1 activation can occur after TCR stimulation in a way independent of oxidative stress or DNA damage resulting in poly-ADP ribosylation of NFAT [(84, 85); reviewed in (86)]. It might be speculated that this increased pADPR turn-over will result in increased cellular ADPR and TRPM2 activation hinting to a possible role for ADPR/TRPM2 in TCR signaling. In accordance with this, naïve CD4+ T cells from the wild-type mice upregulated TRPM2 after stimulation with α-CD3/α-CD28-beads and CD4+ T-lymphocytes from TRPM2−/− mice showed not only reduced proliferation, but also reduced production of pro-inflammatory cytokines upon activation (83).

Most work on the role of TRPM2 in the immune response has been done using the TRPM2−/− mouse (87). In a model for ulcerative colitis the inflammation was suppressed, but this was shown to be due to a reduced production of the chemokine CXCL2 in monocytes whereas the infiltration of T cells in the colon was not affected by the knock-out of TRPM2 (87). Recent work has shown that TRPM2 knock-out does not affect airway inflammation either induced by oxidative stressors (88) or as a result of exposure to ovalbumin in a mouse model for acute asthma (89). On the other hand TRPM2−/− noticeably reduced inflammation and spinal cord lesions in EAE induced by a peptide from myelin oligodendrocyte glycoprotein (83). Since the effect of TRPM2−/− on EAE might also involve reduced neuronal cell death or microglia activation, it will be interesting to see whether proliferation and effector functions of T cells from such animals are affected.

Taken together, adenine derived Ca2+ mobilizing second messengers play essential roles in T cell Ca2+ signaling, both during activation/re-activation or apoptosis. While NAADP is important as rapid Ca2+ trigger, particularly in effector T cells, cADPR apparently holds a central role in maintenance of long-lasting Ca2+ signaling. Interestingly, also apoptosis induction via TRPM2 involves an adenine derived second messenger, the dinucleotide ADPR. The documented involvement of these adenine derived Ca2+ mobilizing second messengers in central aspects of immune regulation make the pathways described in this review suitable targets for therapeutic intervention. In fact, we have recently shown that the NAADP antagonist BZ194 ameliorated the clinical course of transfer EAE, an animal model of multiple sclerosis (40).
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ADPR, adenosine diphosphoribose; cADPR, cyclic ADP-ribose; [Ca2+]i, free cytosolic Ca2+ concentration; [Ca2+]lu, free endoplasmic reticular luminal Ca2+ concentration; CICR, Ca2+-induced Ca2+ release; EAE, experimental autoimmune encephalomyelitis; IP3, D-myo inositol 1,4,5-trisphosphate; IP3R, D-myo inositol 1,4,5-trisphosphate receptor(s); NAADP, nicotinic acid adenine dinucleotide phosphate; NAD(P), nicotinamide adenine dinucleotide (phosphate); pADPr, poly-ADP-ribose; PARG, poly-ADP-ribose glycohydrolase; PARP, poly-ADP-ribose polymerase; RyR, ryanodine receptor(s); Stim1, stromal interaction molecule-1; TPC, two-pore channel(s); TRPM2, transient receptor potential channel, subtype melastatin 2.
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As a vital second messenger in the activation of lymphocytes, the divalent cation Ca2+ plays numerous roles in adaptive immune responses. Importantly, Ca2+ signaling is essential for T cell activation, tolerance of self-antigens, and homeostasis. Supporting the essential role of Ca2+ signaling in T cell biology, the Ca2+ regulated protein phosphatase calcineurin is a key target of pharmacologic inhibition for preventing allograft rejection and for autoimmune therapy. Recent studies have highlighted the unique role of Stim1 and Orai1/2 proteins in the regulation of store-operated/calcium release activated calcium (CRAC) channels in the context of T cells. While Ca2+ is known to modulate T cell activation via effects on calcineurin and its target, nuclear factor of activated T cells (NFAT), this second messenger also regulates other pathways, including protein kinase C, calmodulin kinases, and cytoskeletal proteins. Ca2+ also modulates the unique metabolic changes that occur during in distinct T cell stages and subsets. Herein, we discuss the means by which Ca2+ mobilization modulates cellular metabolism following T cell receptor ligation. Further, we highlight the crosstalk between mitochondrial metabolism, reactive oxygen species (ROS) generation, and CRAC channel activity. As a target of mitochondrial ROS and Ca2+ regulation, we describe the involvement of the serine/threonine kinase DRAK2 in the context of these processes. Given the important roles for Ca2+ dependent signaling and cellular metabolism in adaptive immune responses, the crosstalk between these pathways is likely to be important for the regulation of T cell activation, tolerance, and homeostasis.
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INTRODUCTION

The adaptive immune system exhibits a wide potential for responding to infectious agents encountered throughout a lifetime. Notably, T cells play a critical role in mounting an appropriate response through the activation of their T cell receptor (TCR) upon the recognition of specific antigen presented through the major histocompatibility complex (MHC). This foreign peptide: MHC complex activates a T cell with specificity for the foreign antigen, culminating in proliferation, and differentiation into effector cells. In order to stimulate naïve T cells, ligation of the TCR by antigen must be accompanied by a costimulatory signal. Costimulation serves as a mechanism to modulate the strength of the TCR signal and promote higher gene expression of immunomodulatory cytokines like interleukin-2, as well as other factors that facilitate T cell proliferation and differentiation (1, 2). When a naïve T cell becomes activated, in the context of proper costimulation, it executes developmental reprograming characterized by rapid growth, proliferation, and acquisition of specialized effector functions. Given that this is an energetically demanding process, T cells undergo biochemical and biophysical reprograming to meet these requirements (3).

A key mediator of T cell signaling is the divalent cation calcium (Ca2+). Indeed, this second messenger is so important to T cell biology that its downstream signaling serves as a vital pharmacological target for the treatment of autoimmune disease and the prevention of chronic allograft rejection (4). As with many cell types, ligation of surface molecules that induce phospholipase C leads to mobilization of intracellular calcium, with depletion of Ca2+ from the endoplasmic reticulum (ER). However, it has long been known that for sustained signaling downstream of Ca2+ release, T cells bear special plasma membrane Ca2+ channels that promote the influx of extracellular Ca2+ (5). While beyond the scope of the present review, recent work in several laboratories has revealed that T cells and a select few other cell types, express plasma membrane channels that are activated in response to depletion of intracellular stores of Ca2+ (6). These calcium release activated calcium (CRAC) channels are activated by Stim1, an ER membrane protein that itself is induced upon depletion of Ca2+ stores in ER. Major efforts are currently underway to understand the biophysics of CRAC activation, and importantly, to determine if manipulation of CRAC signaling may be of therapeutic benefit.

In the present review, we examine the link between cellular metabolism and calcium signaling in the context of T cells. As described, Ca2+ modulates a variety of signaling cascades downstream of the TCR and costimulatory receptors, many of which impinge upon bioenergetic and biosynthetic pathways needed for T cell clonal expansion, differentiation, and homeostasis. First, we briefly outline several important control points that orchestrate cellular metabolic changes following TCR stimulation. Next, we discuss the crosstalk between mitochondrial metabolism and CRAC activity, describing the influence of the metabolic status of a given T cell on Ca2+ mobilization and signaling. Finally, the impact of the release of mitochondrial reactive oxygen species (ROS) on Ca2+ signaling is considered, with a focus on the immunoregulatory serine/threonine kinase DRAK2 in this process.

MODULATION OF CELLULAR METABOLISM FOLLOWING T CELL ACTIVATION

Although one might consider metabolic regulation a mundane housekeeping function of cells, it is becoming apparent that specific metabolic programs are induced in distinct T cell subsets and developmental stages. For example, the metabolic status of naïve T cells is significantly different from their activated counterparts. Naïve T cells actively maintain a quiescent state through engagement of both intracellular signaling pathways and cell extrinsic signals (7), resulting in efficient use of available energy sources (8). These quiescent lymphocytes maintain a catabolic state and do not actively take up nutrients, nor do they secrete effector cytokines (9). Once committed to a T cell fate in the thymus, cellular metabolism plays a vital role in the development and proliferation of double negative (DN) thymocyte precursors (11). In DN thymocytes, both interleukin-7 (IL-7) and Notch prevent cell death and promote pre-T cell development via activation of glycolytic metabolism and the Akt signaling pathway (12). Following release from the thymus, antigenic stimulation of mature T cells facilitates metabolic changes that support various bioenergetically dependent processes needed for rapid clonal expansion (9). It is proposed that T cells must shift from catabolic to anabolic metabolism in order to rapidly proliferate, likely allowing them to respond to microbial infection [(10) p. 2313]. Indeed, CD8 T cells have the capacity to divide once every 4–6 h (13), a process that is highly energy dependent. Naïve T cells appear to favor energetically efficient processes such as the tricarboxylic acid (TCA) cycle linked to the generation of ATP via oxidative phosphorylation (OXPHOS), which results in roughly 30–32 ATP units per molecule of glucose. In contrast, antigenically stimulated T cells rapidly shift to a dependence on aerobic glycolysis, a less efficient process that yields only two ATP units per molecule of glucose (14, 15). Activated T cells that fail to switch metabolic processes are rendered anergic or undergo apoptosis (16), likely a consequence of failing to accommodate the specific bioenergetic demands of proliferation and differentiation (17, 18). Thus, it is clear that the metabolic status must match the needs of distinct T cell subsets and developmental stages in order for appropriate immune responses to be generated.

With regard to the intracellular signaling involved in metabolic regulation, it has long been appreciated that the mechanistic target of rapamycin (mTOR) has a critical role in T cell activation and metabolism (19). In the context of metabolism, mTOR serves to integrate nutrient and immune signals, including the availability of amino acids and oxygen, as well as the presence of extracellular growth factors. mTOR then acts as an effector to modulate downstream cellular metabolic processes needed to meet the demands of the cell upon stimulation (20). Such processes include protein translational initiation via phosphorylation of S6K1 and eIF4E (21), and lipid biosynthesis through the transcription factor SREBP1 and the nuclear protein receptor PPARγ (22). It is crucial, however, that mTOR does not become prematurely activated until T cells are antigenically stimulated, as the quiescent metabolic state of resting T cells appears to be important for their homeostatic proliferation (23). As detailed later, the energy sensing protein kinase AMPK acts as a master regulator of the metabolic status in resting T cells. Induced by high levels of AMP, AMPK influences mTOR activity through the tumor suppressor tuberous sclerosis complex (24). Comprised of TSC1 and TSC2, the tuberous sclerosis complex itself negatively regulates mTOR activation (25) and is crucial to maintaining homeostatic proliferation of naïve T cells. Supporting this, Yang and colleagues observed that TSC1 deficient naïve T cells possess hyperactive mTOR activity, a resulting loss in quiescence, and a predisposition to undergo apoptosis (26). Though naïve T cells do not initially require mTOR for TCR induced activation, its absence by genetic deletion in mouse CD4 T cells yields a skewed differentiation toward induced T regulatory cells over other effector T cell subsets (27). In addition, mTOR has a central role in the regulation of both activated and long-lived memory T cells as its genetic deletion or pharmacologic inactivation leads to diminished memory T cell activation and function (22, 28, 29).

METABOLIC STATES IN DISTINCT T CELL SUBSETS

Naïve T cells utilize efficient oxidative metabolism to maintain their quiescent state. Conversely, once T cells are stimulated by antigen, they must quickly expand their numbers to eliminate an antigenic challenge. This view is reminiscent of the Warburg hypothesis, in which heightened glycolysis observed in cancer cells is thought to allow for rapid tumor cell proliferation, particularly under limiting oxygen tension (30). Alternatively, it has been recently proposed that the switch to aerobic glycolysis is instead necessary to support effector T cell differentiation. Pearce and colleagues demonstrated that blockade of glycolysis prevented the expression of interferon gamma in activated T cells, but did not impair clonal expansion (31). Moreover, the rapid recall response observed in memory T cells, cells that often must respond quite rapidly to antigenic rechallenge, is supported by enhanced respiratory and glycolytic capacity (32, 33). It remains to be determined if this may reflect differential survival of unique subpopulations during clonal expansion. Regardless, distinct metabolic processes are clearly involved in providing for the energetic demands of unique T cell subpopulations, with fatty acid oxidation (FAO) and aerobic glycolysis playing significant roles.

FATTY ACID OXIDATION

In resting T cells that circulate in the periphery, FAO is the default metabolic state, and the metabolism of these quiescent cells is characterized by a need for basal energy utilization over macromolecular biosynthesis (34). These naïve T cells utilize high energy yielding OXPHOS processes, involving β-oxidation of fatty acids and oxidation of glutamine and pyruvate via the TCA cycle (34). Both naïve CD4 and CD8 T cells also rely on intrinsic IL-7 to maintain homeostasis and quiescent survival (35). Loss of IL-7 receptor (IL-7R) signaling results in defective T cell physiology, characterized by decreased cell size/growth and markedly impaired cell survival (36). The involvement of IL-7R signaling in the maintenance of peripheral T cell homeostasis is complex; it has been recently found that IL-7R signaling must be intermittent and not continuous, as the latter results in sensitization of naïve T cells to cytokine induced cell death (37). While IL-7R signaling promotes survival of quiescent peripheral T cells, and is required for homeostatic proliferation under lymphopenic conditions, it alone is not sufficient to induce naïve T cell activation and the metabolic changes associated with this (38). Instead, with minimal mTOR activity, resting T cells utilize other signaling factors to regulate metabolic pathways. These factors include the nuclear receptors PPARα and PPARγ, both of which regulate fatty acid metabolism and inhibit activation upon TCR engagement (12, 39).

While an increase in glycolysis generally is observed in activated T cells, this is not always the case. Induced regulatory T cells (iTreg), differentiated from peripheral CD4+ T cells, are a unique subset of CD4+ T cells that suppress effector T cells and are vital to immune peripheral tolerance (40). Following a lag phase heavily dependent on glycolysis and glutaminolysis (28), T cells activated in the context of extracellular signals that favor iTreg differentiation (e.g., IL-2 and TGF-β) acquire a metabolic phenotype similar to naïve T cells (41). Relying on lipid oxidation as their primary source of energy, peripherally differentiated iTregs and their thymically derived nTreg counterparts have intermediate to low mTOR activity (18). The distinct metabolic profile of Treg can be replicated through in vitro culture with addition of glycolytic or mTOR inhibitors, such as 2-deoxyglucose or rapamycin, respectively (12). As with naïve T cells, PPARα and PPARγ are important for Tregs, serving as fatty acid sensors, and promoting Foxp3 expression in CD4+ T cells activated in the presence of TGF-β (42).

Fatty acid oxidation also plays a vital role in the maintenance of memory T cell pools. Following clearance of an acute viral infection, the antiviral CD8+ effector T cell pool is radically depleted, with a loss of 90–95% of virus specific CD8+ T cells (43). The surviving cells in turn become long-lived memory T cells (44), possessing unique metabolic characteristics when compared with effector cells (45). Memory CD8+ T cells must be able to withstand periods of both antigenic neglect and rapid antigen specific recall through the acquisition of increased spare respiratory capacity (SRC) through biogenesis of mitochondria and increased glycolytic flux (32). Thus, in contrast to their effector counterparts, these long-lived CD8+ T cells have significantly enhanced SRC. Memory CD8+ T cells share an analogous metabolic profile with resting T cells and Tregs, primarily engaging in FAO to maintain their survival and homeostasis (46). These metabolic processes are maintained by IL-15 signaling, which facilitates the biogenesis of mitochondria and expression of CPT1A, an enzyme responsible for the rate-limiting step of FAO (32).

GLYCOLYSIS

As noted above, activated T cells switch their metabolic programing to aerobic glycolysis upon antigenic stimulation (15, 47). This may seem counterproductive, as the effective ATP output per glucose molecule taken into the cell is roughly one fifteenth of the units generated via OXPHOS (12). Instead, it has been proposed that this switch is necessary to facilitate the rapid clonal expansion required to eliminate a microbial infection (45). Growth factor stimulation results in enhanced uptake of glucose through the upregulation of the glucose transporter Glut1 on the surface of cells, along with increased expression of the glycolytic enzymes hexokinase and phosphofructokinase (14), processes activated in T cells by TCR ligation (48). Costimulation through CD28 leads to the induction of Akt, thereby enhancing glycolytic activity in T cells (15), and the prevention of growth factor withdrawal induced cell death (17). Supporting a crucial role for Akt in promoting metabolic changes and the survival of activated T cells, ectopic expression of an active form of Akt leads to increased rates of glycolysis and T cell survival, even in the absence of CD28 signaling (49).

The AMP-dependent protein kinase AMPK serves a critical regulator of cellular metabolism, both in naïve and newly activated T cells (Figure 1A). In resting cells, a high ratio of AMP to ATP leads to elevated AMPK activity and diminished mTOR function. TCR engagement activates LKB1 and in parallel, increases intracellular Ca2+ stores, both leading to an increase in the expression of AMPK (50). LKB1 positively regulates AMPK (51, 52), the latter of which serves as an upstream regulator of TSC1 (52). As TSC1 inhibits mTOR activity in naïve T cells through the tuberous sclerosis complex, AMPK restricts the engagement of metabolic programs associated with clonal expansion. Deletion of the Tsc1 gene leads to metabolic alterations in T cells, most notably, increases in glucose uptake and glycolytic flux (53). AMPK activity is positively influenced by calcium mobilization via its impact on Ca2+ – calmodulin-dependent protein kinase kinase (CaMKK) activity (50, 54). Thus, while AMPK may be associated with a quiescent T cell state, the TCR induced increase of cytosolic Ca2+ enhances AMPK activity (Figure 1B). This effectively conserves ATP by inhibiting mTOR associated anabolic processes, and by promoting OXPHOS (50, 55). With time, the resulting increase in the ATP to AMP ratio leads to diminished AMPK activity, and downstream restriction of mTOR is overcome, allowing the T cell to shift its metabolism from FAO to OXPHOS (Figure 1C).
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FIGURE 1 | The modulation of cellular metabolism via T cell receptor (TCR) signaling. (A) In naïve T cells, fatty acid oxidation (FAO) is used to maintain basal cellular metabolism. In this quiescent state, the absence of TCR signaling leads to an elevated AMP to ATP ratio, resulting in sustained AMPK and diminished mTOR activities. (B) Upon TCR stimulation by antigen presenting cells (APC), along with CD28-mediated costimulation, glycolysis is greatly enhanced, leading to a diminished AMP:ATP ratio. During a lag phase that precedes T cell clonal expansion, LKB1 and CaMKK (itself induced by high cytosolic Ca2+ levels) promote AMPK function despite reduced AMP levels, and mTOR activity remains low via TSC1/2 mediated inhibition. (C) As T cells exit the lag phase, heightened levels of ATP block AMPK activity, which results in the loss of TSC1/2 activity. This allows for sustained mTOR function, and subsequent mTOR driven clonal expansion and cell growth.



Upon successful engagement of their TCR and the costimulation molecule CD28, the T cell begins to switch toward an activated metabolic program, utilizing aerobic glycolysis, the phosphate pentose pathway (PPP), and glutaminolysis (18). Two transcriptions factors that coordinate metabolic status following T cell activation are Myc and HIF1α (28, 56). Induction of Myc expression in activated T cells is largely responsible for metabolic reprograming at a global gene transcriptome level, as its acute deletion inhibited glycolysis, glutaminolysis, and provoked an overall failure in cell growth and proliferation (28). Myc is also found to intersect with the mTOR pathway, as its loss in activated T cells led to reduced expression and phosphorylation of the downstream mTOR targets S6 and 4E-BP (28). mTOR itself, specifically the mTOR complex 1 (mTORC1), is responsible for activating two key metabolic transcriptional targets, HIF1α and SREBP1/2. Specifically, HIF1α activates downstream targets involved in glycolysis and glucose uptake, while SREBP1/2 activates the PPP and lipid biosynthesis (57). However, while SREBP activity is essential for metabolic reprograming in activated T cells (58), HIF1α appears to play a more selective role in T cell subsets such as Th17 cells (56, 59). It is likely that HIF1β serves a compensatory role in HIF1α-deficient T cells, as loss of HIF1β leads to defective glycolysis, survival, trafficking, and function of CD8+ T cells (60).

CALCIUM MOBILIZATION FOLLOWING TCR LIGATION

Having considered the modulation of cellular metabolism via TCR proximal signaling pathways, we now turn our attention to calcium mobilization, and how this signaling platform shapes the metabolic response in T cells. As described in detail in this compendium of reviews, TCR stimulation engages numerous signaling cascades, resulting in cellular activation and proliferation. One such molecule that is activated is phospholipase Cγ1 (PLCγ1), which mediates the hydrolysis of phosphatidylinositol-3,4-bisphospahte (PIP2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Ca2+ release from ER stores is triggered upon the binding of IP3 to inositol trisphosphate receptor (IP3R) found on the ER membrane. The two major ion channels that are known to participate in Ca2+ release from the ER in response to agonist stimulation are IP3Rs (61) and ryanodine receptors (RyRs) (62). Mobilization of intracellular Ca2+ triggers store-operated Ca2+ entry (SOCE), primarily through calcium release activated Ca2+ (CRAC) channels (63). The binding of antigen/MHC to the TCR complex results in the phosphorylation and activation of PLCγ1, which then hydrolyzes phospholipids at the plasma membrane to produce DAG and IP3. IP3 then binds to its respective receptors in the ER, triggering calcium release into the cytosol. This secondarily activates CRAC channels within the plasma membrane, causing a rapid influx of extracellular calcium that sustains high calcium levels required for T cell activation (64). Upon accumulation, cytosolic calcium binds calmodulin (CaM), inducing a conformational change in CaM that promotes its ability to interact with and activate the protein phosphatase calcineurin (65). Calcineurin dephosphorylates the cytoplasmic subunits (NFATc) of nuclear factor of activated T cells (NFAT) transcription complexes, exposing a nuclear localization sequence that results in their import into the nucleus (66).

Cytosolic calcium is a universal second messenger affecting a variety of cellular processes extending from short- to long-term responses in immune cells (67). Unlike other intracellular messengers, Ca2+ is neither synthesized nor metabolized. Rather, Ca2+ storage and release are carefully regulated by a series of channels and pumps that maintain precise Ca2+ concentrations within distinct cellular compartments. In lymphocytes, activation of immune receptors initiates a signaling cascade culminating in the depletion of intracellular Ca2+ stores. Upon depletion, store-operated calcium channels are activated, allowing Ca2+ to enter into the cell, primarily through CRAC channels. The increase in intracellular free calcium is essential for lymphocyte activation, since the transcription factor families NFAT, NF-κB, and AP-1 are all targets of Ca2+ mediated signaling (68). Remarkably, 75% of all activation-regulated genes in T cells show a dependence on Ca2+ influx (68). Supporting this, loss of Ca2+ mobilization dramatically reduces, and often prevents, T cell activation and proliferation (68–70). Below, we detail the regulation of intracellular calcium oscillation by CRAC channels and mitochondria, and describe how Ca2+ influences the generation of and response to cellular oxidants.

STORE-OPERATED CA2+ CHANNELS

Calcium release activated calcium channels comprise a widespread and highly conserved Ca2+ entry pathway in cells such as lymphocytes, and are activated following the depletion of Ca2+ within the ER. This phenomenon is referred to as SOCE and CRAC activity is proportional to the amount of Ca2+ depletion within the ER. Over the last decade, the key components of the CRAC channel machinery were identified as STIM1, the ER Ca2+ sensor and Orai1/2, pore forming subunits of the CRAC channel (71). Depletion of Ca2+ within the ER is detected by the Ca2+ sensors STIM1 and STIM2, resulting in the activation of store-operated calcium channels. STIM1 and STIM2 are EF-hand containing single-pass transmembrane proteins with both EF hands capable of binding Ca2+. STIM2 is thought to have a lower affinity for Ca2+ since STIM1-deficient mouse T cells and fibroblasts bear a severe impairment in store-operated Ca2+ influx whereas a deficiency in STIM2 has a less dramatic effect (72).

The luminal EF-hand of STIM1 senses Ca2+ depletion within the ER and subsequently causes its oligomerization and translocation toward the plasma membrane (73). STIM1 binds through specialized ER-PM junctions, located within 25 nm of the plasma membrane, to a component of the CRAC channel known as Orai1 (74). Once activated, CRAC channels have a remarkably selective single channel conductance for Ca2+, and sensitive Ca2+ dependent feedback regulation (75). Association of STIM1 and Orai1 depends on the involvement of STIM1 with the phosphoinositides (PIs) of Orai1. Within STIM1, the cytosolic SOAR/CAD domain contains an alpha-helical domain necessary for Orai1 binding (76, 77). Deletion of the SOAR/CAD domain abolishes store depletion-induced clustering of Orai1 monomers and dramatically reduces SOCE, suggesting this domain is required for the assembly of the SOCE complex at ER-PM junctions (76, 77).

MITOCHONDRIAL CALCIUM BUFFERING AND HOMEOSTASIS

Mitochondria are recognized as essential calcium signaling organelles. Through calcium buffering, mitochondria influence CRAC channel activity (78). With the ability to sense Ca2+ microdomains, mitochondria are able to translocate to the immunological synapse upon Ca2+ influx, leading to maximal Ca2+ uptake. The positioning of mitochondria correlates with the magnitude of local calcium entry via the reduction of Ca2+ dependent channel inactivation (79). By co-localizing near ER, mitochondria are better suited to buffer cytosolic Ca2+.

Isolated mitochondria take up Ca2+ when supported by exogenous electron transport chain (ETC) substrates (80). Although it has been well known that mitochondria are endowed with a complex array of Ca2+ transporters, the function of these transporters was not well appreciated until the early 1990s when Pozzan, Rizzuto and colleagues examined aequorin, a Ca2+ sensitive bioluminescent protein. They found that agonist-stimulated elevation of cytosolic free Ca2+ results in a rapid and transient increase in mitochondrial Ca2+, an increase blocked by pretreatment with a mitochondrial uncoupler (81). Prior to this discovery, it was believed that mitochondria failed to release much Ca2+ into the cytosol and had little effect on InsP3-mediated Ca2+ release. It has since become appreciated that mitochondrial matrix Ca2+ concentrations are crucial regulators of the Ca2+ dependent enzymes of the TCA cycle (82). Mitochondria also play a vital role in the gating of CRAC channels and do so through Ca2+ buffering (83).

Mitochondria act as Ca2+ buffers through uptake of Ca2+ released by IP3R on proximal ER membranes (Figure 2). Mitochondria accomplish this through the ability to detect changes in Ca2+ microdomains (84); Ca2+ uptake by mitochondria occurs by mitochondrial Ca2+ uniporter (MCU) activity across the inner mitochondrial membrane (85). This Ca2+ buffering is functionally significant as it modifies the Ca2+ dependent inactivation of IP3R, ultimately leading to greater Ca2+ mobilization. Mitochondria also deplete Ca2+ adjacent to the ER, resulting in less available Ca2+ for transport into the ER via SERCA pumps. Together, these events result in robust activation of CRAC channels (86, 87). It has been estimated that between 25 and 50% of the Ca2+ released from ER is taken up by mitochondria, dependent on cell type, and the Ca2+ release channel involved (88). This Ca2+ uptake influences mitochondrial metabolic processes, as three rate-limiting enzymes of the Krebs cycle are activated by a rise in Ca2+ concentration, subsequently causing an increase in mitochondrial ATP generation (89). These enzymes include pyruvate dehydrogenase (PDH), NAD+-isocitrate dehydrogenase (NAD-IDH), and 2-oxoglutarate dehydrogenase (82).
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FIGURE 2 | The interplay between intracellular calcium mobilization and cellular metabolism in T cells. Ligation of the T cell receptor (TCR) by antigen (Ag) promotes opening of IP3R and depletion of ER Ca2+ via IP3, itself generated by phospholipase Cγ1. Depletion of ER Ca2+ stores promotes STIM1 interaction with Orai1, promoting oligomerization of Orai monomers, thus forming CRAC channels. The resultant increase in cytosolic Ca2+ promotes its entry into the mitochondrial matrix via the mitochondrial calcium uniporter (MCU). Elevated matrix Ca2+ enhances the activity of key tricarboxylic acid cycle (TCA) enzymes, leading to elevated oxidative phosphorylation (OXPHOS), and ATP generation. Reactive oxygen species (ROS) byproducts of OXPHOS enhance TCR proximal signaling by inhibiting tyrosine phosphatase activity. Elevated cytosolic ROS governs CRAC activity by ROS mediated modification of cysteine residues exposed on Orai1.



In addition to influencing CRAC channel gating, mitochondria also influence STIM1 trafficking (90). Formation of STIM1 puncta below the plasma membrane is diminished, independently of STIM1 oligomerization, upon strong mitochondrial depolarization. This is accomplished by the mitochondrial protein mitofusin 2 (MFN2), an outer mitochondrial membrane GTPase that couples mitochondrial energetic status to STIM1 migration (90). In MFN2-deficient cells, mitochondrial depolarization fails to influence STIM1 trafficking and Ca2+ entry, suggesting that MFN2 confers sensitivity to mitochondrial depolarization. MFN2 assists in tethering mitochondria to the ER and is abundant in the contact sites between the two organelles, though the exact mechanism through which these two organelles interact remains unclear (91). It is speculated that the most likely function of the tethering is to allow mitochondria to localize proximal to Ca2+ released from ER. However, the question as to why STIM1 overexpression partially rescues Ca2+ entry in MFN2 overexpressing cells has yet to be answered.

While both ER and mitochondria serve as important intracellular reservoirs of Ca2+, mitochondria utilize functionally distinct Ca2+ transport mechanisms. Mitochondria possess a large electrochemical gradient across their inner membrane (ΔΨm), which acts as a driving force for the uptake of Ca2+ (92). Unlike with ER, mitochondrial Ca2+ release occurs via ion exchangers, and Ca2+ uptake is mediated via a selective ion channel (93). High calcium levels, in combination with other signals, have been known to trigger the opening of channels within the inner mitochondrial membrane, ultimately resulting in cell death (94). The combined action of these mechanisms allows for the rapid cycling of Ca2+ across the inner mitochondrial membrane (95).

REGULATION OF STIM1/ORAI SIGNALING BY OXIDATIVE STRESS

Numerous physiological processes, including proliferation, and cell death, are influenced by ROS (96, 97). To prevent oxidative stress, the cell must maintain a balance between superoxide generation, a byproduct of oxidative energy production, and rapid clearance of ROS. The latter is achieved through circulating antioxidants that act as ROS scavengers. Out of the ∼20 types of ROS, hydrogen peroxide (H2O2) appears to be the major contributor to oxidative damage (96). Of interest here, it has been found that oxidative stress regulates STIM1/Orai1 signaling (98–100). CRAC channels, under the action of STIM1, are stimulated by micromolar concentrations of H2O2 (98–100). Altered calcium signaling during oxidant stress is attributed to a reduction in the Ca2+ binding affinity of STIM1 due to a modification involving its cysteine 56, ultimately resulting in constitutive CRAC activation (100). Upon exposure to ROS, STIM1 becomes S-glutathionylated, thereby triggering its oligomerization and translocation to the plasma membrane (100). Alternatively, Grupe and colleagues demonstrated that H2O2 enhanced the CRAC current, ICRAC-mediated Ca2+ influx by activating IP3R independent of Orai1 (99). Regardless of the route of entry, both groups demonstrate that an increase an ROS leads to enhanced Ca2+ entry into the cell. While several studies support the hypothesis that ROS positively stimulate CRAC channel activity by triggering the oligomerization of STIM1, Bogeski and colleagues report that oxidation via H2O2 specifically blocks the activation of Orai1 channels in human T helper lymphocytes (98). It is speculated that the oxidation of the cysteine, found within the extracellular loop of Orai1, may lock the channel in the closed conformation. Nevertheless, cells with an SOCE deficiency are more susceptible to oxidative stress. Despite having an up-regulated basal antioxidant response, STIM1-deficient mouse embryonic fibroblasts experience an imbalance of ROS production and detoxification upon addition of exogenous oxidants (101). Henke and colleagues conclude that functional SOCE machinery is required to balance ROS production and the cellular antioxidant defense system. Collectively, these studies support the notion that the cellular oxidative stress response is influenced through a dynamic interplay between ROS balance and Ca2+ influx.

OXIDANT DEPENDENCE OF T CELL ACTIVATION

Oxidative stress is provoked by an imbalance between the production of mitochondrial superoxide and insufficient scavenging of ROS, ultimately resulting in a wide range of pathological conditions (102). The dynamics of ROS production and scavenging can be detected using several fluorescent dyes, including reduced forms of ethidium bromide (DHE) (103), fluorescein (DCFDA) (104, 105), rhodamine (DHR) (106), and hydroethidine (HE) (107). These dyes remain relatively non-fluorescent until they are oxidized by ROS, and their unquenched fluorescence correlates with increased oxidation. These intracellular dyes provide sensitive probes for multiple reactive species and allow for the detection of fluorescent products using fluorimetry and flow cytometry. In T cells, DCFDA, DHR, and DHE have been utilized to examine ROS production from a variety of stimuli including mitogens (108), viral and bacterial superantigen (109, 110), and TCR peptide agonists (111, 112). ROS generation has been observed following stimulation of T cells by other ligands including TGF-β, insulin, angiotensin II, and EGF (113–116). Collectively, these studies suggest that ROS function as secondary messengers necessary for complete T cell activation. Superoxide is generated from the mitochondrial ETC through complexes I, II, and III (117). Complexes I and II emit superoxide into the mitochondrial matrix, upon which superoxide dismutase 2 (SOD2) converts it into hydrogen peroxide (H2O2). In contrast, complex III emits superoxide into both the matrix and intermembrane spaces. Intermembrane-space superoxide is capable of reaching the cytosol through voltage-dependent anion channels (VDAC) without conversion into H2O2 (118, 119).

Recently, Sena et al. reported that blocking mitochondrial ROS, specifically generated at complex III, results in the inhibition of CD3/CD28 induced IL-2 expression. Additionally, extracellular calcium influx and subsequent Ca2+ uptake by mitochondria were both required for mitochondrial ROS production (120). These findings support the hypothesis that complex III produced mitochondrial ROS, a byproduct of mitochondrial metabolism, facilitate T cell activation and functionality. However, the mechanisms through which oxidants may regulate T cell responses upon stimulation remain poorly defined. Importantly, the timing and subcellular localization of ROS generation are likely of greater influence in T cell responses than overall redox balance (102, 121, 122). ROS clearly play key roles in modulating T cell activation and differentiation, but vital details regarding the influence of these oxidants on specific signaling molecules remain to be clarified.

DRAK2 AS A AN INTERMEDIARY IN CALCIUM AND METABOLIC SIGNALING IN T CELLS

One molecule expressed in T cells that may potentially link calcium and ROS signaling to cellular metabolic regulation is DRAK2/STK17B. DRAK2 is a serine/threonine kinase of the death associated protein kinase (DAPK) family (123), which is comprised of five known members (DAPK1, DAPK2, DAPK3, DRAK1, and DRAK2). All of these kinases are capable of inducing cell death when ectopically expressed in cells, and the prototype DAPK1 possesses a calmodulin regulatory domain that, through binding to calmodulin/Ca2+, regulates its catalytic activity (124). While DRAK2 lacks a calmodulin binding domain, like other DAPK family members, DRAK2 has been shown to induce apoptosis upon overexpression in cell lines (125), and its phosphorylation and nuclear translocation participates in ultraviolet light induced cell death (126).

Although broadly expressed at low levels (127), DRAK2 expression is enriched in cells of hematopoietic origin (128). Loss of expression by virtue of a germline deletion of the Drak2 gene leads to hyperactive Ca2+ mobilization in T cells, especially under suboptimal TCR stimulus conditions (128, 129), supporting the hypothesis that DRAK2 acts as a negative regulator of TCR signaling (130). The notion that DRAK2 serves as a rheostat in calcium signaling following TCR signaling is supported by the finding that it is itself activated by calcium mobilization, and that its ectopic expression in double positive thymocytes raises the threshold for both negative and positive selection (131, 132). Enigmatically, loss of the Drak2 gene leads to diminished autoimmune susceptibility, with reduced clinical severity observed in animal autoimmune models for multiple sclerosis (experimental autoimmune encephalomyelitis) and type I diabetes-prone non-obese diabetic (NOD) mice (129, 133–135). The reduced EAE susceptibility is due, at least in part, to diminished survival of activated effector T cells, perhaps a consequence of impaired calcium homeostasis (133–135).

Using a mass spectrometry based approach, we determined that DRAK2 possesses several autophosphorylation sites, most notably Ser10, Ser12, and Ser351. Using antibodies specific for phosphorylation at Ser12, it was found that TCR stimulation induces DRAK2 Ser12 autophosphorylation (131), and this requires entry of extracellular Ca2+ into T cells. The SERCA inhibitor thapsigargin was found to potently induce DRAK2 autophosphorylation on Ser12, supporting the hypothesis that ER store-operated calcium entry modulates DRAK2 catalytic activity. Recent studies have revealed that TCR induced DRAK2 activation is highly dependent on CRAC function, as DRAK2 was poorly activated following antigenic stimulation in Orai2-deficient T cells (136). Using a panel of small molecule inhibitors and RNA interference approaches, it was found that DRAK2 activation by antigenic stimulation requires protein kinase D (PKD).

Curiously, DRAK2 catalytic activity in activated T cells also depends on mitochondrial ROS, as antioxidants blocked Ser12 autophosphorylation (136). Since the electron transport complex III inhibitor FCCP led to Ser12 phosphorylation independent of antigenic stimulation of T cells, these findings demonstrate that ROS are both necessary and sufficient to promote DRAK2 catalytic activity. PKD activity is itself subject to activation by mitochondrial ROS (137, 138), and thus ROS induced by enhanced mitochondrial respiration that results from TCR stimulation likely participates in PKD-mediated DRAK2 activation (Figure 3). The specific nature of the interaction between mitochondrial ROS and DRAK2’s substrates is poorly understood. However, as DRAK2-deficient T cells bear enhanced CRAC activity (136), and DRAK2-transgenic thymocytes have diminished Ca2+ mobilization following TCR stimulation (132), it is likely that DRAK2 may phosphorylate an intermediate in CRAC signaling. DRAK2 has been shown to phosphorylate S6K1 (139), an important target of mTOR and of TCR signaling that impacts cellular metabolism (22, 57, 140). Thus, DRAK2 may itself serve as an important link between calcium and mTOR signaling, impacting the differentiation and survival of T cell subsets selectively required for immune responsiveness.


[image: image1]

FIGURE 3 | Regulation of DRAK2 activity in T cells via Ca2+-induced respiratory burst. TCR induced Ca2+ depletion from ER stores results in opening of CRAC channels. This high cytosolic [Ca2+] promotes the induction of TCA cycle and OXPHOS in mitochondria, the latter of which release ROS as an OXPHOS byproduct. In addition to inhibiting phosphatases, ROS activate PKD, which itself binds to and activates DRAK2 (likely through transphosphorylation on DRAK2). DRAK2 then impacts Ca2+ signaling by altering SERCA activity (hypothetical), or other unknown substrates.



CONCLUSION

Research into the regulation of CRAC activity, and the unique involvement of metabolic signaling in T cells, has been intense over the last several years. It is becoming quite evident that both signaling paradigms are highly regulated and vital to T cell activation, differentiation, and homeostasis. These pathways also appear to play selective roles in distinct T cell subsets, with the potential that manipulation of such pathways could influence the balance between immunity vs. self-tolerance in different disease states. A significant challenge to immunologists is to develop selective therapies to influence this balance. In the case of autoimmune disorders, the difficulty is to block autoreactive T cell function without promoting general immunosuppression. In the case of chronic microbial pathogen infections and cancer, therapeutic approaches to reinvigorate antimicrobial or anti-tumor T cell responsiveness are highly sought after. It is thus imperative that novel methods are considered to influence the appropriate immune response. Given the unique crosstalk between calcium mobilization and bioenergetic metabolism, there may be an opportunity to uniquely affect the outcome of immune therapies by targeting the molecules that mediate this crosstalk.
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Currently available immunotherapies have improved the treatment of autoimmune diseases; however, these therapies are known to have considerable side-effects, such as increasing the susceptibility to infections. Therefore, there is an unmet need for novel immunosuppressive strategies with different mechanisms of action and higher specificity for disease-causing autoreactive T lymphocytes from existing immunomodulators.

The increase of the cytoplasmic calcium concentration from intra- and extracellular sources (i.e., the endoplasmic reticulum and store-operated calcium entry through the plasma membrane) is the cornerstone of T lymphocyte activation and functionality. In the course of lymphocyte activation, potassium channels maintain the driving force for sustained calcium influx from the extracellular milieu as they grant the efflux of potassium from the cytoplasm, thus conserving an electrochemical potential gradient between the intra- and extracellular spaces. There are two major types of potassium channels in T cells: the voltage-gated Kv1.3 and the calcium-activated IKCa1 channels. The relation between the calcium currents through calcium release-activated calcium (CRAC) channels and the efflux of potassium makes the proliferation and activation of lymphocytes sensitive to pharmacological modulation of Kv1.3 and IKCa1 channels, and provides an opportunity for targeted intervention. Specific inhibition of these channels results in a diminished calcium influx in lymphocytes and a lower level of lymphocyte activation.

Previous data suggest that selective modulation of lymphocyte activation through specific inhibition of potassium channels may be a possible therapeutic approach for the treatment of autoimmune disease (1–6). Beeton et al. showed that terminally differentiated effector memory T (TEM) cells play a pivotal role in the pathogenesis of autoimmunity (4). Wulff et al. described that the characteristic potassium channel phenotype of TEM cells in multiple sclerosis (MS) is Kv1.3high IKCa1low, contrasting naïve, and central memory T (TCM) cells, which exhibit a Kv1.3low IKCa1high channel phenotype (1). Therefore the therapeutic relevance of specific Kv1.3 channel inhibitors is of outstanding interest, as they may offer the possibility for selective modulation of pathogenic TEM cells, while naïve and TCM cells (needed for physiological immune responses) would escape the inhibition through upregulation of IKCa1 channel expression. Beeton et al. demonstrated that the symptoms of experimental autoimmune encephalitis, a murine model of MS, significantly improved after treatment with selective Kv1.3 inhibitors (5).

Although results from animal models are promising, limited data is available on the effects of potassium channel inhibition on T cell function in humans. Furthermore, besides naïve and memory T cells, alterations in the activation pattern of effector (CD4+ helper and CD8+ cytotoxic) T lymphocytes have not been described upon Kv1.3 and IKCa1 inhibition. Although these cells might have a less-specific role in the maintenance of autoreactivity compared to TEM cells, their inhibition have important consequences on the overall immune response. Therefore, over the recent years, we have investigated calcium influx characteristics in effector T cell subsets in a number of autoimmune disorders.

We isolated peripheral blood mononuclear cells from MS, rheumatoid arthritis (RA) and type 1 diabetes mellitus (T1DM) patients and applied a novel flow cytometry-based approach for the detection of calcium influx (7–10). Until the recent past, single-cell techniques were used for the investigation of calcium influx during lymphocyte activation. There has been no high-throughput method available to study the kinetics of lymphocyte activation in more subsets at the same time. Single-cell techniques are restricted by not being capable of characterizing this process in complex cellular systems, thus ignoring the interaction between the different lymphocyte subsets that may modulate the course of their activation. Therefore, over the recent years we have developed a novel algorithm that allows simultaneous monitoring of calcium influx in several lymphocyte subsets. Our software (FacsKin) fits functions to median values of the data of interest and calculates relevant parameters describing each function. By selecting the best fitting function, this approach provides an opportunity for the mathematical analysis and statistical comparison of kinetic flow cytometry measurements of distinct samples (more details available at www.facskin.com). Our findings indicate important differences in calcium influx kinetics in the studied autoimmune disorders compared to healthy controls.

MULTIPLE SCLEROSIS

Multiple sclerosis is an autoimmune disease affecting the central nervous system (CNS). The autoimmune reaction primarily destroys the myelin sheath covering the nerve cells. T lymphocytes play a key role in the pathogenesis of MS. They regulate the ongoing inflammatory process of the CNS which leads to the damage of the myelin sheath and axons. However, only a small part of T lymphocytes are myelin-specific autoreactive cells. Besides the demyelinating action of these cells of the CNS, the activation of peripheral lymphocytes also contributes to the pathogenesis and disease progression (11). In our investigations we measured samples of healthy individuals and MS patients with no immunomodulatory therapy, as well as MS patients treated with interferon beta (IFN-b), currently regarded as the most effective therapy of MS. We discovered increased sensitivity of CD8 cells to Kv1.3 channel inhibition in MS. Therefore, from the CD4-CD8 point of view, we demonstrated specific immunomodulation that may be beneficial in the therapy of MS via the selective suppression of CD8 cytotoxic lymphocytes over CD4 helper cells. However, this specificity is not present within the CD4 subset, since our results suggest that Th1 and Th2 cells are similarly suppressed upon the inhibition of Kv1.3 channels. Since the cytokine balance is of utmost importance in the regulation of the autoimmune reaction, the inhibition of the Th2 subset would probably result in a setback of therapeutic efforts in MS. Our findings are relevant in the light of observations regarding the contribution of TEM cells to the development of MS, as described above. Although the Kv1.3high IKCa1low pattern is found in both CD4+ and CD8+ TEM cells, we can assume that the majority of TEM cells are CD8+, since TEM cells express immediate effector function. This might provide an explanation for the increased sensitivity of CD8 cells to Kv1.3 channel inhibition in MS in our study.

We have also demonstrated important differences in calcium influx kinetics and lymphocyte potassium channel function in MS patients with and without IFN-b therapy. Selective blockers of the Kv1.3 channel might be promising drugs in combination therapy, supplementing the presently used IFN-b treatment. Our results indicate that IFN-b therapy is related to compensatory changes only in the Th1 subset in MS regarding calcium influx kinetics and the function of potassium channels. However, the increased function of the Th2 subset, and therefore the production of anti-inflammatory cytokines are less affected. This might contribute to a more effective treatment of the autoimmune process in this disorder (9).

RHEUMATOID ARTHRITIS

The short-term activation of peripheral blood and synovial fluid T lymphocytes, especially that of autoreactive T cells plays a crucial role in initiating and maintaining the chronic inflammation in the joints of patients suffering from RA. These cells regulate the inflammatory process resulting in the destruction of the articular cartilage and also play a role in extra-articular damage. We investigated T lymphocyte calcium influx kinetics following activation in peripheral blood of recently diagnosed RA patients compared to healthy individuals. Our results indicate that margatoxin (MGTX), a specific blocker of the Kv1.3 channel acts differentially on calcium influx kinetics in major peripheral blood effector lymphocyte subsets of RA patients. The immunomodulatory effect of Kv1.3 channel inhibition is predominantly seen in cytotoxic (CD8) T cells in RA. However, this effect does not seem to be as specific as reported before by Beeton and colleagues in case of TEM cells (2), since anti-inflammatory Th2 cells are also affected to a noteworthy extent. This subset has an important role in counterbalancing the ongoing inflammatory process, and therefore its inhibition is not useful in the treatment of RA. A reason for limited specificity of Kv1.3 inhibition in the peripheral lymphocytes might be the differential distribution of disease-associated autoreactive T cells in RA patients on local and systemic levels. In the synovial fluid (locally), autoreactive TEM cells, expressing high numbers of Kv1.3 channels are abundantly present. However, this Kv1.3 pattern was not detected in peripheral blood T cells, because autoreactive TEM cells are infrequent in the circulation. Peripheral blood T cells were predominantly found to be naive and TCM cells (2).

TYPE 1 DIABETES MELLITUS

Our results indicate that the sensitivity of T1DM lymphocytes to the inhibition of Kv1.3 channels is increased compared to healthy individuals. It has been hypothesized that beneficial effects of Kv1.3 channel inhibition by MGTX are due to the dominance of Kv1.3 channels on activated TEM cells (1, 2). It was also presumed that MGTX would inhibit the activation of CD8 lymphocytes responsible for cytotoxic destruction of pancreatic beta cells. Nevertheless, our findings support that Kv1.3 channels have an important role in each investigated lymphocyte subset in T1DM, including Th2 lymphocytes acting as counterbalancing factors in the development of T1DM through the production of anti-inflammatory cytokines (12). Therefore, administration of Kv1.3 channel inhibitors would not have an exclusive effect on cells responsible for the autoimmune response in T1DM, but may have an impact on the activation characteristics of immune cells in general (8).

SUMMARY

Based on our results, a number of dominant features were identified that were present in the investigated autoimmune diseases. First, the time when the peak of calcium influx was reached decreased in autoimmune patients compared to healthy individuals, indicating that these cells are in a state of sustained reactivity due to the ongoing autoimmune reaction.

Earlier studies were limited to the investigation of potassium channels in naive and memory lymphocytes. We have extended these findings to significant effector T lymphocyte subsets, and found a different pattern of sensitivity to the inhibition of lymphocyte potassium channels in Th1 cells of autoimmune patients compared to healthy individuals. In healthy controls the inhibition of the IKCa1 channel decreased calcium influx in Th2 and CD4 cells to a lower extent than in Th1 and CD8 cells. On the contrary, the inhibition of Kv1.3 channels resulted in a larger decrease of calcium entry in Th2 and CD4 than in Th1 and CD8 cells. In the investigated autoimmune patients a greater decrease of calcium influx upon the inhibition of the Kv1.3 channel than that of the IKCa1 channel was observed in Th1 cells. This finding is of special interest, since Th1 cells are regarded as key players in the mediation of pro-inflammatory responses.

However, the selectivity of the investigated inhibitors was limited in our experiments, as they did not only affect a single subset, as previously suggested. Although in earlier observations the inhibition of Kv1.3 channels specifically blocked the function of TEM cells, our investigations extending to significant effector T lymphocyte subsets demonstrated that the inhibitory effect is present not only in disease-associated CD8 and Th1 cells, but also in the anti-inflammatory Th2 subset. The induced decrease in their function could lead to unwanted side-effects and in a setback of therapy in vivo.

Therefore, further studies, including the analysis of functional consequences (such as cytokine production or proliferation) of lymphocyte potassium channel inhibition are needed on human samples and experimental models to judge the usefulness of this approach in the fight against autoreactive lymphocyte subsets and harmful cellular responses in autoimmune patients.
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Fate decision processes of T lymphocytes are crucial for health and disease. Whether a T lymphocyte is activated, divides, gets anergic, or initiates apoptosis depends on extracellular triggers and intracellular signaling. Free cytosolic calcium dynamics plays an important role in this context. The relative contributions of store-derived calcium entry and calcium entry from extracellular space to T lymphocyte activation are still a matter of debate. Here we develop a quantitative mathematical model of T lymphocyte calcium dynamics in order to establish a tool which allows to disentangle cause-effect relationships between ion fluxes and observed calcium time courses. The model is based on single transmembrane protein characteristics which have been determined in independent experiments. This reduces the number of unknown parameters in the model to a minimum and ensures the predictive power of the model. Simulation results are subsequently used for an analysis of whole cell calcium dynamics measured under various experimental conditions. The model accounts for a variety of these conditions, which supports the suitability of the modeling approach. The simulation results suggest a model in which calcium dynamics dominantly relies on the opening of channels in calcium stores while calcium entry through calcium-release activated channels (CRAC) is more associated with the maintenance of the T lymphocyte calcium levels and prevents the cell from calcium depletion. Our findings indicate that CRAC guarantees a long-term stable calcium level which is required for cell survival and sustained calcium enhancement.
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1. INTRODUCTION

The dynamics of the free cytosolic calcium concentration upon stimulation of T lymphocytes (TCs) is crucial for TC activation and fate decision processes. While it is clear that calcium rises upon stimulation of the TC receptor (TCR), the calcium pattern associated with different fates of TCs has not been deciphered (1–4). However, it is likely that the calcium signal is correlated with the later fate of the activated TC, i.e., anergy, division, acquisition of the regulatory phenotype or apoptosis (3, 5, 6). Dysregulation in TC calcium signaling has been linked to inflammatory and autoimmune diseases as well as to allograft rejection (2). A relevant player in calcium dynamics is the calcium-release activated channel (CRAC) which is located in the plasma-membrane and activated by calcium depletion in the intracellular calcium stores like the endoplasmic reticulum (ER). As ion-gating transmembrane proteins in the plasma-membrane (PM) are possible targets of drug applications in the context of various clinical settings (2, 7, 8), insight into the specific calcium dynamics is essential for an efficient control of TC behavior.

The relative contribution of ER-derived calcium entry versus CRAC to the calcium signal following TC stimulation is a matter of ongoing debate (9–12). While a considerable number of scientists argue for CRAC being the major player of TC calcium dynamics (12, 13), others argue for a dominant role of calcium-induced calcium-release (CICR) (10, 14, 15) or for a dominant role of second messenger-induced calcium-release from ER (16, 17). All three contributions are required for a functional TC calcium signal, however, the sequence of the contributions might be essential. Second messenger-induced activity appears as a very early signal (18), which might act as triggering event for CICR and subsequent CRAC activation (2, 19–21). Quantitative analysis of the components of calcium signaling during TC activation is essential for the development of strategies for an efficient control of TC responses. A mathematical analysis of the calcium dynamics in a model including calcium stores and CRAC may shed light on the relation and relevance of both calcium sources (12, 22). This is the major motivation for the present work.

T lymphocytes are non-excitable cells in the sense that they do not exhibit bursts like pancreatic beta-cells, spikes like neurons, or comparable fast dynamics (23–25) even though single cell measurements detected calcium oscillations (10, 19, 26). The non-excitability of TCs might have prevented a larger interest of mathematical modelers in lymphocyte calcium dynamics. The few existing models (22, 27–29) mostly focused on modeling of CRAC-channel dynamics or a special part of the store-operated-calcium-entry signaling pathway (27) and its contribution to intracellular calcium dynamics. Also the dependence of ORAI1 assembly to a tetrameric CRAC on calcium oscillations was considered (28). In one approach a spatial resolution of CRAC currents and of the calcium dynamics in TCs was considered in the context of immunological synapse formation (22). Two different models for inositol 1,4,5-tris-phosphate-receptor (IP3R) activity were compared and it was shown that they differ in their impact on TC calcium dynamics (27), a result that will be used in the present model as well. The plasma-membrane calcium-ATPase (PMCA) was modeled in Jurkat TCs and a reversible modulation of PMCA activity was postulated (12), which is a further topic addressed in this investigation.

The aforementioned theoretical studies on TC calcium dynamics were all based on whole cell current models. In the context of excitable cells we have shown that it is possible to derive the whole cell currents from the single transmembrane properties (30). To achieve this goal, specific quantitative measurements of protein activation, inactivation, dependencies and conductance were used. The big advantage of this approach is that most parameters of the model are determined by independent experiments, which increases the predictive power of the model. The present paper applies this strategy to calcium dynamics of TCs. The model also includes the dynamics of transmembrane channel expression kinetics in order to represent CRAC recruitment upon calcium store depletion. The mathematical model was validated using dynamic calcium data measured under specific experimental conditions. The validated model allowed to reassess the relative role of store-derived and CRAC-mediated calcium entry on a quantitative basis. A new role of the CRAC-channel is postulated, which is associated with maintenance of TC calcium levels rather than TC activation.

2. MATERIALS AND METHODS

The modeling framework is presented in this section. Three compartments, extracellular space (ES), cytosol, and ER are distinguished, each being represented by ordinary differential equations. The nucleus is only included as an object which reduces intracellular space (Section 2.4). The compartments are encased by the PM and the membrane of the ER. Both membranes contain transmembrane proteins (Figure 1), which allow for a flow of ions from one compartment to the other. The surface densities and the properties of these proteins in terms of conductance and control parameters determine the resting and activated states of the TC. While the protein properties are derived from measured single protein data, which are independent of the whole cell calcium experiments used for validation, the protein densities are in parts derived from steady state conditions (Section 2.9) and in parts determined by fitting to whole cell calcium dynamics (Section 2.10).


[image: image1]

FIGURE 1 | Scheme of the transmembrane proteins included in the mathematical model. The elements of a TC considered in the mathematical model are shown with particular emphasis on calcium-conducting transmembrane proteins. The outer border of the cell represents the PM. In the PM CRAC and PMCA are located which induce calcium influx and extrusion, respectively. The intracellular organelle around the nucleus (yellow) depicts the ER. The membrane of the ER contains IP3R and SERCA (sarco/endoplasmic reticulum calcium-ATPase) which control the exchange of calcium between the ER and the cytosol.



In the following, the equations for calcium dynamics, calcium-buffering, and for the second messenger d-myo-inositol-1,4,5-tris-phosphate (IP3) are introduced. The details of the compartment sizes and the surface between the compartments are explained in Section 2.4. Particular emphasis is put on the geometry of the Jurkat TC, the specific cell line, which is used in the subsequently described experiments. The single transmembrane protein characteristics will be described and the corresponding mathematical models introduced. Wherever possible we implemented data from experiments performed with Jurkat TCs. Finally, all model pieces are merged to the proposed model of TC calcium dynamics in Section 2.10. This includes the determination of the remaining unknown parameters.

2.1. CALCIUM DYNAMICS AND BUFFERING

Two major players determine exchange of calcium through the PM (Figure 1): PMCAs actively transport calcium from the cytosol into ES (12, 31), while CRAC-channels allow for a passive electrochemical current of calcium ions into the cell (21, 32, 33). The density of active CRAC-channels ρCRAC in the PM is increased in dependence on ER calcium (CER) depletion (34). The free cytosolic calcium concentration (C) is further affected by modulations of the calcium flow between cytosol and ER (Figure 1). Sarco/endoplasmic reticulum calcium-ATPase (SERCA) transports calcium ions from the cytosol into the ER (10, 35) and by this maintains a chemical gradient of calcium from the ER to the cytosol. Conversely, calcium can passively leave the ER into the cytosol when IP3R channels open in dependence on calcium and the second messenger IP3 (1, 36, 37) associated with calcium-induced-calcium-release (CICR) (38). Furthermore other second messengers like cyclic ADP ribose (cADPR) (16) and nicotinic acid adenine dinucleotide phosphate (NAADP) (39) were found to influence calcium dynamics. Their effect is mediated by activation of the ryanodine receptor (RyR) which leads to calcium-release from intracellular stores (17, 40–43). In order to avoid an over-parametrization of whole cell calcium curves, which the present model focusses on, we restrict ourselves to the dynamics of IP3. The inclusion of cADPR and NAADP and their effect on RyR requires a more detailed data basis and should be addressed with a more complex model in the future.

2.1.1. Calcium in the cytosol

The four sources and sinks of free cytosolic calcium C are described as

[image: image1]

where zCa = 2 is the valence of calcium ions, F the Faraday constant, ξ and ξERC geometrical surface to volume ratios for PM [equation (16)] and ER membrane [equation (17)], respectively. ρX is the surface density and IX the single transmembrane protein current, which are defined in the subsequent sections. By convention, positive ions that enter the cytosol are represented by negative electrical currents. BC represents the cytosolic calcium-buffer in the rapid buffer approximation
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where b0 is the total buffer concentration, and Kb the calcium-buffer dissociation constant. The fraction of free calcium in the cytosol then reads

[image: image1]

The main buffer within the cytosol is calmodulin (CaM) with 4 calcium binding sites per CaM. There is a diversity of measured CaM concentrations depending on cell type and organ (44–46). A realistic average value is 25 μM of CaM, corresponding to b0 = 100 μM of calcium binding sites. The dissociation constant Kb was determined by the required fraction of free calcium of fC ≈ 0.1% in non-excitable cells (47), leading to Kb = 0.1 μM.

2.1.2. Calcium in the ER

The dynamics of the calcium concentration in the ER CER is described by an equation analogous to equation (1)

[image: image1]

with a different geometrical factor ξER [equation (18)], and a different calcium-buffer BC,ER defined by

[image: image1]

The fraction of free calcium in the ER reads

The resting ER calcium level is CER,0 = 400 μM (2) which holds true for Jurkat TCs considered here (34).

[image: image1]

In the ER calcium is buffered by calsequestrin, with three high and three low-affinity binding sites (48), and by calreticulin, with two distinct domains, one with high-affinity (K = 0.01 mM) but low capacity (0.6–1 mol Ca2+/mol protein), and one with low-affinity (K = 2 mM) but high capacity (18 mol Ca2+/mol protein) (49). As calreticulin binds more than 50% of the luminal ER calcium (50) only this buffer is considered here. In pancreatic acinar cells it was estimated that 20-times more calcium would be free in the ER compared to the cytosol (47), suggesting fC,ER ≈ 0.02. This is achieved by using bER,0 = 30 mM and KER,b = 0.1 mM, which corresponds to an intermediate dissociation constant of both calcium binding domains.

2.2. IP3 DYNAMICS

IP3 (P) is generated in a TCR- and calcium-dependent way described by

[image: image1]

where βP is the production and γP the degradation rate. The Hill-function is defined as

[image: image1]

where K is the concentration of X at which the Hill-function reaches its half value, and n the Hill-coefficient which determines the steepness of the Hill-function.

The degradation rate in equation (7) is determined by steady state conditions for IP3 in equation (35). The production rate is the tonic production rate and is modulated by increased calcium with the Hill-function in equation (7), leading to a positive feedback loop between calcium and IP3. βP is fitted as described in Section 2.10 and mainly influences the speed of the early calcium response after TC stimulation.

The production is further modified by the time-dependent input function T(t) representing the degree of TCR stimulation of the cell. T = 1 is assumed in the resting state.

The resting concentration of IP3 P0 is identified as critical parameter. It strongly determines the responsivity of the cell via activation of IP3R (see Section 2.6). It was fitted as described in Section 2.10.

2.3. MEMBRANE AND REVERSAL POTENTIALS

The resting membrane potential is set to V = −60 mV (51–53). It is assumed that the membrane potential is not changed by the calcium currents (V = V0) and that the electrical current corresponding to calcium fluxes in or out of the cell is equilibrated by other ions.

Further it is assumed that VER,0 = V0 = −60 mV, thus, the ER and the cytosol are electrically equilibrated (54). ER calcium efflux may lead to small fluctuations (55) which are neglected. Thus, VER = V is assumed at all times.

In this approximation, the reversal potentials depend on the chemical gradient only. The Nernst-equation is used to calculate the reversal potential during dynamical changes of calcium concentrations:

[image: image1]

where R = 8.315 J/(K mol) the Rydberg (molar) gas constant, T = 310 K, and F the Faraday constant.

For many channels, the real I-V-relationship is not linear as assumed for the currents IX in equations (23) and (28). Therefore, the reversal potential is corrected for the CRAC-channel by a shift ΔVC = 78 mV in order to achieve the correct linear extrapolation of the I-V-relation of CRAC-channels with a zero around [image: image1] [(34) Figure 1, (33) Figure 2]. This approximation is only valid for depolarization below V = 50 mV.

The reversal potential for ER calcium [image: image1] is treated in complete analogy to the cytosolic case which leads to a correction of ΔVC,ER. As the value is not known it is derived using the fitting routine in Section 2.10.

2.4. TC GEOMETRY

Most measurements on TC calcium dynamics are performed in Jurkat TCs which are small but still larger than normal human blood derived TCs. In an approach based on ordinary differential equations the effect of an ion current onto the concentration of the ion in the cytosol or ER is not spatially resolved. While local calcium entry can induce transient high concentrations of calcium (22) the comparably small cytosolic volume of TCs justifies this approach for the description of whole cell calcium dynamics because local inhomogeneities will quickly equilibrate. In the model this is reflected as change of the average concentration. How an ion current changes the average calcium concentration depends on the geometry of the cell. In the dynamic equations for the ion concentrations the current IX through an individual ion-conducting protein X is multiplied by the surface density ρX. Thus the concentration change is derived from a current surface density. The latter has to be translated to the actual change in concentration by a surface to volume ratio, which is considered here.

Given a cell radius Rcell, the cell volume Vcell and cell surface Acell are known as well. However, the volume relevant to changes in concentration is not the cell volume Vcell but the cytosolic volume Vcyt which can be approximated as
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using the volumes of ER and nucleus. This is important because the nucleus, with a radius of

[image: image1]

is substantially reducing the resulting cytosolic volume. fR ≈ 0.8 is assumed for human TCs (56), and fR ≈ 0.25 for Jurkat TCs. The volume of the ER is expressed as a fraction of the total cell volume

[image: image1]

with fV ≈ 0.1 (57). However, electron micrographs of TCs suggest that fV ≈ 0.01 (25) which is used here. Taking this together, the cytosolic volume becomes

[image: image1]

The surface of the ER is also needed in order to translate the current surface densities calculated on the ER surface into concentration changes in cytosol and ER. While the TC itself is approximated as a sphere, the ER is absolutely non-spherical. The exact surface of the ER is difficult to be measured and accordingly approximated as

[image: image1]

where [image: image1] is the surface of a spherical ER with volume [image: image1] [determined in equation (12)], and fA is the fold increase of the ER surface with respect to the surface of a spherical ER. fA = 30 was roughly estimated from the folding degree of the ER in electron micrographs of TCs (25). Note that only the product of fA with [image: image1] enters the model, such that both parameters are redundant and were only separated because of their physiological meaning.

The size of human blood TCs can be estimated starting from the capacity of Cm = 0.028 pF/μm2 (58, 59) and using the whole cell capacitance of Ccell = 2 pF [(60), p. 606]. Ccell = 1.7 pF was found in Fomina et al. (14). Using Ccell/Acell = Cm this yields a radius

[image: image1]

and the resulting Rcell ≈ 2.4 μm corresponds to Acell = 72.4 μm2. The experiments described below were performed with Jurkat TCs and the same authors determined the cell volume to Vcell = 2 pl (12). This determines the values Rcell = 8 μm and Acell = 804.2 μm2 used in the present simulations.

Given the cell radius Rcell, the fractions fV and fR, as well as the factor fA, the surface to volume ratios required in equations (1) and (4) can be calculated by
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with
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2.5. CRAC-CHANNEL

The open CRAC-channel current is determined by the electrochemical gradient

[image: image1]

This approach closely follows the model of Martin et al. (22). The validity of the Ohm’s law approximation is only guaranteed within limited ranges of membrane potentials.

2.5.1. Single channel conductance

The single channel CRAC conductance was found to be extremely small in the order of [image: image1] (61).

2.5.2. CRAC recruitment

The density of active CRAC-channels, estimated by the steady state CRAC-channel current, is a dynamic function of the ER-calcium concentration [(34) Figure 1C] described by
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where

[image: image1]

with CCRAC = 169 μM and nCRAC = 4.2. To our knowledge, this is the first time that the surface density of active CRAC-channels in the PM is modeled as a dynamic quantity.

When estimating the same quantity from the degree of STIM1-redistribution, a rather similar relation is found with CCRAC = 187 μM and nCRAC = 3.8 [(34), Figure 2]. The uniformity of both curves supports the view that CRAC-channels are recruited and open in response to ER calcium depletion (34). It can be deduced from the similarity of both curves that the opening dynamics is substantially faster than the redistribution of STIM1. As no opening dynamics of the CRAC-channel is included in the model, the dynamics of the current itself and not of STIM1-redistribution is used.

2.5.3. CRAC density

In equation (25) [image: image1] are the upper and lower limits of possible active CRAC densities. The resting value ρCRAC,0 is not known from experiment and is determined by parameter fitting to calcium dynamics upon TCR stimulation (Section 2.10).

The density of CRAC-channels upon activation with PHA increased about 9-fold (33) which constraints [image: image1] A 10-fold increase has been reported for the whole cell CRAC current in response to stepwise reduced CER [Figure 1C in Luik et al. (34)]. These findings translate into the condition

[image: image1]

where [image: image1] was determined by parameter fitting within the experimental boundaries in Section 2.10. A value for [image: image1] is not known and is determined by the steady state condition equation (36).

2.5.4. CRAC time scales

The time scale of CRAC recruitment can be estimated from the rising time of calcium curves which provides an upper bound of τCRAC < 100 s for the activation time. It is likely that this time is associated with CRAC recruitment rather than with CRAC opening because opening time scales are typically much shorter. The time scale of CRAC recruitment is set to τCRAC = 5 s. Larger values could also be used as the fit was insensitive to τCRAC. Inactivation of CRAC-channels is difficult to be assessed (62). As the time scale of inactivation is in the order of 1000 s (14) and thus longer than the typical experimental durations used here, the present model ignores CRAC inactivation and assumes that the reduction of active CRAC-channels is a secondary effect of CER recovery.

2.6. IP3R IN THE ER

The ER releases its calcium content if activated by IP3 and cytosolic calcium (63, 64). The release of calcium from intracellular stores is based on the opening dynamics of RyR and IP3R in the membrane of the ER. TCs express both, RyR and IP3R and even different subtypes of them.

IP3Rs have binding sites for IP3 and calcium and exhibit complex forms of cooperativity (65). For the present purpose the heuristic description of IP3R activation and inhibition is sufficient. The characteristic feature of the IP3R conductance is a calcium-dependent log-bell-shaped opening probability curve (63) which has been measured for ER vesicles from canine cerebellum and further reviewed in Foskett et al. (38). The open probability curve was best fitted by the product of an activating and an inhibiting Hill-function, both with Hill-coefficient 2 (63).

2.6.1. Open probability

TCR signaling leads to the generation of IP3, the ligand of the IP3R, which modulates the open probability of IP3R and is described as the product of an activation term gIP3R and an inactivation term hIP3R. The properties of single channel openings were quantitatively determined in Xenopus laevis oocytes (37, 38) and we assume that the single channel properties are transferable to TCs. The measured dynamics are well described by the previously published Mak–McBride–Foskett model (37, 38).

[image: image1]

The according parameters were obtained from a data fit (37) to be gIP3R,max = 0.81, CIP3R,act = 0.21 μM, nIP3R,act = 1.9, nIP3R,inh = 3.9, [image: image1] nIP3R,C = 4, and the IP3-concentration of half-activation PIP3R,C = 0.050 μM.

The dependencies of the model equation (27) on calcium and IP3 are depicted in Figure 2 and correctly reproduce the measurements in Mak et al. (37) suggesting that the modulating effect of IP3 is mediated by IP3R inactivation (38). At low calcium this effect is hardly visible and IP3R activation remains unaffected by changes in IP3 for resting concentrations beyond 50 nM. The dynamic IP3 range is between 100 nM and 1 μM (see (66), Table 1), a regime of IP3 at which the IP3R-type1 exhibits saturation (27, 67). We do not aim at resolving whether the resting IP3 is lower in TCs or whether the IP3R characteristics are different in TCs, such that the DeYoung–Keizer model should be employed instead (27, 65). It is assumed that the resting concentration of IP3 is in the range of 5–10 nM which ensures that an increased IP3-concentration has an impact on the IP3R opening probability as depicted in Figure 2.


[image: image1]

FIGURE 2 | Activation and inactivation of IP3R in dependence on calcium and IP3. Reproduction of the experimental data (37) with the Mak–McBride–Foskett model equation (27). (A) IP3R opening probability gIP3R hIP3R in dependence on free cytosolic calcium C for different IP3-concentrations P. (B) The same IP3R opening probability in dependence on IP3-concentration P for different free cytosolic calcium concentrations C.



2.6.2. IP3R calcium current

The steady state activation function (Figure 2) can be used to define the calcium current through the IP3R which follows the electrochemical gradient between the cytosol and the ER

[image: image1]

with [image: image1] Note that the conductance differs between tissues (38). V − VER is the potential difference between ER and cytosol, and [image: image1] is the ER-reversal potential for calcium, calculated from the Nernst-equation equation (9). We assume an electrical equilibrated relation of cytosol and ER such that V = VER holds true.

2.6.3. (In)activation dynamics

The activation and inactivation factors g and h are treated dynamically and approach equation (27) in steady state, while the adaptation of CIP3R,inh in equation (27) is treated in quasi steady state:

[image: image1]

2.6.4. Activation time

Activation time scales can be determined from Mak and Foskett (68), Figure 5, and are in the range of less than 5 and 20 ms for depolarizations to 20 and 40 mV. Two exponentials were needed to fit the opening frequency. Using rat hepatocytes the activation and inactivation time scales were found to depend on the IP3-levels (69): activation varied between 100 and 500 ms for 10 μM and 400 nM of IP3, respectively (see Figure 1 therein). The time delay reported in Marchant and Taylor (69) is consistent with the IP3-dependent time delay of channel opening of 1 s > τIP3R > 100 ms using basophilic leukemia cells from rats (70). As the model focusses on calcium dynamics on the scale of minutes, a constant τIP3R = 100 ms is assumed.

2.6.5. Inactivation time

Onset of inactivation happens in less than 2 min (68). A slow and a fast current were distinguished (69). The fast current inactivates on a time scale of 200–450 ms, the slow one between 1 and 6 s (see Figure 2 in the same publication). The authors attribute the fast time scale to inactivation of IP3R and the slow one to the depletion of the calcium content in the ER. Accordingly, only the fast time scales are relevant for the single IP3R, and θIP3R = 300 ms is assumed.

2.6.6. Calmodulin dependence

It was found that the calcium-release from ER is reduced for high concentrations of the calcium-buffer calmodulin (71). Such a dependence is neglected in the present model.

2.6.7. IP3R density

The IP3R density on Jurkat TCs is not known and is determined using steady state condition equation (34).

2.7. PLASMA-MEMBRANE CALCIUM-ATPase

Plasma-membrane calcium-ATPase is an ATP-driven calcium pump which extrudes calcium from the cell to the ES. It was characterized in TCs (12). In a first attempt the dependence on the ATP concentration is ignored and assumed to be large enough in order to make the pump work optimally. In this case the activity is mainly dependent on the calcium concentration in the cell. A suitable modeling approach is
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with
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The current [image: image1] is positive as it carries calcium out of the cell. The Hill-coefficient was determined to be nPMCA = 2 (72).

2.7.1. Turn-over rate

The turn-over rate of PMCA is approximately 30 Hz (73) which corresponds to an activity rate of ka = 0.03/ms which is also used in Sherman et al. (74). This turn-over rate can be translated into an electrical current by using that every pumping event corresponds to the flow of 2 electrical charges which yields [image: image1]

2.7.2. Calcium-dependent activation

Typical values for the half-activation calcium concentration are CPMCA = 0.1 μM (at 540 nM calmodulin, see e.g., (75), Figure 3). The isoforms 2a and 2b exhibit CPMCA2ab < 0.1 μM. The predominant isoform of PMCA in Jurkat TCs is 4b [(76), Figure 6B]. CPMCA4b ≈ 0.2 μM was found in Jurkat TCs [Figure 2 in Caride et al. (76)] and is used here.

2.7.3. Calmodulin-dependent activation

Note that the values of half-activation also depend on the calmodulin concentration (75– 77). For calmodulin concentrations above 1 μM (which is exclusively the case in all present simulations) full activation of all isoforms is ensured (75, 78). Hence, the dependence on calmodulin is weak in this regime and is neglected.

2.7.4. Delay of activation

Binding of calcium to PMCA is a comparably fast process with a rate constant >3 per second (79). However, the activity of PMCA is delayed in some isoforms including the isoform 4b (76) which is relevant for TCs. The rate constant of PMCA activation upon stimulation with 500 nM of free calcium was in the range of 0.02 per second (76), which leads to a delay of PMCA activation in the range of τPMCA = 50 s in equation (31). This delay was associated with a calmodulin and calcium-dependent activation (76). However, as the exact mechanism is not known this delay is modeled in equation (31) on a phenomenological basis.

2.7.5. PMCA density

For TCs no precise value of the protein density is known and the value is determined by the steady state condition equation (33).

2.8. SARCO/ENDOPLASMIC RETICULUM CALCIUM-ATPase

The calcium level in ER is kept high with the help of SERCA calcium pumps. The activity of SERCA is assumed to rapidly adapt to the present calcium concentration in the cytosol and can be described by a Hill-function.

[image: image1]

In every turn-over cycle two calcium ions are transported per ATP (80). There are different subtypes of SERCA whose properties differ. In Jurkat TCs as well as in human tonsil lymphocytes the dominant isoform is SERCA2b (81).

2.8.1. Turn-over rate

The turn-over rates of most isoforms are in the range of k = 10 Hz (i.e., [image: image1] For SERCA2b k2b = 5 Hz was reported (82) which implies the value [image: image1] pA used in the model.

2.8.2. Calcium-dependent activation

For the SERCA isoforms 1, 2a, and 2b the half-activation CSERCA = 0.4 μM and the Hill-coefficient nSERCA = 2 are a good approximation [(82) Figure 4]. The half-activation of SERCA3 is around 1μM with the same Hill-coefficient (82). SERCA2b is an isoform active at relatively low calcium concentrations (82). Specifically, in Jurkat TCs as well as in human tonsil lymphocytes, the dominant isoform SERCA2b was characterized with nSERCA2b = 2.0 and CSERCA2b = 0.25 μM (81), which is used here.

2.8.3. SERCA density

Even though the expression of SERCA was shown to be modulated upon activation (83), the expression density of SERCA within ER is not known and is determined by parameter fitting in Section 2.10.

2.9. STEADY STATE DETERMINES PROTEIN DENSITIES

The resting state of the TC is determined by setting the dynamics in equations 1, 4, 7, and 24 to zero. Accordingly, the equations for C, CER, P, and ρCRAC, read:

[image: image1]

[image: image1]

[image: image1]

[image: image1]

where IX,0 denotes the currents with all quantities X in the resting configuration X0. The parameters of the model are summarized in Table 1.

Table 1 | List of parameters, values, and references.
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2.10. NUMERICAL SOLUTION AND PARAMETER FITTING

The model defined by the equations (1, 2, 4, 5, 7, 8, 16–25, 27–32) was implemented as C++-code and solved using a self-written 4th-order Runge–Kutta algorithm with adaptive stepsize control.

As not all parameters could be determined by steady state conditions or by experimental constraints, Figure 1A in Bautista et al. (12) was used to determine the remaining free parameters. We used a two-step fitting procedure: at first, the differential evolution algorithm defined in Storn and Price (84) was incorporated into the C++-code of the model on the basis of all parameters in Table 1 that were not determined by steady state conditions. The parameters were varied within hard-coded boundaries dictated by experimental constraints (when available). The quality of the fit to the calcium data in Bautista et al. (12) was measured as the mean square deviation

[image: image1]

with Xi and Ei representing the simulation and experimental values, respectively. In a second step, the first approximative fit was subject to a sensitivity analysis in which each parameter was varied by 10% while monitoring the effect on QI. The three unknown protein densities ρSERCA, ρCRAC,0, and [image: image1] two sensitive IP3 related parameters P0 and βP, as well as the very sensitive parameter ΔVC,ER were used for fine-tuning the initial parameter fit with the same differential evolution algorithm. These fit parameters are marked variable in Table 1. The final fit reached QI = 0.100197 with N = 22. The sensitivity analysis was repeated for the final fit and the impact of each parameter on QI in equation (37) is provided in Table 1.

All subsequently described simulations are started with the cell in steady state as defined by the hard-coded equations (33–36). Starting from these initial conditions, the respective stimulation protocols are applied as described in the results section.

3. RESULTS

In the methods section single protein characteristics were summarized and specific mathematical models capturing their main properties were proposed or cited. The models for the single proteins were combined to a whole cell model and the unknown parameters were determined using steady state conditions or by data fitting as described in Section 2.10. In this section, we replicate specific experimental setups described in the literature in silico and analyze the calcium dynamics from the perspective of the model.

3.1. TCR STIMULATION

The introduced TC-model is used to investigate the experiments of Bautista et al. (12) in Jurkat TCs. TC activation by stimulation of TCR induces an intracellular rise of second messengers like cADPR, NAADP, and IP3. In the present model this rise is collectively reflected in equation (7) for IP3. The IP3 signal activates IP3R and by this induces a calcium-release from the ER. The positive feedback loop of CICR leads to even more calcium-release from the ER, which in turn reduces the ER calcium concentration CER. CRAC is activated in a CER-dependent manner, as represented by equation (24). The rising cytosolic calcium is cleared by PMCA and the ER is refilled by SERCA, both being ATP-dependent processes.

Using 2 mM of external calcium a cell in resting state was activated with OKT3 via TCR [see Figure 1A in Bautista et al. (12)]. This induced a calcium peak to more than 1 μM within 50–100 s, which subsequently relaxed to a plateau level of ≈0.7 μM over the following 200 s. This behavior is well reproduced by the model (Figure 3A) and was used to determine the unknown parameters (Table 1). The peak height relies on both, on a proper activation of IP3R and CRAC. The choice of P0 turned out to be rather important in order to guarantee a proper activation of IP3R. The maximum activated CRAC density was essential for the height of the plateau. A value of fCRAC = 6.5 was found to correctly reproduce the plateau height as measured in Bautista et al. (12).


[image: image1]

FIGURE 3 | Calcium dynamics in response to TCR stimulation. Simulation of the experiment in Figure 1A in Bautista et al. (12). (A) The cell is in steady state until t = 10 s when stimulation is started by setting T(t) = 1.6 in equation (7). Stimulation is kept constant throughout the simulation. Reference is the simulation used as a basis for all other simulations in the paper and is compared to the experimental result [black triangles read off Figure 1A in Bautista et al. (12)]. For fast PMCA a value of 1 ms was used for τPMCA. For slow IP3R inactivation a value of 300 s was used for θIP3R. (B) Whole cell currents show an initial release of calcium from the ER which is followed by a CRAC inward current. Negative currents are calcium currents into the cytosol. (C) Single transmembrane protein currents. (D) Dynamic response of active CRAC-channel density.



Bautista et al. reported that the delay of PMCA activation is responsible for the calcium overshoot (12). Accordingly, we investigated whether this conclusion is supported by the model. For that purpose we reduced τPMCA from 50 s (76) to 1 millisecond in the otherwise unaltered simulation. This modification does not touch the steady state configuration, such that all other parameters remained unchanged. The model still generated an overshoot of calcium, however, with a reduced amplitude (Figure 3A, blue dotted line). The height of the plateau as well as the relaxation time from peak to plateau remained unchanged. Thus, the simulation supports an influence of the PMCA delay onto the overshoot, but it turned out to not be essential for its existence.

This surprising result led to the question whether a different delay in the model could explain the calcium overshoot. All delays were tested and the only delay with impact on the overshoot was IP3R inactivation, i.e., the parameter θIP3R (Figure 3A, green dashed line). In conclusion, the model suggests that intrinsic properties of the IP3R and not the delay of PMCA activation are responsible for the calcium overshoot upon TCR stimulation.

Next, the model is used for an analysis of the currents which are associated with the different phases of the calcium dynamics (Figure 3B). The IP3-current (red full line) is clearly the largest and also persists beyond the overshoot of calcium due to SERCA activity (red dotted line). The calcium peak induces a PMCA current (black dotted line) that drives the calcium out of the cell (black dashed line). Thus, the CRAC current (black full line), induced by the loss of calcium in the ER, does not even induce a net flow of calcium into the cell (black dashed line) but just prevents the cell from running out of calcium. This model result suggests that the role of CRAC is the stabilization of the cell rather than its activation, which is mostly mediated by calcium from the ER.

The single protein currents (Figure 3C) show that in the model IP3R currents react much more dynamic than CRAC currents. The increased cytosolic calcium even reduces the CRAC currents on the single channel level. However, the reduced ER calcium level induces a strong increase in the active CRAC-channel density (Figure 3D). Thus, the increased whole cell CRAC current seen in Figure 3B is not a result of single channel responses but of a changed channel density.

3.2. TCR STIMULATION WITH ZERO EXTERNAL CALCIUM

Zero external calcium experiments aim at suppressing CRAC currents in order to investigate ER calcium currents in response to TCR stimulation. TCR stimulation of Jurkat TCs hold at zero external calcium results in an intracellular calcium peak after 50–100 s with reduced amplitude in comparison to stimulation with normal external calcium [Figure 2A in Bautista et al. (12)]. The increased calcium is cleared below baseline level within 100–200 s.

In the model, the Nernst-equation prohibits the use of zero external calcium conditions. At very low calcium concentrations the Nernst-equation loses its validity and the reversal potential diverges. Therefore, external calcium is set to the concentration [image: image1] at which the CRAC current vanishes in resting state:

[image: image1]

This mimicks the suppression of CRAC currents as intended in the experiment. The in silico result is shown in Figure 4. The CRAC current vanishes at resting state (Figure 4B, black full line). This is approximately true during the whole experiment, such that the method for mimicking the zero external calcium experiment appears appropriate.


[image: image1]

FIGURE 4 | Calcium dynamics in response to TCR stimulation at zero external calcium. Simulation of the experiment in Figure 2A in Bautista et al. (12). (A) The cell is in steady state until t = 10 s, when stimulation is started by setting T(t) = 1.6 in equation (7) and external calcium is set to equation (38). Stimulation and external calcium are kept constant throughout the simulation. (B) Whole cell currents show the almost complete inhibition of CRAC currents. The calcium peak (left) is generated by ER calcium only. Negative currents are calcium currents into the cytosol.



The calcium peak (Figure 4A) is lower than the one found in Figure 3 which is qualitatively consistent with the experimental result (12). Furthermore, the time scales of calcium rise and clearance are perfectly matched between simulation and experiment. Even the overshoot of clearance below the baseline calcium level is fully reproduced. However, quantitatively, the peak is higher in theory than in experiment. As the in silico peak is exclusively generated by the ER, one might hypothesize that the ER is too big or its calcium content is too high. As these parameters were already chosen comparably low (Table 1), it is more likely that the lack of external calcium influences the stimulation of the cell. The peak size can be reduced to the measured amplitude by reducing the stimulation T from 1.6 to 1.25 (not shown).

3.3. BLOCK OF SERCA AT ZERO EXTERNAL CALCIUM

Thapsigargin (TG) is frequently used to block SERCA activity as it prevents calcium uptake by the ER and leads to a continuous reduction of ER calcium. As low ER calcium recruits and activates CRAC-channels, this would lead to a strong influx of extracellular calcium. In order to prevent this according ER depletion and CRAC activation experiments are performed in zero calcium medium. This strategy was used in Jurkat TCs to generate a cell state in which the ER is mostly void of calcium and CRAC-channels are recruited and activated to a maximum (12, 13, 25, 86). It was reported that this procedure leads to a transient calcium peak of about 0.5 μM after more than 100 s which is slowly cleared and reaches calcium levels below the resting level [Figure 1A in Quintana et al. (86)].

Having established a strategy [equation (38)] for mimicking a medium with zero calcium, a SERCA block is performed in silico by setting ISERCA = 0 at t = 10 s. No TCR stimulation was applied. The measured dynamics are well reproduced without any further parameter fitting (Figure 5A, black full line). Furthermore, the intended depletion of ER is achieved (Figure 5A, red dashed line): a continuous reduction of ER calcium is observed. Note that also IP3 exhibits some dynamics (Figure 5A, blue dotted line) which further accelerates ER calcium loss by activation of IP3R. As expected, the reduced ER calcium leads to the recruitment of active CRAC-channels (Figure 5B).
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FIGURE 5 | Calcium dynamics in response to TG SERCA block at zero external calcium. Simulation of the experiment in Figure 1A in Bautista et al. (86). (A) The cell is in steady state until t = 10 s, when SERCA block is applied and external calcium is set to equation (38). Block and external calcium are kept constant throughout the simulation. P (blue dotted line), C (black full line), and CER (red dashed line) are shown. Note the factor 1000 applied to P and C. (B) The time course of active CRAC density ρCRAC.



3.4. BLOCK OF PMCA IN A TG TREATED TC

As the TG-mediated SERCA block works in silico (Figure 5), the role of PMCA in the clearance of cytosolic calcium is investigated. Following Figure 6 in Bautista et al. (12) TG was applied in a zero calcium medium as in Figure 5. Then a pulse of 2 mM external calcium was applied for 50 s. This induces a steep rise in calcium which is also steeply cleared again. Together with Lanthan (La3+), a PMCA, and CRAC inhibitor (2), the clearance of such a calcium peak was substantially slower (12). A block of PMCA alone by carboxyeosin led to an only weakly modified clearance time, without a return to baseline levels within 300 s.

The same protocol is applied in the model (Figure 6). As before, ER calcium is depleted (Figure 6A, red dashed line) and the active CRAC density is increased correspondingly (as in Figure 5B). The initial free cytosolic calcium peak (Figure 6A, black full line) is the same as in Figure 5A. Upon increasing external calcium to 2 mM for 50 s at t = 300 s, a strong CRAC current is induced (Figure 6B, black full line), which steeply increases cytosolic calcium (Figure 6A, black full line). This calcium is also quickly cleared upon return to the mimicked zero calcium medium. Calcium clearance is dominated by the PMCA current (Figure 6B, black dotted line). However, in the model a small CRAC current is observed supporting extrusion of calcium out of the cell in the case of zero external calcium concentration. Upon permanent block of PMCA and repetition of the transient stimulation by external calcium, it is this backward CRAC current that clears calcium from the cytosol. The time course of the clearance is slower than without PMCA block and the calcium baseline is not reached after 350 s (Figure 6B, black full line). This is a similar behavior as in the corresponding experiment with carboxyeosin [Figure 6D in Bautista et al. (12)]. However, it is not known whether the real CRAC allows for such inverse current under zero calcium conditions. The return of calcium to the baseline might also be supported by uptake of calcium by other organelles like mitochondria, which is not covered by the present model.
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FIGURE 6 | Calcium dynamics in response to SERCA and PMCA block at zero external calcium. Simulation of the experiment in Figures 6C,D of Bautista et al. (12). (A) The cell is in steady state until t = 10 s, when SERCA block is applied and external calcium is set to equation (38). At t = 300 s 2 mM external calcium are applied for 50 s followed by a switch back to equation (38). The procedure is repeated at t = 600 s. In addition, IPMCA is set to zero for the remaining simulation time. SERCA block is kept throughout the simulation. P (blue dotted line), C (black full line), and CER (red dashed line) are shown. Note the factor 1000 applied to P and C. (B) The CRAC density was increased during the first 300 s by ER calcium depletion with TG at zero external calcium [(A) red dashed line]. The whole cell currents show a sudden CRAC current (black full line) upon restoration of external calcium to 2 mM, which is cleared by PMCA activity (black dotted line) after return to zero external calcium. When PMCA is blocked in addition (at t = 600 s), the calcium clearance is slower (black full line). Negative currents are calcium currents into the cytosol.



In the case of PMCA- and CRAC-block with La3+ a rather slow calcium clearance is observed in experiments which apply the same stimulation protocol [Figure 6C in Bautista et al. (12)]. In silico no clearance is observed at all. SERCA is blocked and positive IIP3R-currents are not allowed in the model, such that an uptake of calcium into the ER is excluded. A full block of PMCA and CRAC also excludes any expulsion of calcium out of the cell. Thus, the model suggests that the slow clearance of cytosolic calcium is either due to incomplete block of PMCA or to leakage currents.

3.5. BLOCK OF PMCA IN AN UNTREATED TC

The model suggests that the role of CRAC for TC activation is mainly the maintenance of the integrity of the TCs during stimulation in the sense that it prevents the activated TC from running out of calcium. If we block PMCA in silico at the time of TCR stimulation (protocol as in Figure 3) in an otherwise untreated TC, the TC would be prevented of losing calcium. According to our interpretation of the role of CRAC we would expect that CRAC activity is strongly reduced in comparison to Figure 3.

T lymphocytes receptor stimulation of PMCA-blocked TCs is predicted to induce a strong increase of cytosolic calcium (Figure 7, full black line). Thereby, the steady state CRAC current is not increased (as in Figure 3B, full black line) but reduced (not shown). However, the CRAC current is not reduced to zero such that the total block of PMCA infers a persistent net influx of calcium into the cell and, thus, to a persistent increase of cytosolic calcium. This would ultimately destroy a real TC. As SERCA activity is normal in this in silico experiment, calcium in the ER is only transiently reduced (not shown), leading to a transient and weak increase in the CRAC density (Figure 7, dotted red line). The amplitude is less than twofold instead of sixfold in Figure 3D.
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FIGURE 7 | Block of PMCA in untreated TCs. The TCR stimulation protocol in Figure 3 is repeated. At the time of stimulation (t = 10 s), PMCA activity is blocked preventing calcium efflux from the cell. Cytosolic calcium (full black line, left axis) and the response of the CRAC density (dotted red line, right axis) are shown. The axis for the CRAC density was scaled as in Figure 3D for better comparison.



This result supports the interpretation of the role of CRAC-channels in silico and may be tested in experiment. It further shows, that the calcium level in the ER may be used as an indicator for the overall calcium status of TCs.

4. DISCUSSION

Within the presented investigation whole cell calcium dynamics were derived from models of single transmembrane ion-conducting proteins. The model successfully described a number of experimental settings and captured important characteristics of calcium dynamics upon TCR stimulation. In particular, the role of store-derived calcium-release versus CRAC activation was well represented. We conclude, that we have generated a modeling framework suitable for the quantitative analysis of calcium dynamics of TCs.

The value of using measured single transmembrane protein characteristics is twofold: at first, it substantially reduces the number of free parameters in an otherwise very complex model. All measured single protein properties were just implemented and not altered in the fine-tuning of the model. The reduced number of free parameters increases the predictive power of the model. Secondly, it can be considered as a multi-scale approach which links single proteins to whole cell behavior. This allows the analysis of the dynamics on the single protein level and its implications onto the cellular properties. The drawback of this approach is that not all parameters could be derived from TCs such that we had to assume that single transmembrane properties are universal, which is a correct assumption in many cases (30). Within this framework, cell-specific properties are controlled by the protein densities and the cell-specific properties, both determining the activity range of the respective proteins. However, the predictive power of the model would benefit from corresponding TC related data.

The model of Jurkat TC calcium dynamics as supported by the mathematical model starts from a TCR-derived increase in second messengers like IP3. This ultimately activates IP3R currents and induces an initial calcium current from the ER into the cytosol which triggers CICR. However, calcium uptake via SERCA activity equilibrates the calcium loss in the ER, which leads to a zero net flux on long-term – despite ongoing TCR stimulation. The ER calcium loss, according to the model, was the major contribution to the free cytosolic calcium peak. However, as PMCA activity leads to an overall loss of calcium in the cell, a compensation mechanism is required for a sustained elevation of free cytosolic calcium. The model suggests that the CRAC activity essentially contributes to this compensation mechanism. The initiation of CRAC currents by the depletion of ER calcium levels is in line with this interpretation. The model predicts, that a standard stimulation of TCs together with a block of PMCA activity would lead to a strong calcium rise together with a minor and transient increase of the CRAC density and on long-term to a reduced CRAC current (see Figure 7). This prediction may be tested in experiment in order to validate this interpretation of the role of CRAC-channels.

The emerging hypothesis that the role of CRAC is the stabilization of the TC calcium level, needs to be further strengthened by more detailed modeling work. In particular, early events after stimulation like NAADP generation (87) and subsequent RyR calcium currents from the ER are essential for the early calcium rise (11, 18) and will have to be included in the mathematical model for a proper time-resolved coverage of calcium dynamics. The need for additional mechanisms is also underpinned by the strong sensitivity of the model behavior to changes in the IP3 resting concentration P0 (Table 1). In the present simulation the long-term calcium plateau height mostly relies on the maximum possible CRAC activation by store-operated calcium depletion. For the long-lasting calcium rise, cADPR was proven relevant (16, 40) and has to be considered in the context of the present hypothesis on the role of CRAC. Also the transferability to human blood derived TCs, which exhibit a different geometry, has to be assessed.

As the PMCA block experiment at zero external calcium has shown, it might be important to include leakage currents into the model. However, it should be noted that the postulated role of delayed PMCA activity for the calcium overshoot after TCR stimulation (12) could only partially be confirmed by the mathematical model. With fast activation of PMCA, an overshoot was still observed in our model, and the overshoot could only be suppressed by lack of IP3R inactivation. It should be noted that this result might rely on the Mak–McBride–Foskett model (37), which was used for IP3R dynamics and which exhibits inactivation at rather low IP3. The result might differ if the TC calcium dynamics would be based on the DeYoung–Keizer model for IP3R activity (65).

The proposed model has limitations in its range of applicability. For example, the usage of the Nernst-equation for the chemical gradient and Ohm’s law for the current-voltage relationship of ion-conducting pores is justified only in narrow limits. Experiments with zero external calcium drive the model to the very limits of this range of applicability which was circumvented here using a phenomenological approximation. The model may be reformulated in terms of the Fokker-Planck-equation in order to describe ion transport through the pores in more detail. Furthermore, it is known that calcium entrance points lead to spatially inhomogeneous calcium dynamics (22) which are not covered by the present space-averaged model. The value of the present approach lies in the surprising result that quantitative characteristics of single transmembrane proteins are sufficient to determine the cell behavior in the framework of an ordinary-differential-equation based model. The model has proven its predictive power, as it was fitted to data of one experiment in Figure 3 and could be used to predict and explain further data of calcium dynamics generated under other experimental conditions in Figures 4 and 6. It is planned to elaborate the potential and the limits of the model predictions by application to further experimental settings.
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PSERCA ER-SERCA density

PPMCA PMCA density

PCRAC,0 Resting active CRAC density
perac Max active CRAC density
PCRAC Min active CRAC density

Value

8um
0.25

0.01

30

28 fF/um?

310K
—60mV
—60mV
0.1 uM
0.4mM
2mM
78 mV
63 mV

100 uM
0.1 uM
30mM
0.1mM

8.7nM
0.6 nM/s
0.01149/s
0.5uM

1

11.35/um?
700/um?
68.57/um?
0.6/um?
3.9/um?
0.5115/um?

AQI (%)

4.0
0.1
2.8
3.5
0.0

4.0
0.0
0.3
176

3.6
0.2
4.3
1.2

318
6.5

194

212

3.7

1.0
6.5

Comments and reference

Fixed from Jurkat TC (12)
Fixed, Section 2.4

Fixed (25)

Fixed, Section 2.4

Fixed (58, 59)

Fixed, used in equation (9)
Fixed (51, 52, 53)

Fixed=V ¢ (54)

Fixed (12)

Fixed in range 0.1-0.8 mM (2)
Fixed by experimental settings
Fixed (33, 34)

Variable

Fixed (44, 45, 46)

Fixed by fc =0.1% in equation (3)
Fixed by fc gr =20f¢ (47)

Fixed (49)

Variable

Variable

Fixed by steady state equation (35)
Fixed (85)

Fixed

Fixed by steady state equation (34)
Variable
Fixed by steady state equation (33)
Variable
Variable, range from Luik et al. (34)
Fixed by steady state equation (36)

Fixed parameters were determined either by direct measurement, by indirect constraints, or using steady state conditions. Variable parameters were subject to the
fitting algorithm described in Section 2.10. AQI measures the sensitivity of QI in equation (37) for changed parameter values: each parameter is increased by 10%

and the percentage of the change in Ql is provided. Values below 0.05% are given as 0.0%.





OPS/images/fimmu-04-00277-In_eq021.jpg





OPS/images/fimmu-04-00324-g002.jpg
Glucose

GLUT1

Glucose-6P

Pyruvate

Pyruvate
PDH
Acetyl-CoA

Isocitrate
dehydrogenase

TCA Cycle

2-oxoglutarate
dehydrogenase






OPS/images/fimmu-04-00324-g001.jpg
Naive T cell Activated T cell Activated T cell
(lag phase) (growth phase)





OPS/images/fimmu-04-00277-In_eq005.jpg
-2/ 3
fv/





OPS/images/fimmu-04-00277-In_eq008.jpg





OPS/images/fimmu-04-00277-In_eq007.jpg





OPS/images/fimmu-04-00277-In_eq014.jpg





OPS/images/fimmu-04-00277-In_eq013.jpg
gip3r = 0.064pS.





OPS/images/fimmu-04-00277-In_eq016.jpg





OPS/images/fimmu-04-00277-In_eq010.jpg
T
PCRAC





OPS/images/fimmu-04-00277-In_eq009.jpg
T
PCRAC





OPS/images/fimmu-04-00277-In_eq012.jpg





OPS/images/fimmu-04-00277-In_eq011.jpg
PORAC





OPS/images/fimmu-04-00277-g003.jpg
A 1a

Calcium [zMol]
e

Ll
o

14
o

4
S

»
o

0.0 f

c 0.1
— 0.05
=3
m
o
@

Lt -0.05
=3
(%]
£ 01
Q
§ 0.15
2
)
a0 -0.2
£
v
-0.25
-03

A experiment

—— reference
- fast PMCA
——- slow IP3R inactivation

Whole cell current [pA]

25

6 0 o » =N
o @ b o o

v o

N
°

- PMCA (PM)
— CRAC (PM)
——- net Caout

wwns SERCA (ER)
— IPsR (ER)
——- net Cato ER

100 150 200 250 300
Time [seconds]

e PMCA (PM)
— CRAC (PM)

« SERCA (ER)
— IP3R (ER)

100 150 200 250 300
Time [seconds]

Active CRAC channel density [#/me] o

-25

w
o

w
=

»
o

»
o

2

o

e
o

o

50

100 150 200 250 300
Time [seconds]

o

50

100 150 200 250 300
Time [seconds]





OPS/images/fimmu-04-00277-g002.jpg
IP3R opening probability

10° 10 10t 1 0 100 10

C [uMol]

IP3R opening probability






OPS/images/fimmu-04-00277-In_eq002.jpg
VC.ER





OPS/images/fimmu-04-00277-In_eq001.jpg
Ve & 50 my





OPS/images/fimmu-04-00277-In_eq004.jpg
Ver





OPS/images/fimmu-04-00277-In_eq003.jpg
AER





OPS/images/fimmu-04-00277-g005.jpg
150 200 250

100

e o o = o =w o n
¢ ™ M & o = = o

0 [ wrl/4#] Ksusp jpuueyd JyD MY

=
=3

250 300

150 200
Time [seconds]

100

50

< [lopyw] uonzeszusouoy

Time [seconds]





OPS/images/fimmu-04-00277-g004.jpg
Calcium [pMol] >
e o o o 2 =
S 8 & & &5 &

o
°

Whole cell current [pA]

1

-2

- PMCA (PM)
— CRAC (PM)
——- net Caout

v SERCA (ER)
— IP,R (ER)
——- net Cato ER

o

50

100 150 200
Time [seconds]

250

300

3

0 50 100 150 200 250 300
Time [seconds]





OPS/images/fimmu-04-00277-g007.jpg
_uEi\%_ Ajisuap [suueyd YYD SAIPRY

2 9 2w o w9
w ® & « = A o
2

]

2

3

5o

]

2z

80
o ®w 9o w o w o w 9
 ®m® ®m &N & =~ =~ ©o o

[lon 7] wniojey

100 150 200 250

50

Time [seconds]





OPS/images/fimmu-04-00277-g006.jpg
Concentration [mMol]

1000*1P
— moo*ca2+
- G

0 100 200 300 400 500 600 700 800 900 1000
Time [seconds]

Whole cell current [pA]

= o
- o

o
N

0.0

.8
0 100 200 300 400 500 600 700 800 900 1000

- PMCA (PM)
— CRAC(PM)
——- net Caout

--------- SERCA (ER)
— IPyR (ER)
——- net Cato ER

Time [seconds]





OPS/images/fimmu-04-00277-g001.jpg





OPS/images/fimmu-04-00277-eq030.jpg
IpMCA

IPMCAZPMCA

(30)





OPS/images/fimmu-04-00277-eq036.jpg
o= - PCRAC,0
RACTH (Coro» Coracs crac)

[1 = forac (1 = H (Giros Coracs nicrac))], (36)





OPS/images/cover.jpg
THE REGULATION OF CALCIUM
HOMEOSTASIS IN T LYMPHOCYTES

Topic Editor
Gergely Toldi

frontiers in
IMMUNOLOGY





OPS/images/fimmu-04-00277-eq035.jpg
— PrH (Co, Cp, np) (35)
Py





OPS/images/fimmu-04-00277-eq038.jpg
Vo — AVe F
Cly = Goexy {( (] ©) Zca

RT (38)





OPS/images/fimmu-04-00277-eq037.jpg
(37)






OPS/images/fimmu-04-00277-eq032.jpg
ISERCA

[sircA H(C, CSERCA» HSE]






OPS/images/fimmu-04-00277-eq031.jpg
dgemca _ H (G, Cpmca, mpmca) — gPMCA

(31)
dt TPMCA





OPS/images/fimmu-04-00277-eq034.jpg
PSERCAISERCA,0
PIPIR = —————— (34)

Iipsro





OPS/images/fimmu-04-00277-eq033.jpg
_ PCRACOICRA

3
IpMCA0 (3)

PPMCA =





OPS/images/fimmu-04-00277-eq029.jpg
agipsr _ 8IP3RmaxH (G, Cip3Ract MP3Ract) — &IP3R

dt TIP3R
dhipsr _ H(CipsR,inh> Cs mip3R,inh) — hipsk
dt Gip3r

(29)





OPS/images/fimmu-04-00277-eq028.jpg
Iipsr = 2ipargiesr fipsr(V — VER — VeER)S (28)





