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Abstract

The central role of Ca2* signaling in the development of functional immunity and tolerance is well
established. These signals are initiated by antigen binding to cognate receptors on lymphocytes
that trigger store operated Ca?* entry (SOCE). The underlying mechanism of SOCE in
lymphocytes involves TCR and BCR mediated activation of Stromal Interaction Molecule 1 and 2
(STIM1/2) molecules embedded in the ER membrane leading to their activation of Orai channels
in the plasma membrane. STIM/Orai dependent Ca2* signals guide key antigen induced
lymphocyte development and function principally through direct regulation of Ca2* dependent
transcription factors. The role of Ca2* signaling in NFAT activation and signaling is well known
and has been studied extensively, but a wide appreciation and mechanistic understanding of how
Ca?* signals also shape the activation and specificity of NF-xB dependent gene expression has
lagged. Here we discuss and interpret what is known about Ca2* dependent mechanisms of NF-kB
activation, including what is known and the gaps in our understanding of how these signals control
lymphocyte development and function.
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1. A central role for STIM/Orai mediated Ca2* entry in lymphocytes

The central role for calcium (Ca2*) signaling in lymphocytes has been appreciated for 30
years. However, our understanding of the regulation and specific mechanisms of Ca?* action
have advanced more rapidly since the identification of the Stromal Interaction Molecule 1
and 2 proteins (STIM1/2) and Orai channels nearly a decade ago. STIM and Orai are
expressed in many if not most cell types and although the mechanisms and biological
consequences of this store operated Ca2* entry (SOCE) pathway vary widely, in virtually all
instances STIMs play a pivotal role. Triggering STIM1 and STIM2 begins with Ca%*
dissociation from their EF hand domains within the endoplasmic reticulum (ER) lumen.
Stimulus-induced decreases in ER Ca2* then promote its dissociation from STIM trigger its
conformational activation. The resulting physical interaction with Orai channels initiate their
activation and Ca2* entry across the plasma membrane. In lymphocytes STIM1 plays a
dominant role in antigen-receptor (TCR and BCR)-induced Orail activation; while STIM2
controls cytoplasmic Ca?* levels under resting conditions [1-4].

Through the analysis of patient samples and the development of new genetic models, the
mechanisms controlling SOCE and its central role in lymphocyte development and
activation have been firmly established. Humans with spontaneous inactivating mutations in
STIMI1 or ORAI1 and mice in which both Stim1and StimZ2 are deleted develop autoimmune
diseases and a spectrum of immune deficiencies [5, 6]. These phenotypes reflect a cell-
intrinsic requirement for STIM/Orai-mediated Ca2* entry in the development of regulatory T
cells in the thymus and in the activation and function of peripheral T cells. Both are essential
for the maintenance of immune tolerance and this crucial layer of immune regulation is
severely dysregulated in the absence of functional STIM or Orai proteins.

Prior to the identification of STIM and Orai, a conceptual framework for understanding how
Ca?* controls lymphocyte fates had been established. These early studies revealed that
variations in the affinity and avidity of antigen binding to the T cell receptor (TCR) and B
cell receptor (BCR) are encoded as quantitatively discrete patterns of intracellular Ca2*
signaling and that distinct dynamics drive alternative lymphocyte fates and functions [7-9].
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While our understanding of how dynamic Ca?* signals are generated is limited, new details
have emerged recently about the complex mechanisms that decode and translate dynamic
and quantitatively distinct changes in Ca2* concentration into unique transcriptionally driven
fate-specific programs of gene expression.

Two key pro-inflammatory transcription factors central to this function are Nuclear Factor of
Activated T cells (NFAT) and Nuclear Factor Kappa B (NF-xB). At rest, both are localized
primarily in the cytoplasm in transcriptionally inactive forms. NFAT is activated by Ca2*/
calcineurin (CaN)-dependent de-phosphorylation that exposes a nuclear localization domain
to promote its entry into the nucleus, DNA binding, and transcriptional activation. CaN-
dependent NFAT phosphorylation is the only Ca2*-regulated checkpoint in NFAT activation
and it has long-served as a paradigm for CaZ*-regulated transcriptional control [10-12]. By
contrast, recognition of the important role, and a comprehensive understanding of the
mechanisms and consequences of CaZ* control of NF-xB activation have lagged. Indeed,
this control appears to be more complex as studies in our laboratory and by others have
revealed multiple Ca2*-regulated checkpoints in its activation and specificity. Therefore, the
primary objective of this review is to highlight the known and emerging mechanisms by
which STIM/Orai-mediated Ca?* signals control NF-xB activity in lymphocytes and to
discuss the immunological consequences of this level of transcriptional control.

2. Quantitative features of Ca2* signals control lymphocyte fates and

functions

The initial recognition of the central role of Ca2* in T cell development and differentiation
nearly 30 years ago hinged on the development of fluorescent Ca2* indicators [13]. These
probes helped reveal that variations in the affinity and/or avidity of antigen binding are
encoded as quantitatively and qualitatively distinct Ca?* signals that drive fate decisions of
multipotent thymic T lymphocytes. In general terms, higher affinity/avidity antigen binding
leads to higher input/amplitude Ca2* signals than low affinity/avidity antigen binding [14—
19]. More recent studies of mice with defects in the expression of St/im1 and StimZ2 have
established how such fate specific TCR-induced Ca2* signals are generated [20-22].
Specifically, the loss of Ca2* entry in Stim1Stim2double knock-out (STIM DKO) mice
leads to defects in antigen-induced death of autoreactive cells by negative selection, in the
development of natural regulatory T lymphocytes (nTregs) that play a key role preventing
autoimmunity, and also in regulatory B cell function [20-23].

Interestingly, the development of T lymphocytes that provide protective immunity by
positive selection is not measurably altered in STIM DKO mice. This suggests that “weaker
signals, such as low amplitude/input, shorter duration, or sporadic spikes in Ca2* are
sufficient to drive this fate choice [14, 20, 21, 24]. These weaker signals could be generated
in the absence of Ca2* entry via STIM/Orai by TCR-mediated Ca2* release from
intracellular stores, which is intact in STIM and Orai defective lymphocytes [21]. Indeed, /in
situ 2-photon measurements of CaZ* dynamics in lymphocytes exposed to low affinity,
positively selecting antigen in the intact thymic cortex, and studies of Ca%* signals induced
by agonist and altered peptides with a range of affinities for a transgenic TCR support this
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mechanism [14, 15, 24, 25]. Simply stated, low affinity TCR agonists promote positive
selection in part by initiating brief low amplitude and/or sporadic Ca%* spikes; whereas, high
affinity interactions that induce negative selection or the development of nTregs produce
higher input and/or longer duration signals.

Together, these studies raise the intriguing possibility that fate specification by Ca?* is not
simply a function of steady state changes in its mean amplitude or duration, but that more
complex waveforms or more efficient dynamics, of similar or distinct input, might drive
alternative transcriptionally driven cell fates [26-29]. Indeed, we demonstrated that the mean
amplitude of Ca2* signals varies with the avidity of TCR engagement and costimulatory
(CD28) receptor signaling, and that distinct patterns of signaling are triggered by stimuli that
induce distinct or alternative cell fate decisions [18]. Altogether, these studies support the
concept that antigen-induced fates are encoded in both the frequency and amplitude-
modulated patterns of Ca2* signaling rather than variations in steady-state Ca2* amplitude.

3. Decoding Calcium Dynamics in Lymphocytes

Dynamic Ca2* signals including low frequency spikes, persistent oscillations, or sustained
steady-state elevations can only have physiological relevance if cellular targets exist to
decode these dynamics into distinct functional outcomes. Among the targets capable of
decoding these signals in lymphocytes are Ca2*-regulated transcription factors including
NFAT, JNK, and NF-xB (see Figure 1, Graphical Abstract). Most importantly, each of these
is optimally tuned to a different dynamic. For example, efficient NFAT activation requires a
sustained increase in Ca2* concentration, whereas NF-xB and JNK can be selectively
activated by one or a few transient cytoplasmic Ca2* “spikes” [30-32]. Remarkably, a single
Ca?* spike is sufficient to initiate IxBa degradation and the release of heterodimers
containing the canonical NF-xB proteins p65 and c-Rel, to facilitate their nuclear
translocation and transcriptional activation [30].

This differential Ca2*-dependent tuning of transcription factors has important biological
implications for T cells developing in the thymus and in the fate choices and functions of
peripheral T and B lymphocytes. Moreover, different lymphocyte subsets may decode
signals of similar phenotype differently. For example, engagement of the B cell receptor
(BCR) on naive B cells triggers sustained high amplitude Ca?* signals that activate NFAT,
NF-xB, JNK, and ERK; whereas, engagement of the BCR on tolerized B cells produces low
amplitude Ca2* “oscillations” that activate only NFAT and ERK [33]. These studies
highlight several important mechanistic points. First, Ca2* dynamics are subject to stimulus
and developmental or differentiation stage-specific control. Second, variations in stimulus
strength can induce distinct patterns of CaZ* signaling at any given differentiation or
developmental state. Lastly, physiologically relevant differences in Ca2* dynamics can be
decoded by Ca?*-sensitive transcription factors such as NFAT and NF-xB to direct or dictate
transcriptionally controlled fate choices of lymphocytes.

Remarkably, the nature or phenotype of physiologically relevant Ca2* signals remain largely
unexplored. However, with the recent advent of genetically encoded Ca2* indicators and
multi-photon imaging, it is technologically feasible to interrogate these signals within the
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native milieu of intact lymphoid organs. Going forward, these tools can be exploited to
visualize Ca%* signals within lymphoid organs throughout the full time-course of
lymphocyte development and differentiation. Studies using organic Ca2* indicators have
revealed a wide dynamic range of Ca?* signals can be generated in vitro [14, 24, 34], we do
not know the phenotype of these signals over a relevant time course of differentiation /n
vivo. More difficult studies are also required to understand how different dynamics are
generated. For example, spikes may be generated by sporadic release and reuptake of Ca2*
from intracellular stores without the need for ion flow across the plasma membrane.
Alternatively, fluctuations in ER release and uptake that activate and deactivate STIM and
Orai may underlie larger amplitude, longer duration or more sustained trains of Ca2* spikes
[31, 35-38].

Despite our limited understanding of the mechanisms by which Ca2* dynamics are
generated /n vivo, in vitro studies have established how quantitatively distinct Ca2* signals
can drive different transcriptional outcomes. Elegant studies that utilized a “Ca2* clamp”
perfusion setup to generate Ca2* signals of distinct and defined steady state amplitudes or
spike frequencies within lymphocytes revealed that NFAT and NF-xB are tuned to distinct
Ca®* dynamics. For example, high amplitude steady-state signals or high frequency spikes
(> 2mHz) are required to activate NFAT and Oct/OAP (and also activate NF-xB); whereas,
low frequency Ca2* spikes (< 2mHz) only activate NF-xB. A further insight of this work
was that Ca2* oscillations reduce the effective Ca2* threshold for activating these
transcription factors, allowing for more efficient signaling at low levels of stimulation [35].
Indeed, this mechanism was validated in concurrent studies [39] in which photo-activation
of intracellular “caged” InsP3 was used to generate Ca%* spikes of different frequencies in
lymphocytes. Together, these independent approaches helped to advance a new paradigm by
which Ca2* alone can drive distinct transcriptionally driven fates of lymphocytes.

4. Multiple Ca2* Regulated checkpoints control NF-xB activity and
specificity

Although the mechanism of Ca2* dependent NFAT activation was established over 25 years
ago [40], our understanding of how Ca2* regulates NF-xB activity and function, including
the basis for its distinct Ca2* sensitivity, continues to evolve. In the case of canonical NF-xB
signaling, inhibitory kappa-B (IxB) proteins sequester hetero-’homo-dimers of p65, c-Rel
and p50 proteins in the cytoplasm [41, 42]. Antigen receptor coupled phospholipases (PLCy
—-1land PLCy-2in T cells and B cells respectively) hydrolyze plasma membrane
phosphatidylinositol 4,5-bisphosphate (PIP2) to form diacylglycerol (DAG) and Inositol
1,4,5 trisphosphate (IP3). IP3 activates IP3 receptor/channels in the ER membrane and the
resulting loss of ER Ca?* activates STIM1 and STIM2 to initiate Orai-mediated CaZ* entry.
DAG, in some instances in conjunction with Ca%*, activates one of several protein kinase C
(PKC) isoforms that phosphorylate CARMAL, promoting its association with Bcl10 and
MALT1 to form the CBM complex [43, 44]. The CBM complex in turn activates the 1xB
kinase (IKK) complex comprised of IKKa, IKKB, and NEMO [45]. IKKB mediated
phosphorylation of 1xB bound to p65/p50 and c-Rel/p50 targets it for proteasomal
degradation, freeing p65/p50 and c-Rel/p50 dimers, which migrate to the nucleus where they
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can initiate gene expression. This framework of NF-xB signaling in T and B cells is very
well established, yet the mechanisms by which Ca2* controls NF-xB activity are more
complex and not fully resolved. The extent of known mechanisms (Figure 2) by which Ca2*
regulates proximal and distal checkpoints in antigen receptor induced NF-xB activation are
described below.

4.1. Calcineurin

CaN is a Ca2* and calmodulin (see below) regulated serine/threonine phosphatase whose
activity controls several steps of TCR- and BCR-mediated lymphocyte activation [46, 47].
CaN is a target of inhibition by a cyclophilin-cyclosporine A (CsA) complex and a FKBP12-
FK506 complex [46, 47] and both CsA and FK506 are routinely used to assess the role of
CaN in cell signaling. Indeed, initial evidence for Ca2*-dependent regulation of NF-xB in
the early 1990s was inferred from the inhibitory effect observed for CsA on NFAT, AP-1,
NF-xB, and SV40 binding to regulatory sequences in an IL-2 enhancer construct [48] and on
NF-xB binding to the HIV enhancer [49]. The similar inhibition of NF-xB activation by two
distinct CaN inhibitors, provides additional but indirect evidence that Ca2* regulates NF-xB
activity [50].

The impact of CaN inhibitors on NF-xB binding to promotor elements prompted more
detailed mechanistic studies to understand how Ca2* and CaN control NF-xB activity.
Interestingly, expression of a constitutively active catalytic subunit of CaN or calcineurin A
(CnA) in T cells, in the absence of any other signals, activates NF-xB upstream of the IKKp
but not IKKa of the IKK complex [51-53]. Moreover, in T lymphocytes with defective CaZ*
entry, constitutively active CnA rescues the block in NF-xB activation [51, 54] indicative of
arole for Ca2*/CaN in efficient CBM complex formation [55]. Thus, PKC-mediated
phosphorylation of CARMAL1 regulates its membrane association while CaZ*/CaN-
dependent de-phosphorylation of MALT1-associated BCL10 promotes its interaction with
CARMAL leading to assembly and activation of the CBM complex [55].

4.2. Calmodulin

Calmodulin (CaM) is another ubiquitous Ca2* binding protein that regulates a wide range of
processes in lymphocytes and literally every other cell type. The exquisite Ca2* sensitivity
and specificity of CaM is imparted by four Ca2*-binding EF hand domains, N- and C-
terminal E and F helixes respectively, and a centrally positioned Ca2*-coordinating loop
[56]. Following Ca?* dependent activation, CaM regulates many kinases and phosphatases
including CaN. Direct binding of CaM to BCL10 has been established (Edin et al, 2010) and
its association with other members of the CBM or IKK complex has been inferred based on
the effects of CaM inhibitors [57]. A role for CaM-dependent kinases in the formation and
activity of the CBM complex has been described (see below). Finally, CaM directly binds to
both p65 and c-Rel in activated T cells [58] and while this binding inhibits the nuclear
translocation of c-Rel, p65 translocation, DNA binding and transcriptional activity remain
intact. Thus, Ca2* can promote transcriptionally driven fates of lymphocytes by tuning
distinct steps that control the activation and nuclear localization of distinct NF-xB proteins.
Interestingly, while CaM inhibitors block CaN-dependent NF-xB activation, these drugs also
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reduce CaN-independent steps of activation suggesting additional, as yet unknown, Ca?*/
CaM-dependent mechanisms control NF-xB activity [57].

4.3. Calmodulin kinase Il

Calmodulin kinases (CaMK) are Ser/Thr kinases whose activity is regulated by Ca%* and
CaM. CaMKII has separate CaM binding, catalytic, and auto-inhibitory domains and at
basal Ca2* levels, the auto-inhibitory domain blocks substrate binding to the catalytic
domain [59, 60]. Elevations in cytoplasmic Ca2* that promote CaM binding to CaMKI|
disrupt interactions between the auto-inhibitory and catalytic domains to trigger kinase
activation [60]. Importantly, autophosphorylation of CaMKI|I leads to sustained CaM-
independent activity that persists beyond the duration of an activating calcium signal [61].

CaMKII has been implicated in proximal steps of NF-xB signaling where it phosphorylates
the CBM components CARMA1 and BCL10; although, evidence for a physiologically role
for CaMKII in IKK activation largely relies upon pharmacological studies. For example, the
CaMKII selective inhibitor KN93 attenuates antigen receptor mediated 1xBa
phosphorylation and degradation, and NF-xB transcriptional activation [62]. Conversely, a
constitutively activate, CaM-independent CaMKII mutant rescues IxBa. degradation in T
lymphocytes [62]. CaMKII-dependent control of IKK activation may reflect its ability to
phosphorylate CARMAL on Ser109 to promote interactions between CARMAL and BCL10
[63], and to phosphorylate several residues on BCL10 that modulate CBM complex activity
[64]. Moreover, its phosphorylation of BCL10 on Thr91 positively regulates BCL10
interactions with CARMAL1 and specifically counteracts the inhibitory effects of CaM
binding to BCL10 [64]. BCL10 Thr91 phosphorylation also promotes Lys63-linked poly-
ubiquitination of BCL10 to drive subsequent IKK and NF-xB activation [64]. Furthermore,
CaMKII-mediated phosphorylation of BCL10 on Ser48 also supports CBM complex
formation and IKK activation by an as yet unknown mechanism [64]. Finally, while CaMKI|I
mediated phosphorylation typically promotes TCR-induced NF-xB activity, some phospho-
targets of CaMKII negatively regulate NF-xB activation. For example, CaMKII-dependent
phosphorylation of BCL10 at Ser138 disrupts the BCL10-MALT1 interaction leading to
dissociation of the CBM complex and downregulation of IKK activity [65].

Resolving the complex mechanisms by which CaMKII, CaM, and other kinases and
phosphatases control IKK activity is an important prerequisite to understanding the interplay
between these Ca2* regulated factors that fine tune NF-xB activity. Indeed, computational
modeling in neurons suggests that CaMKII-dependent activation dominates over CaN-
mediated inhibition as the frequency of Ca2* spike increases, but this remains to be tested in
lymphocytes [66]. Especially intriguing is the possibility that CaMKII can sum multiple
subthreshold Ca?* spikes to initiate NF-xB activation, and this may be a mechanism by
which low affinity antigens selectively activate NF-xB over NFAT. Finally, as CaMKI|I
splice variants are tuned to different Ca2* spike frequencies [67], expression of distinct
isoforms in different lymphocyte populations may dictate transcriptional specificity.
Consequently, it remains critical to define the frequency to which specific CaMKII isoforms
expressed in lymphocyte subpopulations are tuned, to identify the precise nature of the Ca2*
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signals in these populations, and then to determine if CaMKII isoforms couple specific Ca?*
dynamics to distinct transcriptionally driven fates in each lymphocyte population.

4.4. Protein Kinase C

The requisite role for Protein Kinase C (PKC) in NF-xB activation in lymphocytes was first
identified over 20 years ago [68] and numerous studies have since dissected how specific
isoforms control cell-specific activation of NF-xB [69]. The PKC family includes both
Ca%*-dependent and -independent isoforms. The conventional PKC isoforms (a1, B1, B2,
and ) are regulated by diacylglycerol (DAG), Ca2*, and phospholipids, the novel PKC
isoforms (8, €, 1, and ©) regulated by DAG and phospholipids, and the atypical PKC
isoforms (C and A) are DAG and Ca?* insensitive [70]. The PKC isoforms expressed in T
cells include PKC6, PKCa, and PKCP while in B cells PKCB, PKCA.,, and PKC( have
important functions [69].

Both PKCa and PKCP have been implicated in Ca2*-dependent NF-xB activation in
lymphocytes. In T cells, conventional PKCa and PKCp1 are activated by TCR engagement,
and the PKCa and PKCP1 selective inhibitor G66976 diminished NF-xB activity [71].
PKCa appears to play an early role in T cell activation as it and PKC® translocate to the
plasma membrane within minutes of activation; whereas, PKCB1 does not localize to the
plasma membrane over this timeframe [72]. Interestingly, /n vitro kinase assays suggest that
even a catalytically active version of PKCa requires a Ca2* signal to induce IKK activity
and NF-xB-dependent transcription; although, the implications of this control by Ca2*
requires further investigation [71]. PKCs may cooperate to control NF-xB activity as PKCO
initiates CBM complex formation and activation, whereas PKCa. appears to modulate IKK
activity with delayed kinetics [71]. Differences in the Ca2* dependent regulation of NF-xB
activity in distinct lymphocyte populations also reflect differences in antigen receptor
coupling to IKK. For example, Ca2* independent PKC® regulates proximal steps of TCR
signaling, whereas Ca2* sensitive PKCp is the principle component of the BCR
“signalosome” required for recruitment and activation of the IKK complex [73]. Indeed, in B
cells, Ca2* entry rapidly regulates the extent of BCR-induced PKCB membrane localization
and this controls the efficiency of CBM and IKK complex activation [74]. The predominant
role of PKCP in BCR-induced NF-xB activation implies that Ca2* is also involved in this
proximal step; however, to date this has not been directly verified.

4.5. Post-translational modifications control NF-xB transcriptional activity and specificity

While TCR- and BCR-induced activation of the CBM and IKK complexes initiate canonical
NF-xB activation by inducing the degradation of 1xB proteins, additional crucial
mechanisms distal to the release of p50/p65 and p50/c-Rel tune their transcriptional
activation and specificity. A multitude of studies have established that stimulus specific
phosphorylation of serine and threonine residues in p65 and c-Rel regulate their activity.
Phosphorylation critically regulates the kinetics, extent of nuclear localization [54, 75, 76],
nuclear DNA interactions [77, 78], transcriptional activation [79-82] and the specificity of
gene expression [83]. Additional modifications including acetylation, methylation and O-
GIcNAcylation also control transcriptional competency, promoter accessibility, and
specificity [78, 79, 84-88]. Importantly however, we know relatively little about the role of

Cell Calcium. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berry et al.

Page 9

Ca?" in regulating these essential post-translational events required for p65 and c-Rel
activity.

Of the numerous p65 phospho-acceptor sites identified, Ser536 is the only residue currently
known to undergo Ca2*-dependent modification. Initial studies of interleukin receptor
associated kinase (IRAKZ1) signaling found that CaMKII-mediated phosphorylation of p65
S536 regulates its transactivation potential in lymphablastoid lines [89]. CaMKIV mediated
phosphorylation of p65 in its transactivation domain has also been implicated in its
activation and recruitment of the transcriptional co-activator cAMP-response protein binding
protein (CREB), but the target residue of this phosphorylation has not been identified [90].
Finally, our recent studies directly established that TCR-induced STIM/Orai mediated Ca2*
entry regulates p65 Ser536 phosphorylation to control its nuclear retention, promoter
binding, and transcriptional activity [54]. Furthermore, we established that PKCa
contributes to this Ca2* dependent phosphorylation that critically regulates NF-xB
transcriptional activation and specificity. Given the large number of phospho-acceptors
identified on both p65 and c-Rel [91], further work is needed to fully dissect which of these
may be targets of Ca?* dependent modification and how each post-translational modification
fine tunes NF-xB driven gene expression.

4.6. Ca?*-dependent control of NF-xB protein expression

Dynamic control of NF-xB activity by CaZ*-dependent mechanisms is central to lymphocyte
activation. However, de novo transcription of NF-xB proteins, including p100, p50, and c-
Rel, and pathway mediators including IxB proteins, is critical for maintaining oscillatory
patterns of NF-xB signaling and persistent activation of non-canonical NF-xB signaling
(discussed below). In this regard NF-xB driven expression of the Aifkbia gene encoding
IxBa exerts crucial feedback inhibition on the activity of NF-xB. Notably, we established
that STIM/Orai-dependent Ca2* entry is required for efficient induction of Aifkbia gene
expression following TCR [54] and BCR engagement (unpublished data). Thus Ca2*
controls the activation but also exerts feedback inhibition on NF-xB activity in lymphocytes.

The level of basal and induced expression of individual NF-xB proteins including p65, c-
Rel, and p50 represents another level of control that varies across tissues and within cell
types. For example, c-Rel expression is largely limited to the hematopoietic compartment
and is only significantly expressed in some specific types of B and T cell subsets [92, 93].
While mature B cells and regulatory T cells (and their precursors and progenitors (see Figure
3) express relatively high amounts of c-Rel, other T and B cell subsets only express
significant amounts of c-Rel following activation. Interestingly, unlike Re/a or Nifkb1 (the
genes encoding p65 and p105:p50 respectively), Rel (the gene encoding c-Rel) expression
increases substantially following BCR or TCR engagement and this is strongly regulated by
Ca?*-dependent mechanisms [94, 95]. Indeed, both NF-xB and NFAT regulate de novo Rel
expression highlighting the absolute Ca2*-dependence of antigen receptor driven Re/
transcription in lymphocytes [94, 95].
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4.7. Ca?* Regulation of Non-Canonical NF-xB Signaling in Lymphocytes

NF-xB activation following antigen receptor engagement in T and B cells occurs via Ca2*
control of the canonical NF-xB pathway. As described above, Ca2* activation of CaN
controls formation of the CBM complex. Downstream of the CBM complex NEMO-
dependent IKKp activation leading to phosphorylation and degradation of 1xB proteins and
liberation of p65 and c-Rel containing NF-xB dimers [96]. Calcium also plays a role in
canonical NF-xB activation in response to genotoxic stress [97], but the mechanism
underlying this response remains unclear, and it is not known whether Ca2* regulates this
pathway in lymphocytes. However, a distinct NF-xB signaling mechanism termed the “non-
canonical pathway” also controls key steps of lymphocyte development, fate and function
[98]. The non-canonical pathway is not activated by BCR or TCR engagement but rather by
a subset of TNF receptor family members expressed on the surface of B and / or T cells
including BAFFR, LTBR, CD40, CD30, Ox40, TWEAK and RANK [98]. Non-canonical
NF-xB signaling in stromal cells regulates the formation and development of secondary
lymph nodes and B cell survival, maturation, and homeostasis [99, 100] [101-106], and is
also crucial for the generation and function of subsets of antigen-primed T cell effector and
memory cells [107, 108] [109] [110]. To date, the role of Ca2* in the non-canonical NF-xB
pathway has not been directly addressed; although, several lines of evidence suggest that
Ca?* may control the activity of non-canonical NF-xB signaling. Non-canonical NF-xB
signaling does not involve NEMO or IKK but instead requires activation of IKKa by the
upstream kinase NF-xB Inducing Kinase (NIK) [111-114]. NIK is constitutively expressed
in unstimulated cells but its recruitment to a complex containing TRAF2, TRAF3 and
cellular inhibitor of apoptosis (clAP) 1 and 2 causes its TRAF3-dependent ubiquitination
and proteasomal degradation [115]. Receptor ligation leads to auto-degradation of the
TRAF2/TRAF3/clAP complex resulting in NIK stabilization and accumulation, and
subsequent IKKa activation [114, 115]. Active IKKa phosphorylates the NF-xB protein
p100 that exists as a heterodimer with RelB which is sequestered in the cytoplasm.
Phosphorylation of p100 leads to its proteasomal processing to p52, which migrates to the
nucleus with RelB as the non-canonical p52:RelB NF-xB dimer that binds target genes to
regulate their expression [111, 112]

A role for Ca2* in non-canonical NF-xB signaling can be inferred from studies describing
CaN dependent regulation of key components of the pathway. A recent study found that
multiple isoforms of the CaN phosphatase subunit A (CnA) bind directly to, and inhibit the
activity of NIK [116], LTBR- and TWEAK-induced p100 processing to p52, and RelB:p52
nuclear localization in fibroblasts. In this same study, CnA was also found to associate with
TRAF3 suggesting a role for CaN in regulating the stability and activity of NIK. In another
study, the regulatory B subunit of calcineurin (CnB) was found to associate with TRAF3
leading to CaN degradation, presumably via the ubiquitin ligase activity of TRAF3 [117]. In
Jurkat T cells, overexpression of TRAF3 induced the loss of CaN and inhibited NFAT
dependent IL-2 expression [117]. Thus, in addition to stabilizing NIK and activating non-
canonical NF-xB, receptor-induced TRAF3 degradation may also stabilized CaN expression
and promote NFAT activation. Additional studies are needed to elucidate the precise
mechanism underlying the inhibition of NIK activity by CaN, and the functional relationship
between CaN and TRAF3. Also, whether these mechanisms play a significant role in non-
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canonical NF-xB activation in lymphocytes needs to be definitively established.
Nevertheless, these findings indicate direct cross-talk between Ca2* signaling and the non-
canonical NF-xB pathway via the activity of CaN that warrant further investigation.

Finally, Ca2* also plays an indirect role in non-canonical NF-xB signaling by regulating the
expression of p100, which is encoded by the canonical NF-xB regulated gene Nfkb2. BCR
and TCR activation of canonical NF-xB is dependent upon STIM/Orai regulated Ca2* entry,
which drives p100 expression [54]. Moreover, in B cells, basal p100 levels are maintained by
tonic BCR signaling and is increased following antigen recognition [118]. This increase
following BCR engagement replenishes the cellular pool of p100 required to maintain
BAFF-mediated processing to p52 and non-canonical NF-xB activity. Thus, Ca2* control of
canonical NF-xB by antigen receptor engagement is crucial for the appropriate regulation of
non-canonical NF-xB activity in lymphocytes. As non-canonical NF-xB is activated by
receptors including BAFF, CD40 and LTBR that ultimately shape the developmental fate of
B and T cells, further exploration of the mechanisms by which Ca?* regulates non-canonical
signaling is required.

5. Ca?* regulation of NF-xB signaling in immunity and tolerance

While work to date has provided a framework for understanding key Ca2* regulated
checkpoints in NF-xB signaling, the field must also develop deeper mechanistic insight into
how these pathways coordinate the developmental fates and functions of lymphocytes. This
is particularly important, as the significant overlap in the phenotypes of lymphocytes lacking
key mediators of Ca2* or NF-xB signaling strongly supports a central regulatory role for
Ca?*-dependent control of NF-xB in the balance between effective immunity and the loss of
self-tolerance.

5.1. STIM and NF-xB in nTreg development and function

T cell development is a complex and highly regulated process that begins when bone
marrow derived lymphoid precursors emigrate to the thymus to undergo a series of TCR-
dependent selection events. During this selection process, the affinity of a TCR expressed on
T cell progenitors for self-antigens dictates the “strength” of the TCR induced Ca2* signal
generated, and this determines the fate of each developing thymocyte [119]. CD4/CD8
double positive (DP) thymocytes whose TCR recognizes self-MHC that present low affinity
self-antigens receive a survival signal and are positively selected. These cells then down
regulate either CD4 or CD8 and migrate to the periphery as naive T cells. DP and single
positive (SP) thymocytes whose TCR exhibit high affinity for self-antigens are induced to
undergo negative selection by apoptosis. This tolerogenic process eliminates self-reactive
TCRs from the immune repertoire before they enter the peripheral circulation. In parallel, a
small but consequential population of thymocytes that express TCRs with intermediate to
high affinity for self-antigens [119, 120] escapes negative selection and differentiates into
subpopulations of “agonist selected” T cells that potently suppress autoimmunity [121].
These subpopulations of T cells including natural regulatory T cells (nTreg), invariant
natural Killer cells (iNKT), and TCRap+CD8aa+ intestinal intraepithelial lymphocytes
(ilELS), also critically regulate the balance between functional immunity and tolerance.
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While nTregs only account for 5-10% of peripheral T cells, they play a dominant role in the
maintenance of immune homeostasis and prevention of autoimmune diseases by suppressing
or dampening autoreactive immune responses [25]. Indeed, humans and mice with missense
mutations in the FOXP3 gene, which is a master regulator of nTreg development and
function, develop a lethal autoimmune disease called immunodysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome [122]. nTreg development
from CD4 SP thymocytes requires they transition through a series of discrete developmental
checkpoints before they acquire Foxp3 expression (Fig. 3). TCR-dependent signals first
initiate the expression of c-Rel to form nTreg progenitors, and subsequently, c-Rel and other
transcription factors drive expression of the high affinity I1L-2 receptor (CD25) to generate
nTreg precursors [123-125]. The subsequent expression of Foxp3, a transcription factor
whose expression coordinates Treg development and suppressive function, is driven by 1L-2
[126, 127]. Importantly, both Ca2* and NF-xB control these key developmental transitions
as well as the function and stability of Tregs.

The remarkably selective role for STIM mediated Ca2* entry in nTreg development was first
revealed in studies of mice with a conditional deletion of StimZand Stim2in T cells [21]. In
STIM DKO mice, positive selection proceeds without any measurable alteration. In contrast,
the loss of Ca2* entry impacts both negative selection and agonist selected T cell
development [22], suggesting that TCR-induced Ca%* entry is required for driving fates of
cells that encounter high affinity antigen. The block in nTreg development likely precedes
CD25 expression as nTreg precursors (CD4+CD25+Foxp3-) also fail to develop efficiently
[20-22]. Furthermore, while exogenous IL-2 can drive a modest increase in Treg numbers in
STIM DKO cells, these “rescued” Tregs are functionally impaired and unable to suppress T
cell proliferation, suggesting an ineffective or partial commitment of CD4+CD25+
precursors to the Treg lineage [20]. Together, these findings indicate that STIM/Orai-
dependent Ca2* entry guides nTreg differentiation and identity. Moreover, defective nTreg
development in STIM DKO mice also reflects decreased activation of NFAT activation and
binding to the Foxp3 promoter and cis-regulatory element 1 (CNS1) to drive Foxp3
expression [128, 129]. Surprisingly though, defective NFAT signaling alone may not account
for the entire loss of nTregs in STIM DKO mice as NFAT1/NFAT2 DKO mice exhibit a
partial nTreg deficit (50%) while NFAT2/NFAT4 DKO mice have no defect at all [130].
Together, these findings suggest that additional STIM-dependent mechanisms regulate nTreg
differentiation.

A clue to the identity of these additional mechanisms is suggested by studies of mice lacking
molecules required for TCR-induced NF-xB activation [131]. Mice with deficiencies in
Prkcg (gene encoding PKCO), BCL 10, 1kk2 (gene encoding IKKP), or /kbkg (gene encoding
NEMO) each harbor a similar nTreg deficit [124, 131-135]. However, strikingly low
numbers of nTregs develop in mice lacking c-Rel whereas, loss of p65 leads to a more
modest (~50%) reduction [136]. Indeed, c-Rel and p65 both bind to the Foxp3 promoter and
coordinate its activity and the activity of its CNS3 enhancer element. The requirement for c-
Rel relates in part to its crucial pioneering role in the assembly of an enhanceosome at the
Foxp3locus [137]. However, c-Rel deficient mice also exhibit a developmental block that
precedes CD25 expression as these animals have a significant decrease in CD25+ nTreg
progenitors [125, 136, 137]. Interestingly, development of iNKT cells, which also selected
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on high affinity self-antigen like nTregs and are deficient in STIM DKO mice, is similarly
impaired in mice with a conditional deletion of Re/a (p65 protein) in thymocytes [131, 138].
The similar requirement for p65 and Ca2* further supports the idea that Ca2* and NF-xB
dependent mechanisms regulates the development of cells with high affinity for cell antigen.

While these previous studies underscore the import role of Ca2* in nTreg development, at
present, we can only speculate exactly how this occurs (see Figure 3). However, an
important clue might be found in the quantitatively similar defect in nTregs observed in
STIM DKO mice, proximal NF-xB signaling molecule-deficient mice, and c-Rel KO mice.
This parallel phenotype raises the intriguing possibility that Ca2* regulates nTreg
development in part via control of c-Rel-dependent gene expression. In addition to its
regulation of preexisting NF-xB complexes in T cells, Ca2* also promotes de novo c-Rel
expression through NFAT and NF-xB-dependent mechanisms [94, 95, 139, 140]. Not
surprisingly, the Re/promoter has multiple NF-xB and NFAT binding sites and these appear
to be functionally relevant as inhibition of CaN prevents TCR-induced Re/upregulation
[95]. Importantly, de novo Rel/expression plays an important role in maintaining sustained
nuclear c-Rel accumulation [141]. Thus, in the context of nTreg development, high input
Ca?* signals, triggered only by intermediate to high affinity antigens, induce NFAT and NF-
B activation as well as de novo c-Rel expression. c-Rel then directly induces expression of
genes that drive nTreg development, but also modifies the chromatin landscape to allow for
the subsequent induction of Foxp3 expression by cytokines [137].

In addition to a role in nTreg development, STIM/Orai-dependent Ca?* entry also plays an
important role in nTreg function. While some CD25+Foxp3+ cells do develop in STIM
DKO mice, these cells express significantly less CD25, CD122, and Foxp3 than normal
nTregs and are functionally impaired [20]. Administration of exogenous IL-2 modest
increases Treg numbers in STIM DKO mice and their relative expression of Foxp3 but
STIM deficient Tregs still fail to suppress proliferation of responder T cells. This functional
deficit likely reflects decreased expression of inhibitory proteins required for suppression,
including CTLA-4, LAG-3, and TIGIT [20-22]. However, this defect is not likely due to a
block in NFAT activation, as existing Tregs do not require NFAT to suppress T cell
proliferation [142]. Indeed, deletion of p65 and c-Rel in Tregs using a Tamoxifen-inducible
Foxp3 Cre-ERT2 transgene [143] revealed that canonical NF-xB signaling is required to
maintain Treg identity and notably Foxp3, /l2ra (CDZ25), Ctla4, Ikzf2 (Helios), and Tnfrsf18
(Gitr) expression. Moreover, canonical NF-xB is required for the suppressive functions of
Tregs as Rela+ Relnull Tregs fail to prevent the development of colitis [143]. Together,
these studies have established the critical role played by Ca2* and NF-xB in tolerance but
also highlight the need to obtain a more comprehensive understanding of how Ca2* regulates
p65 and c-Rel activity to control of nTreg development, and more generally to understand
mechanisms by which dynamic Ca2* signals control the transcriptionally driven fates of
multipotent lymphocytes.

5.2. STIM and NF-xB in T helper cell fate and function

Following development in the thymus, naive CD4+ T cells migrate to the periphery and
recirculate via the blood, spleen and lymph nodes in search for their cognate antigen. Once
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activated, the fate of naive CD4+ T cells depends on a number of factors, but most
importantly, the cytokines present during activation [144-146]. Indeed, activation of naive T
cells in the presence of IL-12 and the absence of I1L-4 generates Th1 cells, which regulate
immunity to intracellular pathogens through the production of IFN+y, IL-2, and TNFa [147].
Furthermore, naive T cell activation in the presence of IL-4 and IL-2 generates Th2 cells,
which orchestrate immunity to helminth parasites, B cell proliferation, and B cell class
switching through their production of IL-4 and IL-5 [148, 149]. While many factors have
been implicated in the differentiation and function of these distinct T cell subsets, STIM/
Orai dependent Ca2* signals, NFAT, and NF-xB, each appear to play essential roles.

Much of our insight into the role of CaZ* entry in peripheral T cell development has been
gleaned from studies of STIM DKO mice and patients with inactivating mutations in S7T/M1
or ORA/1. Remarkably, in mice with a conditional loss of Stim1 and Stim2 in CD4 T cells,
peripheral T cells numbers and proportions are normal in young (4-8 weeks) animals but
thereafter increase, due to uncontrolled lymphoproliferation resulting from a loss of
regulatory T cells [21]. Despite the apparent normal development of conventional T cells,
severe impairments in T cell function including proliferation and cytokine production
become apparent following T cell activation [21, 150]. Consistent with these findings, /n
vitro stimulation assays with Stim2 and Stim2single KO T cells revealed that Ca2* entry is
required for efficient expression of IFN-y and IL-4 under Thl and Th2 polarizing conditions
[21]. Interestingly, both NFAT and NF-xB proteins are required for optimal production of
IFN-y and IL-4. Loss of either NFAT1 or c-Rel causes decreased IFNvy production and Thl
functionality [151, 152] while loss of NFAT2 or p50 causes defective Th2 differentiation
[153-155]. Together, these findings suggest that defective NFAT and NF-xB signaling may
underlie skewed Thl and Th2 development and function observed in STIM DKO mice.
However, additional studies are needed to determine what role Ca?* dependent NF-xB
activation plays in the specification and function of Thl and Th2 subsets.

Human patients with inactivating mutations in ST/M1 or ORA/1 also exhibit defective
humoral immunity including decreased pathogen specific antibody production and the
production of autoantibodies [156]. Interestingly, these humoral defects may not result from
B cell intrinsic defects in antibody production as B cells from Stim1fl/fIStim2fl/fl x Mb1-
Cre mice produce normal amounts and isotypes of antibodies upon immunization whereas
Stim1fl/fIStim2fl/fl x CD4-Cre do not [23]. Instead, decreased pathogen specific antibody
production and humoral autoimmunity occurs as a result of defects in the differentiation and
function of T follicular helper (Tfh) cells and T follicular regulatory (Tfr) cells, respectively
[150]. Tfh cells play a vital role in promoting antibody production from B cells by providing
critical T cell help through CD40L and cytokines including IL-4 and IL-21 while Tfr cells
limit the germinal center reaction through expression of inhibitory molecules including
CTLA-4 and IL-10 [150, 157, 158]. While aberrant Tfr and Tfh development has been
attributed to defective NFAT activity, loss of individual NFAT proteins fail to recapitulate the
Tth defect [159, 160]. Interestingly, Rel-/- mice also have defects in humoral immunity and
c-Rel has been shown to regulate the differentiation of Tfh cells and the production of 1L-21
[161]. Furthermore, control of IRF4, a pioneering transcription factor critical for Tfh
differentiation is critically regulated by NF-xB signaling [162]. These findings are only
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suggestive but motivate additional investigation of the role of Ca* dependent NF-xB
activity in the differentiation and function of Tth cells.

5.3. STIM and NF-xB in lymphocyte growth and metabolism

A recent study established that STIM/Orai-dependent Ca2* signaling controls T cell
metabolism and their metabolic reprogramming following TCR stimulation [163].
Importantly, a Ca2*-entry dependent switch from oxidative phosphorylation to glycolysis is
critical for T cell activation and differentiation (Figure 4). Indeed, TCR-induced increases in
glucose uptake reflect STIM dependent increases in GLUT1 and GLUT3 expression [163].
Furthermore, CaZ* entry drives the expression of many glycolytic enzymes, and this
reprogramming likely reflects Ca2*-dependent induction of the metabolic master regulators
Myc, Hifla, and Irf4. Intriguingly, while Hiflaand /rf4 expression are directly regulated by
NFAT, Mycinduction is CaN-dependent but expression in not decreased in NFAT1/2—/- T
cells [163]. Importantly, Myc activity in lymphocytes is largely regulated by transcriptional
activation of the Myc promoter by NF-xB binding. Together, these data raise the significant
possibility that Myc expression and Myc targets in T cells are induced by NFAT-
independent, Ca2*/CaN-dependent transcription factors such as NF-xB. Indeed, in B cells,
c-Rel and p50 are required for Myc expression [164] while in T cells, p65 and c-Rel control
Myc expression and cell growth [95]. Going forward, it will be important to quantify NF-kB
activity and p65 and c-Rel Myc promoter binding during activation of STIM DKO naive T
cells to determine the impact of Ca?* dependent NF-xB activity on Myc dependent
metabolic reprogramming.

5.4. STIM and NF-xB in B lymphocyte survival and function

B cells develop throughout vertebrate life and like T cells, they express an antigen receptor
whose functionality and specificity determines the fate of each clone. BCR diversity is
generated by rearrangement of immunoglobulin heavy and light chain genes [165] and
successful rearrangement in pro-B and pre-B cells, respectively, yields immature B cells. An
immature population of transitional B cells, then leave the bone marrow and enter the
peripheral circulation. In the spleen, T1 and T2 transitional cells, further differentiate into
mature B cells [166]. All pre-T2 populations are induced to die when their BCR is engaged
by self-antigen and this culls autoreactive clones. Engagement of the BCR on mature B
cells; however, initiates proliferation and further differentiation into marginal zone B cells,
responsible for T cell-dependent and independent immunity, and follicular B cells that are
involved in T cell-dependent immune responses [165].

Interestingly, BCR engagement at almost every stage of development triggers a STIM-
dependent Ca2* signal. Yet, this signal does not appear to be necessary for development or
antibody production, as B cells develop normally in STIM DKO mice [23, 167].
Nonetheless, B cell survival ex vivo requires STIM/Orai-dependent CaZ* entry and this is
evident from an increase in the rate and extent of BCR-induced death of STIM DKO B cells
[23, 167] (Figure 4). Importantly, rescue from this Bim-mediated mitochondrial-dependent
apoptotic death requires efficient BCR induced NF-xB activity [168]. Indeed, transitional
and/or follicular B cells lacking Re/ or Rela are more susceptible to BCR-induced death /in
vitro [165] and loss of c-Rel and p65 [169, 170] or IKKa and IKKp [171] also block
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follicular B cell survival /n vivo. This rescue from BCR-induced apoptosis reflects the
critical role of c-Rel in the expression of anti-apoptotic molecules Bcl-xL and Al, which
counteract Bim-dependent apoptosis [172-174]. Indeed, c-Rel deficient B cells undergo
rapid BCR-induced death, and the extent and kinetics of death are similar to that of STIM
DKO B cells. The similarity in phenotypes of STIM DKO and c-Rel deficient B cells raises
the intriguing possibility that Ca* control of c-Rel expression and activity drives expression
of molecules required for B cell survival. Consistent with this mechanism, CD40, which
activates both canonical and non-canonical NF-xB signaling and drives Bcl-xL expression,
significantly increases STIM DKO B cell survival and proliferation [23].

Another important role identified for STIM/Orai-dependent Ca2* signals in B cells is control
of IL-10 production. Interestingly, IL-10 and TGF-p are anti-inflammatory cytokines
produced by regulatory B cells (Bregs) [175]. A defect in Ca2* dependent IL-10 production
by B cells may drive the pathophysiology of experimental autoimmune encephalomyelitis
(EAE), which is exacerbated in STIM DKO mice [23]. While previous studies suggest that
IL-10 production is controlled by NFAT1, this conclusion was based upon the incorrect
assumption that calcineurin selectively inhibits NFAT activation in lymphocytes. However,
given that NF-xB activation and de novo c-Rel expression are both depend on CaN activity,
it is critical to reassess the Ca2*-dependent NF-xB activity in IL-10 production and the
pathogenesis of autoimmune disease [23]. As p65 [176], c-Rel [177], and p50 [178] regulate
/110 expression in lymphocytes and macrophages, more detailed studies of NF-xB signaling
in STIM DKO B cells are needed to clarify the role of STIM/Orai-dependent CaZ* entry in
Breg function.

6. Concluding remarks

This review focuses on the mechanisms and consequences of Ca2* dependent activation of
the proinflammatory transcription factor NF-xB. The significance of this signaling pathway
stems from the critical regulatory role played by both Ca?* and NF-xB in the generation of
effective immunity but also the remarkable phenotypic concordance between mice deficient
in proteins that regulate each pathway. While there is ample evidence that Ca%* regulates
NF-xB activity and specificity, much remains to be learned mechanistically. We present our
perspective in this review, which is supported by a broad literature, that NF-xB possess a
wide dynamic range that bestows upon it the capacity to decode complex and varied Ca2*
waveforms, including those to which NFAT is not sensitive, into specific and distinct
transcriptionally driven fates. In conjunction and cooperation with NFAT, NF-xB proteins
decode information generated upon antigen binding and costimulatory receptor engagement,
into appropriate developmental and fates of lymphocytes. It is hoped that this review
highlights all the complex aspects of this signaling mechanism but also illuminates
important gaps in our understanding of Ca2* dependent control of NF-xB activation and
function.
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Highlights

Antigen binding to lymphocyte antigen receptors triggers STIM and Orai
mediated Ca2* entry

The dynamics of antigen induced cytoplasmic [Ca2*] changes reflect the
affinity and avidity of antigen binding and the extent of costimulatory
receptor engagement.

Quantitative features of antigen induced calcium signals dictate the fates and
functions of multipotent lymphocytes.

Dynamic Ca?* signals generated in lymphocytes are decoded by immune-
modulatory transcription factors including NF-xB and NFAT, each of which
are tuned to distinct Ca2* dynamics.

Ca?* dependent regulation of the phosphorylation status of multiple proteins
that control NF-xB activation, and of NF-xB proteins themselves, direct the
transcriptionally driven fates of lymphocytes.
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Figure 1. (Graphical Abstract): Antigen receptor induced cat dynamics tune the patterns. of
transcriptional activation.

This schematic proposes how variations in antigen receptor induced Ca2* dynamics elicit
distinct patterns of gene expression depicted by a heatmap of differential gene expression.
Work over the past 30 years has established that the strength of antigen receptor stimulation
is encoded as quantitatively distinct patterns of CaZ* signaling, and that these can each
initiate a distinct transcriptionally driven fate of lymphocytes by activating Ca?* dependent
transcription factors. The key pro-inflammatory transcription factors NF-xB and NFAT,
which exhibit differences in Ca2* sensitive activation, decode differences in the strength of
antigen stimulation into distinct patterns of transcriptional activation. High affinity antigen
binding causes sustained STIM/Orai-dependent Ca2* entry and these signals activate both
NF-xB and NFAT. Intermediate antigen affinity/avidity interactions cause distinct patterns of
signaling, possibly Ca2* oscillations, that preferentially activate NF-xB and depending on
the frequency can potentially activate NFAT. Low affinity/avidity interactions that cause a
significant but transient elevation in cytoplasmic Ca2* leading to the selective activation of
NF-xB signaling and NF-xB dependent target gene expression. Finally, in the absence of

Cell Calcium. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Berry et al.

Page 28

Ca?* entry, low amplitude, transient elevations in cytoplasmic Ca2* may be insufficient for
the activation of either NF-xB or NFAT.
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Figure 2: ca?* regulated checkpoints in canonical NF-xB signaling in lymphocytes
A schematic representation of known mechanisms by which Ca2* regulates the activation of

NF-xB dependent gene expression. In resting lymphocytes, homo- and heterodimers
composed of NF-xB p50, p65, and c-Rel proteins are sequestered in the cytoplasm by 1B
proteins including I1xBa. BCR or TCR engagement activates a series of protein tyrosine
kinases (PTKs) that subsequently activate PLCy isoforms, cleaving PtdIns(4,5)P2 to
generate InsP3 (IP3) and DAG. IP3 binds to IP3 receptors (IP3R) channels allowing release
of Ca?* from the endoplasmic reticulum (ER). The resulting decrease in ER [Ca2*] causes
oligomerization of STIM1 proteins and activation of plasma membrane Orail channels
facilitating extracellular Ca2* entry and a significant or sustained elevation in cytoplasmic
Ca?*. In B cells, Ca2* and DAG activation of PKCP and in T cells, DAG activation of PKC8
controls assembly and activity of the CARMA-BCL10-MALT1 (CBM) complex, which is
required for antigen receptor induced activation of the IKK complex (NEMO-IKKa-IKKp).
Furthermore, PKCa, the CaM dependent phosphatase Calcineurin (CaN), and calmodulin
(CaM)-dependent kinase Il (CaMKII) each also regulate CBM complex formation by
controlling the phosphorylation levels of these proteins. Ca2* also plays a negative
regulatory role via CaM activation that can directly bind to BCL10 to disrupt the CBM
complex, activate CaMKII that phosphorylates BCL10 on S138 or binds to NF-xB to block
nuclear translocation (all depicted by red lines). NEMO recruitment to the CBM complex
facilitates full activation of the IKK complex, which phosphorylates 1B proteins, marking
them for ubiquitylation and proteasomal degradation. Both p65 and c-Rel can undergo Ca2*
dependent (e.g. Ser536 phosphorylation, CaM binding) and independent post-translational
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modifications that regulate their nuclear localization, transactivation, and target gene binding
potential. Thus, Ca2* dependent mechanisms that regulate the 1xB protein degradation and
expression and those that modify the post-translational landscape of NF-xB proteins
cooperate to regulate gene expression.
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F_igurlg 3: STIM/Orai dependent regulation of nTreg differentiation by NF-xB and NFAT
signaling.

Agscherglatic and simplified representation depicting Ca2* dependent mechanisms that
control the generation of natural regulatory T cells from CD4SP thymocytes. The upstream
events leading to full NF-xB activation are described in Fig.2. NFAT is activated by Ca2*-
dependent calcineurin (Cn) mediated dephosphorylation. Intermediate to high affinity
interactions with self-antigen drive the upregulation of c-Rel (1) and survival (2) of a select
proportion of T cells through NFAT and NF-xB dependent mechanisms. A population of c-
Rel expressing thymocytes (nTreg progenitors) then upregulate CD25 expression (3) to
generate nTreg precursors through Ca?* and c-Rel dependent mechanisms. Sufficient
binding of cytokines including IL2 drive upregulation of Foxp3 (4) in nTreg precursors
generating functional CD4+c-Rel+CD25+Foxp3+ T cells capable of inhibiting autoreactive
or excessive inflammatory immune reactions.
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Figure 4: STIM/Orai and NF-xB dependent regulation of B lymphocyte activation, survival, and
function.

BCR triggered STIM/Orai dependent Ca2* entry critically regulates B cell activation and
survival. In the absence of BCR induced Ca2* signals or strong co-stimulation, B cells
undergo apoptosis through undefined but likely NF-xB dependent mechanisms. Appropriate
BCR and costimulatory activation rescues cells from apoptosis and initiates their growth and
metabolic programing. STIM/Orai dependent transcriptional induction of key metabolic
transcriptional regulators and NF-xB/NFAT target genes Myc, Hifla, and /rf4is critical to
the survival and function of mature B cells. Upregulation of Myc, Hifl-a, and Irf4
orchestrates the induction of critical glycolytic intermediates and facilitate the
reprogramming of lymphocyte metabolism from oxidative phosphorylation to glycolysis.
These metabolic changes support rapid cell growth, DNA replication, and cell division.
Additional roles for STIM/Orai dependent regulation of B cell function are evident in
regulatory B cells (Bregs). Bregs are defined by their expression of suppressive cytokines
including I1L-10 and TGF-B and in the absence of STIM/Orai mediated calcium entry exhibit
defective NF-xB and NFAT dependent //Z0expression.
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