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SYMPOSIUM REVIEW

Regulation of lymphocyte function by ORAI and STIM
proteins in infection and autoimmunity

Patrick J. Shaw and Stefan Feske

Department of Pathology, New York University Langone Medical Center, New York, NY 10016, USA

Abstract Store-operated Ca** entry (SOCE) in cells of the immune system is mediated by Ca*"
release-activated Ca*" (CRAC) channels that are formed by ORAI1 and its homologues ORAI2
and ORAI3. They are activated by stromal interaction molecules (STIM) 1 and 2 in response to
depletion of endoplasmic reticulum Ca?* stores. Loss-of-function mutations in the human ORAII
and STIM]1 genes abolish CRAC channel function and SOCE in a variety of non-excitable cells
including lymphocytes and other immune cells, resulting in a unique clinical syndrome termed
CRAC channelopathy. It is dominated by severe immunodeficiency and autoimmunity due to
impaired SOCE and defects in the function of several lymphocyte subsets. These include CD8"
T cells, CD4" effector and regulatory T cells, natural killer (NK) cells and B cells. This review
provides a concise discussion of the role of CRAC channels in these lymphocyte populations and
the regulation of adaptive immune responses to infection, in autoimmunity and inflammation.
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Introduction Ca’* release-activated Ca’>* (CRAC) channels, which are
composed of ORAI proteins (Fig.1). ORAIl (and its
homologues ORAI2 and ORAI3) are small tetraspanning
plasma membrane proteins that form the pore of the
CRAC channel. They are activated by STIM1 and STIM2,
which are localized in the membrane of the endoplasmic
reticulum (ER). STIM proteins sense the depletion of ER
Ca’* stores and directly bind to ORAI proteins in the

Ca’* signals in lymphocytes are critical regulators of
immunity to infection, inflammation and autoimmunity.
Elevations in intracellular Ca** concentrations originate
from two sources: the release of Ca’" from intra-
cellular stores and influx from the extracellular space
through plasma membrane Ca®'t channels. The best
described Ca’* influx pathway in lymphocytes involves
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plasma membrane. Since the activation of CRAC channels
and the subsequent Ca*" influx are controlled by the filling
state of the ER, this Ca’" signalling pathway is called
store-operated Ca’>" entry (SOCE) or — using an older
term — capacitative Ca®* entry (Putney, 1986, 1990).
Ca?* signals in lymphocytes are initiated by a variety of
antigen receptors on the cell surface including the T cell
receptor (TCR), B cell receptor (BCR) and a variety of
NK cell receptors such as FcyRIlla/b, NKp46 and 2B4
(Bryceson et al. 2006). Engagement of antigen receptors
results in the activation of phospholipase C (PLC)
y and the resulting hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP,) into 1,4,5-inositol trisphosphate
(InsP;) and diacylglycerol (DAG). InsP; binding to
InsP; receptors in the ER causes the release of Ca’"
from ER stores and thereby SOCE (Fig. 1). Ca*" signals
arising from CRAC channels regulate a variety of
Ca’"-dependent kinases, phosphatases and transcription
factors such as the nuclear factor of activated T cells
(NFAT), NF-«B and myocyte enhancer factor (MEF)
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2 (Macian, 2005; Savignac et al. 2007) through which
they control lymphocyte functions such as cytokine
production, proliferation, differentiation and cytotoxicity
(Pores-Fernando & Zweifach, 2009; Shaw & Feske, 2011).
In this review, we will provide an overview of the role of
CRAC channels in lymphocyte function. We will discuss
how the deletion of ORAII, STIMI and STIM?2 genes in
human patients and mice results in immune dysregulation,
and examine the consequences of impaired SOCE for
immunity to infection and autoimmunity.

SOCE in lymphocytes is mediated by ORAI and STIM
proteins

ORAI1 proteins form the highly Ca*" selective CRAC
channel in lymphocytes. The biophysical properties and
gating mechanism of ORAII channels are discussed
elsewhere in this issue (McNally & Prakriya, 2012).
ORAII and its homologue ORAI3 are almost ubiquitously
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Figure 1. ORAI1, STIM1 and STIM2 mediate SOCE and control gene expression in distinct T cell subsets
A, SOCE is activated following T cell receptor (TCR) or B cell receptor (BCR, not shown) ligation in T and B cells.
In T cells, the protein tyrosine kinases Lck and ZAP-70 initiate a signalling cascade that results in the activation
of PLCy 1 and production of InsP3, a second messenger whose binding to the InsPs3 receptor leads to the release
of Ca?t from the ER. The subsequent reduction of [Ca?*]er causes the dissociation of Ca2* from EF hand (EFh)
domains in the N terminus of STIM1 and STIM2, unfolding of the adjacent EFh-SAM domains and oligomerization
of STIM molecules. Oligomerized STIM assembles in puncta localized at junctions formed by the ER and plasma
membrane to which ORAI channels are recruited. STIM1 binds to and activates ORAI1 via a CRAC activation
domain (CAD or CCb9) in its C terminus. Opening of ORAI CRAC channels in the plasma membrane results in
sustained Ca%* influx and activation of several Ca?* regulated enzymes and transcription factors. Of particular
importance in lymphocytes is the serine/threonine phosphatase calcineurin, which dephosphorylates NFAT (nuclear
factor of activated T cells) and thereby enables it to translocate to the nucleus and bind to promoters and conserved
non-coding DNA sequences (CNS) of many target genes. The expression of several cytokines (IL-17A, IL-22, IL-21)
in Th17 cells and the lineage-specific transcription factor Foxp3 in Treg cells are regulated by NFAT. (Note: only
NFAT and other Ca* dependent transcription factors regulating cytokine and Foxp3 expression are shown in this

figure.)

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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expressed in human and murine tissues and cell types,
whereas ORAI2 has a more restricted expression pattern
(Gwack etal. 2007; McCarl et al. 2009; Feske, 2010). ORAI1
protein expression is found in all murine lymphocyte sub-
types (McCarl et al. 2010). mRNA for all three ORAI
homologues can be detected in lymphoid and myeloid cells
of the adaptive and innate immune system, but relative
levels vary by database and gene expression array used
for analysis (BioGPS; ImmunologicalGenomeProject).
ORAII is the best-characterized and dominant CRAC
channel homologue in lymphocytes and myeloid cells.
Defects in ORAII expression or function caused by
inherited mutations in the ORAII gene of immuno-
deficient patients abolishes CRAC currents and SOCE
in Tcells, NK cells, Bcells and neutrophils (Partiseti
et al. 1994; Le Deist et al. 1995; Feske et al. 2001, 2005,
2006; McCarl et al. 2009; Maul-Pavicic et al. 2011; and
reviewed in Feske, 2010, 2011). In knockout mice lacking
ORAI1 or knock-in mice expressing the non-functional
ORAI1-R93W mutant protein, SOCE is partially impaired
in naive CD4" and CD8" Tcells, whereas in vitro
differentiated T cells from these mice lack SOCE and
CRAC channel function almost completely (Fig.2; Vig
etal.2008; McCarl et al. 2010). These findings indicate that
ORAI1 is essential for SOCE in murine lymphocytes, but
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that residual Ca*" influx in naive T cells may be provided
— unlike in human T cells — by ORAI2 and ORAI3 (Vig
et al. 2008; McCarl et al. 2010). The roles of ORAI2 and
ORAI3 in SOCE in T cells and other immune cells has,
however, not been established and awaits the investigation
of ORAI2- and ORAI3-deficient mice and human patients.

STIMI and STIM2 are single-pass membrane proteins
predominantly localized in the ER that sense the depletion
of ER Ca”* stores and, through a series of multimerization
and translocation events, bind to and activate ORAI
channels. Their function in SOCE has been reviewed in
great detail elsewhere (Cahalan, 2009; Hogan et al. 2010).
STIM1 and STIM2 are expressed in all lymphoid lineages
where they control SOCE (Oh-Hora et al. 2008; Beyersdorf
et al. 2009; Matsumoto et al. 2011). While STIM1 has been
widely studied and is considered to be the main activator
of CRAC channels, STIM2 plays a lesser albeit important
role for SOCE in lymphocytes (Fig.2). Accounting for
the distinct contributions of STIM1 and STIM2 to SOCE
in murine lymphocytes are their different expression
levels: STIM1 is constitutively expressed in naive and T
helper (Th) cells whereas STIM2 is undetectable in naive
CD4" T cells and is upregulated upon differentiation
into Th cells in vitro (Oh-Hora et al. 2008). Furthermore
the kinetics and [Ca*"]gg levels that trigger STIM1 and

Orai1R9WRW  Stim 1l CdaCre  Stim1/2" Cd4Cre
.

| 2 NI 2 M Ca

Ctrl  stim2" Cd4Cre

IL-2

Ta » TG
) — Ctrl
= KO
0
10 0 10
B peak plateau
;
Orai1R93WRISW  Stim 17 Cd4Cre
: : - WT
c? Lack of:
3 STIM2
- ORAI1
1 ¥ STIM1
sTIM1/2
Time

Figure 2. ORAI1, STIM1 and STIM2 control SOCE and cytokine production in CD4* T cells

A, T cell-specific deletion of STIM2 in CD4* T cells from Stim27/! Cd4Cre mice does not interfere with the peak
of Ca2* influx (*) but impairs sustained SOCE (**) compared to wild-type control (Ctrl) T cells. Gradually more
severe defects in SOCE are observed (in this order) in ORAI1-, STIM1- and STIM1/2-deficient CD4* T cells (from
Oh-Hora et al. 2008; McCarl et al. 2010 and authors unpublished observations). T cells were stimulated with
PMA (10 nm), ionomycin (0.5 um) and thapsigargin (TG, 1 um) in Ringer solution containing 0 or 2 mm Ca?* as
indicated. In Orai1"%3% knock-in mice, the endogenous Orai1 gene was replaced with a mutant (Arg — Trp) allele
that encodes a non-functional ORAI1 protein. B, summary of SOCE levels in ORAI/STIM-deficient murine CD4* T
cells. C, cytokine production by CD4* T cells from the indicated mice that were stimulated for 6 h with PMA and
ionomycin and analysed by intracellular cytokine staining in flow cytometry (from Oh-Hora et al. 2008; McCarl
et al. 2010; Copyright 2010. The American Association of Immunologists, Inc.). Note that >99% of wild-type
Ctrl T cells express IFNy or IFNy and IL-2, whereas this percentage is gradually reduced in STIM2-, ORAI1- and
STIM1-deficient CD4™ T cells.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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STIM2 activation are distinct. STIM1 oligomerization
occurs when [Ca®* g is decreased to <~0.4 M, whereas
STIM2 responds to smaller reductions in resting [Ca®* |gr
(<~0.8 uMm) (Brandman et al. 2007). In addition, the
unfolding of the EFh-SAM domain of STIMI occurs
~3.5-4 times faster than that of STIM2, resulting in
>70 times shorter oligomerization kinetics of STIM1
compared to STIM2 (Stathopulos et al. 2009). Collectively,
these findings are consistent with a role of STIM1 as the
main mediator of immediate SOCE in response to strong
antigen receptor-induced signals that result in significant
depletion of ER Ca?* stores. By contrast, STIM2 responds
to weaker stimuli that only partially deplete ER Ca** stores
and is required to sustain prolonged SOCE.

Lack of STIMI1 expression in human patients with
loss-of-function mutations in STIM1 or mice with genetic
deletion of the StimI gene results in almost completely
abolished SOCE in T cells, B cells and a variety of myeloid
cells (Fig. 2; Baba et al. 2008; Oh-Hora et al. 2008; Picard
et al. 2009; Matsumoto et al. 2011; Fuchs et al. 2012; and
authors” unpublished observations). By contrast, STIM2
deletion in murine T cells does not have a significant effect
on peak Ca*" influx occurring in the first minutes after
antigen receptor stimulation or passive store depletion
but abolishes sustained Ca*" influx (Fig. 2; Oh-Hora et al.
2008). The latter is required for maintaining activation of
the Ca’* dependent transcription factor NFAT and cyto-
kine gene expression (Dolmetsch et al. 1997; Oh-Hora
et al. 2008). Consequently, STIM2-deficient CD4™" T cells
fail to sustain nuclear translocation of NFAT and show a
significant defect in IL-2 and IFNy production (Oh-Hora
et al. 2008). In B cells, deletion of STIM2 alone causes only
a moderate reduction in SOCE (Matsumoto ef al. 2011).
Nevertheless, STIM2 has a significant role in murine
lymphocyte function as only combined deletion of STIM 1
and STIM2 abolishes SOCE in T and B cells compared to
deletion of STIM1 alone (Oh-Hora et al. 2008; Matsumoto
et al. 2011) and severe immune dysregulation is often
observed only in STIM1/STIM2- but not STIMI- or
ORAI1-deficient mice as will be discussed further below.

CRAC channels are essential for immunity to infection

CRAC channelopathy due to mutations in ORAI1 and
STIM1 genes causes immunodeficiency in patients. The
importance of CRAC channel function for immunity is
most evident in patients that are homozygous for auto-
somal recessive mutations in STIM1 or ORAII genes which
either abolish mRNA and protein expression or result in
non-functional proteins (Feske et al. 2006; McCarl et al.
2009; Picard et al. 2009; Fuchs et al. 2012). All mutations
reported in patients to date severely impair CRAC channel
function and SOCE resulting in a unique clinical disease
syndrome we termed CRAC channelopathy (Feske, 2010).
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It is defined by severe immunodeficiency, autoimmunity,
congenital myopathy with atrophy of typell muscle
fibres and ectodermal dysplasia with anhydrosis and a
dental enamel calcification defect (Feske, 2010, 2011).
The leading symptom responsible for the high mortality
of CRAC-deficient patients in their first year of life
is immunodeficiency, which results in life-threatening
infections with bacterial, fungal and viral pathogens.
Immunodeficiency is largely due to impaired T cell
function, but SOCE defects in other immune cell types
are likely to contribute to the increased susceptibility to
infections as well since SOCE was also found to be severely
impaired in B cells, NK cells and neutrophils of ORAI1
and STIM1-deficient patients (Le Deist et al. 1995; Feske
et al. 2001, 2005; Maul-Pavicic et al. 2011). The types of
mutations in ORAII and STIMI genes and the resulting
clinical phenotypes have been reviewed in detail elsewhere
(Feske, 2009, 2010, 2011; Feske et al. 2010).

CRAC channels are required for CD8* T cell function.
CRAC channel-deficient patients lacking functional
ORAI1 or STIM1 are particularly susceptible to chronic
viral infections, especially herpes viruses such as cyto-
megalovirus (CMV) and Epstein-Barr virus (EBV). In the
most severe case, one patient suffered from disseminated
Kaposi sarcoma due to human herpes virus (HHV) 8
infection (Byun et al. 2010; Sahin et al. 2010). CD8" T
cells, along with several other cell types in the adaptive
and innate immune system, are critical to control viral
infections and Ca*" influx through CRAC channels is
important for their function (reviewed in Pores-Fernando
& Zweifach, 2009). Naive CD8" T cells and differentiated
cytotoxic T cells (CTL) from Orail~/~ and Orail®3W/R%W
knock-in mice had reduced SOCE and CRAC channel
function indicating that ORAI1 is an essential CRAC
channel homologue in CD8™ T cells (Gwack ef al. 2008;
McCarl et al. 2010). Lack of ORAII in naive CD8" T
cells partially reduced Ca*" influx whereas SOCE was
abolished in ORAI1-deficient CTL that had been cultured
in vitro (Gwack et al. 2008; McCarl et al. 2010). Human
CD8™ T cells from patients with non-functional ORAI1
or STIM1 completely lacked SOCE resulting in severely
dysregulated NFAT activation and gene expression (Feske
et al. 2001, 2005; Fuchs et al. 2012). Collectively, these
findings indicate that ORAI1 is the main CRAC channel
homologue in human CD8" T cells and mouse CTL,
whereas ORAI2 or ORAI3 may contribute to SOCE in
naive murine CD8" T cells.

In addition to transcriptional regulation, SOCE is
critical for cytolytic effector functions of CD8T T
cells. Ca®* signals are involved in many key steps of
CTL-mediated lysis of target cells including the release
of perforin- and granzyme-containing lytic granules at
the immune synapse (IS) (Pores-Fernando & Zweifach,

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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2009). The IS is formed between CTL and their target
cells, for instance virus-infected or tumour cells (Pipkin &
Lieberman, 2007). It is stabilized by interactions between
the TCR and peptide-MHC (major histocompatibility
complex) complexes as well as the binding of integrin
and co-stimulatory molecules on T cells and their target
cells. Formation of the IS ensures the directed and
spatially confined release of cytotoxic granules to kill
target cells in an antigen-specific manner while limiting
the killing of bystander cells. Granule release and cyto-
toxicity were shown to depend on Ca®* influx via CRAC
channels whereas Ca*" release from intracellular stores
was not sufficient to promote degranulation (Takayama
& Sitkovsky, 1987; Pores-Fernando et al. 2005). A recent
report furthermore showed that rapid and robust Ca**
influx leads to the fast recruitment of lytic granules to the
centre of the IS (Beal et al. 2009). This raises the question
whether localized Ca** influx at the IS is required for sub-
sequent granule exocytosis and whether CRAC channels
are recruited to the IS to facilitate release. Localized Ca**
influx at the IS, however, was not observed in studies using
the cytotoxic T-cell leukemic line TALL-104 and Raji B cell
lymphoma cells as targets, suggesting that CRAC channels
in CTL may not be polarized during killing (Lyubchenko
et al. 2001). By contrast, a more recent report showed
that ORAI1 Ca’* channels accumulate at the IS formed by
Jurkat T cells and primary human T cells (Barr ef al. 2008;
Lioudyno et al. 2008; Quintana ef al. 2011), consistent
with a potential requirement for SOCE in the polarization
of lytic granules to the IS and their directed secretion.

The significance of SOCE in CTL is emphasized by
the impaired cytotoxic function of CD8" T cells and
NK cells (see below) from patients and mice lacking
functional ORAI and STIM genes. CD8" T cells from
STIM1/STIM2-deficient mice lacked SOCE completely
and showed impaired exocytosis of lytic granules and
killing of tumour target cells (S.Feske, unpublished
observations). By contrast, the cytotoxic function of
human CD8" T cells isolated from STIMI-deficient
patients was normal (Maul-Pavicic et al. 2011). The cause
for this discrepancy between human and mouse CD8* T
cell function is unknown, but may be related to species
differences or the presence of residual SOCE in human
CD8™ T cells lacking only STIM 1. The latter would suggest
that modest SOCE is sufficient for the cytolytic function
of CD8™ T cells. Future experiments will have to assess the
role of SOCE in cytotoxic CD8* T cell function in vivo in
the context of immunity to tumours and antiviral immune
responses.

CRAC channels are required for NK cell function. Like
CD8' T cells, natural killer (NK) cells have cytolytic
function and mediate antitumour and antiviral immune
responses. They express a variety of activating and

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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inhibitory receptors. Crosslinking of several activating
receptors such as the low affinity Fcy receptors for IgG
(FcyRlIIIa/b or CD16a/b), NKp46 and 2B4 induces SOCE
(Bryceson et al. 2006). A recent study using NK cells
from patients with mutations in ORAII and STIM1 genes
has shown that SOCE is required for the production of
cytokines and the release of cytotoxic granules in NK
cells (Maul-Pavicic et al. 2011; Fuchs et al. 2012). NK
cells from these patients lacked SOCE following CD16
stimulation or passive store depletion with thapsigargin
and showed impaired production of IFNy and TNF«
when co-incubated with tumour cells. Furthermore,
SOCE-deficient NK cells failed to exocytose their lytic
granules and accordingly were severely impaired in their
ability to kill tumour cells in vitro (Maul-Pavicic et al.
2011). A partial defect in NK cell degranulation was also
observed in NK cells from Orail®V/R3W mijce (authors’
unpublished observations).

While NK cell function requires SOCE, NK cell
development does not and is normal in ORAI1- and
STIM1-deficient patients and mice. By contrast, the
development of NKT cells, a subgroup of CD1d-restricted
T cells expressing an invariant T cell receptor that
recognizes lipid and glycolipid antigens, appears to require
SOCE. Virtually no CD3" Va24™ Vbl1T NKT cells
were found in the blood of a STIMI-deficient patient
(Fuchs et al. 2012). This finding is consistent with
the lack of NKT cells in calcineurin-deficient mice as
well as mice lacking the NFAT-dependent transcription
factor Egr2 (Lazarevic et al. 2009). The immuno-
logical significance of the functional defects observed in
SOCE-deficient NK cells and the developmental defect
of NKT cells is not yet understood. It also remains to
be elucidated to what extent the impaired function and
development of the individual cytotoxic lymphocyte sub-
types (CD8™ T cells, NK cells, NKT cells) contribute to
the increased susceptibility to viral infections and the
increased incidence of virus-associated malignancies in
patients (EBV-associated lymphoma, HHV8-associated
Kaposi sarcoma) with loss-of-function mutations in
ORAII and STIM1I genes (McCarl et al. 2009; Byun et al.
2010; Feske et al. 2010).

CRAC channels in inflammation and autoimmunity

SOCE controls effector CD4* T cell functions. SOCE
controls the function of CD4™ T cells, which are important
mediators of inflammation and autoimmunity but also
regulators of immunological tolerance. SOCE in CD4"
T cells is mediated predominantly by ORAI1 and STIM1
as CD4™" T cells from patients with mutations in either
gene showed strongly reduced SOCE, NFAT activation
and production of cytokines such as IL-2, IL-4, IFNy
and TNF« (Feske et al. 1996, 2001). The critical role of
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SOCE for CD4" T cell function is confirmed by impaired
cytokine production in several murine CD4t T
helper (Th) cell subsets derived from ORAII- and
STIM1-deficient mice. When naive CD4" T cells from
these mice were differentiated into Th1l, Th2 and Th17
cells in vitro (Fig.3), they produced drastically lower
levels of IFNy, TNFaw, IL-10, IL-4 and IL-17, respectively,
upon stimulation (Figs2 and 3; Oh-Hora et al. 2008;
Ma et al. 2010; McCarl et al. 2010). As discussed in an
earlier section, STIM2 is required for sustained SOCE
and NFAT activation and its genetic deletion in CD4*
T cells from Stim2"! Cd4Cre mice impairs the expression
of cytokines such as IFNy and IL-17 (Fig.2; Ma et al.
2010). SOCE controls the proliferation of human T cells,
which is significantly reduced in patients with CRAC
channelopathy (Le Deist et al. 1995; Feske et al. 1996).
By contrast, the proliferation of murine CD4% T cells
is impaired only in T cells lacking both STIM1 and
STIM2, but is normal in T cells lacking STIMI or
ORAIl alone (Oh-Hora et al. 2008; Beyersdorf et al.
2009; McCarl et al. 2010). Kim et al. described enhanced
proliferation of CD4™ T cells from Orail~/~ mice upon
repeated TCR stimulation; however, this defect was due
to increased resistance to apoptotic cell death (Kim et al.
2011). The cause of the more severe proliferation defect
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in ORAI1/STIM1-deficient human compared to mouse
T cells is not known but may be related to a greater
functional redundancy of ORAI/STIM proteins in mouse
lymphocytes.

While SOCE is not required for the proliferation
of murine CD4" T cells in general, the growth and
differentiation of Th17 cells appears to require SOCE.
Naive CD4" T cells differentiate into proinflammatory
Th17 cells under the influence of the transcription factor
RORyt and cytokines such as TGFpB, IL-6, IL-21 and
IL-23 (Fig. 3; Zhou & Littman, 2009). STIMI1-deficient
CD4" T cells grown under Th17 polarizing conditions
in vitro (in the presence of IL-6 and TGFp) failed to
proliferate, a defect that is likely to be related to their
impaired expression of IL-21 and the receptor for 1L-23
(Fig. 3; Ma et al. 2010). Consistent with an important role
of SOCE in the function of Th17 cells is the profound
defect in the production of effector cytokines IL-17A,
IL-17F and IL-22 by STIM1- or STIM2-deficient T cells
(Ma et al. 2010; Schuhmann et al. 2010). Importantly,
SOCE-deficient T cells failed to induce autoimmunity in
two animal models of disease in which Th17 plays an
important pathophysiological role: inflammatory bowel
disease (IBD), a mouse model for ulcerative colitis
and Crohn’s disease, and experimental autoimmune
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Figure 3. Role of SOCE in the differentiation and function of CD4* T cells

Naive CD4* T cells differentiate into distinct T helper (Th) cell types and regulatory T (Treg) cells whose role in
immunity is indicated on the right. Differentiation into Th1, Th2, Th17 or Treg cells is influenced by the cytokine
milieu in which TCR stimulation occurs. Indicated are the cytokines and STAT (signal transducer and activator of
transcription) molecules that initiate CD4" T cell differentiation (left column) and promote expression of lineage
specific transcription factors (indicated above arrows). In Treg cells, SOCE is required for Foxp3 expression and
Treg differentiation. In Th17 cells, SOCE controls expression of IL-21 and the receptor for IL-23 (IL-23R), cytokines
which have been implicated in the terminal differentiation and survival of Th17 cells. In addition to influencing
CD4* T cell differentiation, SOCE is essential for effector functions of Th1, Th2, Th17 and Treg cells. The levels of
SOCE required for the differentiation and function of distinct CD4™ T cell types are indicated by blue boxes (light
blue: low levels of SOCE sufficient; dark blue: robust, sustained SOCE required).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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encephalomyelitis (EAE), a mouse model for multiple
sclerosis. When STIM1-deficient mice were immunized
with myelin-oligodendrocyte glycoprotein peptide to
induce EAE, they were protected from autoimmune CNS
inflammation (Ma et al. 2010; Schuhmann et al. 2010).
T cells isolated from the CNS and draining lymph nodes
of mice failed to produce IL-17A (Ma et al. 2010). Inter-
estingly, STIM2-deficient mice were partially protected
from EAE suggesting that STIM2 is required for SOCE and
Th17 cell function in vivo (Ma et al. 2010; Schuhmann et al.
2010). In a murine model of colitis, adoptive transfer of
naive CD4™ T cells from ORAI1- or STIM1-deficient mice
failed to induce IBD in contrast to the transfer of wild-type
T cells. Protection was associated with a complete absence
of mucosal inflammation in the colon of recipient mice
and strongly attenuated production of proinflammatory
cytokines, especially IFNy and IL-17, in the gut (McCarl
et al. 2010). These findings are consistent with reduced
SOCE and expression of IFNy observed in lamina propria
(LP) mononuclear cells that were isolated from biopsies
of patients with IBD and treated with a CRAC channel
inhibitor in vitro (Di Sabatino et al. 2009). Interestingly,
CD4" and CD8" T cells isolated from the LP of healthy
individuals have significantly lower SOCE compared to T
cells in the peripheral blood (Schwarz ef al. 2004) whereas
LP T cells isolated from patients with IBD have robust
SOCE similar to that in blood T cells. While the study
by Schwarz et al. did not compare the activation status
or cytokine production by LP T cells isolated from IBD
patients and healthy controls, these findings suggest that
T cells present in the inflamed LP of IBD patients are
effector T cells (most likely Thl and Th17 cells) that
have upregulated expression of SOCE genes on which they
depend for their proinflammatory function. Collectively,
the studies described above show that CRAC channels are
important regulators of T cell-mediated inflammation and
autoimmunity. How they control the function of T cells
and the balance of different Th subsets in inflammation
remains to be elucidated.

SOCE controls regulatory T cell function and the
maintenance of immunological tolerance. In addition to
immunodeficiency, SOCE-deficient patients suffer from
autoimmunity characterized by haemolytic anaemia and
thrombocytopenia caused by autoantibodies against red
blood cells and platelets (Picard et al. 2009; Fuchs
et al. 2012). The autoimmunity and inflammatory disease
observed in patients may have several, not mutually
exclusive causes including a defect in the negative selection
of autoreactive T cells in the thymus (also referred to as
central tolerance) or impaired peripheral T cell tolerance
(Qu etal . 2011). The role of SOCE in negative selection in
the thymus is not clear, but STIM1-deficient patients and
mice have a normal TCR repertoire (Picard et al. 2009;
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Fuchs et al. 2012), suggesting that SOCE is not critical
for eliminating potentially autoreactive T cells. Two of the
most important peripheral tolerance mechanisms involve
T cell hyporesponsiveness (or T cell anergy) and regulatory
T (Treg) cells. T cells can become anergic following weak
TCR stimulation or TCR engagement in the absence
of co-stimulatory signals. Anergy is characterized by
the inability of T cells to mount a productive immune
response, for instance against pathogens (Chappert &
Schwartz, 2010). Induction of anergy in T cells was shown
to require Ca’" influx and activation of the transcription
factor NFAT (reviewed in Baine ef al. 2009). Conversely,
however, the lack of SOCE and NFAT activation observed
in T cells from CRAC-deficient patients, does not result
in enhanced T cell activation or hyperproliferation. Auto-
immunity in CRAC-deficient patients therefore is unlikely
to be caused by impaired T cell anergy.

By contrast, the numbers of Treg cells, defined by
co-expression of the Treg lineage-specific transcription
factor Foxp3™ and the surface receptors CD4 and CD25
are reduced in STIMI-deficient patients (Picard et al.
2009; Fuchs et al. 2012). Treg cells are essential for
maintaining immunological tolerance to self-antigens as
well as regulating, for instance, immunity to infection
and tumours (Nishikawa & Sakaguchi, 2010; Wing &
Sakaguchi, 2010). Lack of Treg cells in human patients
or mice with mutations in the Foxp3 gene results
in severe autoimmunity (Mercer & Unutmaz, 2009).
SOCE is required for the development and function of
Foxp3™ Treg cells (Fig. 3). This is most clearly shown in
SOCE-deficient mice with T cell-specific deletion of both
Stiml and Stim2 genes, which have ~80-90% reduced
numbers of Foxp3™' Treg cells and abolished suppressive
Treg function (Oh-Hora et al. 2008). Accordingly,
these mice showed a severe inflammatory phenotype
with lymphadenopathy, splenomegaly and progressive
infiltration of the lung, colon and other organs with
lymphoid and myeloid cells (Oh-Hora et al. 2008). A
similar lymphadenopathy and splenomegaly is present
in STIMI1-deficient patients (Feske, 2009; Picard et al.
2009). Treg development and function are not or only
moderately impaired in Treg cells from STIMI- or
ORAI1-deficient mice (Beyersdorf et al. 2009; McCarl
et al. 2010), suggesting that moderate SOCE levels in T
cells are sufficient for Treg development and function
(Fig. 3). The mechanisms by which SOCE controls Treg
cell physiology remain to be investigated, but they are
likely to involve the ability of SOCE to regulate NFAT
activation and its binding to gene regulatory elements in
the Foxp3 promoter and enhancer (Fig. 1; Tone et al. 2008)
and to regulate the NFAT-dependent expression of IL-2.

CRAC channels in B cell function and (auto) antibody
production. The cause of autoantibody production by
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B cells in CRAC-deficient patients is unknown. Besides
impaired Treg development and/or function resulting
in failed suppression of autoreactive T and B cells, an
alternative explanation may be that SOCE is required
for the negative selection of autoreactive B cells during
their development. Developing B cells that recognize
self-antigens are eliminated in a process called negative
selection to prevent the production of autoantibodies
that can cause autoimmune disease. SOCE in B cells
has been implicated in diverse B cell functions such as
clonal expansion, differentiation and apoptotic cell death
(Engelke et al. 2007; King & Freedman, 2009) but its role
in B cell development and selection has remained unclear.
STIM1 expression levels and SOCE amplitudes were
higher in immature and transitional B cells than in mature
B cells, potentially increasing antigen sensitivity during B
cell development and promoting deletion of autoreactive
B cells (Yarkoni & Cambier, 2011). Consistent with this
idea, Linmander et al. reported that STIM1 regulates ERK
activation in B cells during negative selection (Limnander
et al. 2011). SOCE mediated by STIMI induced the
apoptosis of B cells recognizing self-antigen, and over-
expression of STIM1 in bone marrow-derived B cells
conferred a competitive disadvantage to developing B
cells. By contrast, no defect in B cell development was
observed in mice with B cell-specific deletion of both
Stiml and Stim2 genes despite severely impaired SOCE
in STIM1/2-deficient B cells (Matsumoto et al. 2011).
These results call into question the role of SOCE in B
cell development and selection.

Upon antigen encounter, B cells undergo clonal
expansion as well as class switch recombination and
somatic hypermutation of their B cell receptor to
produce high affinity IgG, IgA and IgE antibodies. SOCE
appears to be dispensable for the ability of B cells to
produce antigen-specific antibodies as T-dependent
and T-independent IgG antibody responses were
normal in STIM1-deficient (Beyersdorf et al. 2009) and
STIM1/STIM2-deficient mice (Matsumoto et al. 2011).
These findings are consistent with normal B cell numbers
and normal to elevated serum immunoglobulin levels
for IgA, IgM and IgG in CRAC-deficient patients with
mutations in ORAII or STIM1 genes (Le Deist et al. 1995;
McCarl et al. 2009; Picard et al. 2009; Feske et al. 2010).
Some SOCE-deficient patients, however, showed impaired
seroconversion with a lack of specific antibodies against
vaccination and recall antigens (McCarl et al. 2009). While
this defect is most likely due to impaired CD4*" T cell
help rather than a B cell-intrinsic defect, further studies
are necessary to clarify whether SOCE in T cells, B cells
or dendritic cells has a role in controlling the generation
of antigen-specific antibodies and/or autoantibodies.
Interestingly, mice with B cell-specific deletion of Stim1
and Stim2 genes showed impaired expression of IL-10 by
a subset of regulatory B cells (CD1d"CD5"). Accordingly,

P.J. Shaw and S. Feske

J Physiol 590.17

these mice were increasingly susceptible to experimental
autoimmune encephalomyelitis (Matsumoto ef al. 2011).
It remains to be studied whether impaired SOCE in
CD1d"MCD5* regulatory B cells predisposes mice to
develop autoantibodies and spontaneous autoimmunity,
which might explain the occurrence of autoantibodies
against red blood cells and platelets in CRAC-deficient
patients.

Conclusions

The discovery of CRAC-deficient patients with mutations
in ORAII and STIMI genes and the generation of
genetically engineered mice lacking functional STIMI,
STIM2 and ORAII has greatly enhanced our knowledge of
the physiological role of CRAC channels and SOCE in the
immune system and other organs. Additional insights are
likely to be gained from ORAI2- and ORAI3-deficient mice
or human patients, but these are currently not available
for study. Residual Ca?* influx in naive CD4* and CD8*
T cells from Orail~/~ and Orail®*3W/R%W mice suggests
that ORAI2 and ORAI3 may play a role in SOCE in murine
T cells and that functional redundancy between ORAI
channels may exist in mouse T cells. Whether this is also
the case in human T cells is questionable since T cells iso-
lated from ORAII-deficient patients have no detectable
CRAC channel currents or SOCE. Further genetic and
functional studies will be necessary to clarify if functional
redundancy between ORAI proteins exists in human and
murine lymphocytes.

Recent studies in gene-targeted mice lacking functional
ORAIl, STIM1 and STIM2 have demonstrated an
important role for SOCE in lymphocyte function in vivoin
avariety of processes including allograft rejection (McCarl
et al. 2010), graft-vs.-host disease (Beyersdorf et al. 2009),
hypersensitivity responses (McCarl et al. 2010) and auto-
immunity such as inflammatory bowel disease (McCarl
et al. 2010) and multiple sclerosis (McCarl et al. 2010;
Schuhmann et al. 2010). Other immune responses are
likely to be controlled by SOCE as well and further
studies in primary human immune cells as well as animal
models will be required to define the role of ORAI/STIM
proteins in adaptive and innate immunity. Interfering
with SOCE by blocking CRAC channel function is a
promising approach to therapeutic immune regulation
in autoimmune and allergic diseases, inflammation and
for the prevention of transplant rejection. An important
consideration for the development of such drugs will be
to understand the quantitative requirements for SOCE
in different types of immune responses. Experience
with ORAI1- and STIM1-deficient patients tells us that
complete deletion of CRAC channel function results
in deleterious immune dysregulation with increased
susceptibility to infection and autoimmunity due to Treg
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cell dysfunction. It remains to be investigated whether
there is a level of CRAC channel inhibition that does
not interfere with protective immunity to infection and
Treg-mediated self-tolerance, but allows for inhibiting
proinflammatory functions of T cells and other immune
cell types. In other words, it needs to be established
if a therapeutic window for CRAC channel inhibition
exist that can be exploited for immunosuppression in
patients.
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