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A B S T R A C T

Calcium is a major intracellular signaling messenger in innate immune cells. Similar to other immune cell
subsets, the majority of calcium entry into innate immune cells is induced by cell surface receptors that stimulate
store-operated calcium entry through calcium-release activated calcium (CRAC) channels. Since the molecular
description of the STIM family of calcium sensors and the ORAI family of CRAC channel proteins, the majority of
studies support a dominant role for these proteins in calcium signaling in innate cells. In reviewing the literature
on CRAC channel function in innate cells, several general themes emerge. All innate cells express multiple
members of the STIM and ORAI family members, however the ratio and relative contribution of individual
isoforms changes depending on the cell type and activation state of the cell. It is evident that study of functional
roles for STIM molecules is clearly ahead of studies of specific ORAI family members in all innate cell types, and
that studies of CRAC channels in innate cells are not nearly as advanced as studies in lymphocytes. However,
taken together, evidence from both STIM calcium sensors and ORAI channels in innate cells indicates that
deficiency of STIM and ORAI proteins tends not to affect the development of any innate cell lineage, but certainly
affects their function, in particular activation of the neutrophil oxidase and mast cell activation via IgE receptors.
Furthermore, there are clearly hints that therapeutic targeting of CRAC channels in innate cells offers a new
approach to various inflammatory and allergic diseases.

1. Introduction

1.1. A brief introduction to store-operated calcium entry

The innate immune system is a complex network of defenses de-
signed to protect the host in the setting of injury or infection.
Evolutionary pressures have designed a system that is capable of sen-
sing and responding to a range of viral, bacterial, fungal and parasitic
threats. The ability to fine tune the immune response to adapt to this
multitude of organisms requires complex signaling mechanisms, many
of which utilize calcium as a central signaling mediator. In non-ex-
citable cells including immune cells, the primary mechanism of calcium
entry is via store-operated calcium entry (SOCE). Resting cells maintain
low intracellular calcium levels by sequestering calcium outside of the
cell and within “store” organelles, particularly the endoplasmic re-
ticulum (ER). Upon receptor activation, subsequent signaling steps ul-
timately release calcium from the ER. Classically, this process is driven
by phospholipases which generate inositol-trisphosphate (IP3) from
membrane bound phosphatidylinositol 4,5-bisphosphate (PIP2). The
ER-resident IP3 receptor is a receptor-operated calcium channel that
liberates calcium from the ER. ER calcium depletion is sensed by

dissociation of calcium from the EF-hand of STIM calcium sensors,
which undergo oligomerization and conformational change to gate the
plasma membrane calcium-release activated calcium (CRAC) channels.
CRAC channel opening allows sustained calcium entry and activation of
calcium-dependent signaling [1–3]. After much debate over the mole-
cular identity of the CRAC channel, ORAI family members were iden-
tified over 10 years ago as the primary component of the CRAC channel
pore [4–6]. Patients with mutations in ORAI1 display a SCID-like im-
munodeficiency, suggesting that ORAI1 is the dominant channel
member in many immune cells, particularly lymphocytes [7]. However,
there are three ORAI family members, ORAI1, ORAI2 and ORAI3, and
other channel proteins that have been proposed to comprise the CRAC
channel in immune cells [8]. It is likely that the composition of the
CRAC channel differs depending on cell type, localization, differentia-
tion and activation state.

Here we discuss the evidence for the composition of the CRAC
channel in innate immune cells, the role of CRAC channels in innate
immune cell function, as well as the contribution, demonstrated or
anticipated, of innate cell CRAC channels to disease. We focus on
neutrophils, monocytes, macrophages, mast cells and dendritic cells
since, while this in no way includes all innate immune cells, evidence
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regarding CRAC channel function in other cells including innate lym-
phoid cells is exceedingly limited.

2. Neutrophils

Neutrophils are highly motile cells that efficiently track, engulf and
eliminate microorganisms through production of toxic mediators. In
addition to their classically recognized bactericidal role, more recent
studies have demonstrated that neutrophils are more complex than
previously perceived. Reverse transmigration, neutrophil subtypes,
production of resolving mediators, and coordination of adaptive im-
mune responses are examples of neutrophil functions described in the
last several years [9–13]. Although the ability of neutrophils to pha-
gocytose and kill pathogens has been known for over 100 years, our
knowledge of the molecular mechanisms guiding neutrophil activation
lags significantly behind that of other immune cells, at least in part due
to the challenges of studying such a short lived and sensitive cell. Since
the early 1980’s, calcium has been recognized as a signaling molecule
that is induced through ligation of multiple neutrophil receptors, such
as tyrosine kinase-associated receptors (integrins, FcγR, Dectin-1) and
G-protein coupled receptors (GPCRs), which mediate neutrophil inter-
actions with both the host and pathogens [14,15].

Ample evidence supports a role for CRAC channels and SOCE in
human and mouse neutrophil function, in particular for activation of
the NADPH oxidase. Early studies using [45] Ca and patch clamp
techniques demonstrated that calcium entry stimulated by GPCRs is
mediated through SOCE [14,15]. Subsequent inhibitor studies sup-
ported these findings [16,17]. Since the identification of STIM and
ORAI family members, more targeted studies using siRNA and genetic
approaches have begun to characterize the composition of CRAC
channels in human and mouse neutrophils, defining how CRAC chan-
nels and SOCE are required for neutrophil responses.

2.1. Composition of the neutrophil CRAC channel

Neutrophils in both mouse and human express all five Stim and
ORAI family members, although the relative expression of each isoform
varies across species and cellular context. In the mouse, data from the
Immgen microarray database (www.immgen.org/databrowser/index.
html) reports a predominance of ORAI2 in resting bone marrow neu-
trophils (relative values 480 (Orai1), 700 (Orai2), 400 (Orai3)), with
the ratio changing to favor ORAI in activated neutrophils from inflamed
joints (relative values 400 (Orai1), 275 (Orai2), 400 (Orai3)). However,
in our hands we find a predominance of ORAI1 expression by qPCR
even in resting cells (unpublished data). This discrepancy may be the
result of ORAI2 signal from the ORAI2 pseudogene, which is nearly
identical to the ORAI2 mRNA [18]. RNAseq data from the BLUEPRINT
Epigenome project (www.ebi.ac.uk/gxa/experiments?experimentSet=
BLUEPRINT) suggests that human neutrophils express predominantly
ORAI1 and ORAI2 in bone marrow (14TPM and 60TPM) and blood
(27TPM and 38TPM). Expression levels of ORAI3 in both human and
mouse is reported to be lower (11TPM in human bone marrow). TRPC
channels, in particular TRPC1 and TRPC6 have been reported to con-
tribute to SOCE in mouse neutrophils [19,20], however the expression
level of these channel proteins is quite low (relative values 30 (TRPC1),
30 (TRPC6), Immgen microarray database and unpublished data). Ex-
pression of TRPC’s in human neutrophils is not detected per the BLU-
EPRINT RNAseq project, however TRPC3 and TRPC6 expression along
with low level expression of TRPC 1 and 4 has been reported [21].
Validation by qPCR of relative expression of ORAI1, 2, and 3 in primary
human and mouse neutrophils has yet to be published.

Similar to other immune cells, several studies support a role for
ORAI1 as a primary component of neutrophil CRAC channels. In dif-
ferentiated HL-60 cells, ORAI1 knockdown impairs calcium influx in
response to thapsigargin, fMLF and FcγR cross-linking [16,22]. Schaff
et al. extended these results in finding that both ORAI1 knockdown in

HL-60 cells and mice heterozygous for ORAI1 demonstrate decreased
calcium flux induced by thapsigargin or shear stress in a microfluidics
chamber [23]. Interestingly a report analyzing neutrophils from a single
patient with a loss of function ORAI1 R91W mutation demonstrated
mildly reduced SOCE, corroborating the mouse and cell line data [24].
In contrast, a conflicting report by Sogkas et al. found that thapsigargin-
induced SOCE was normal in neutrophils from hematopoietic chimera
Orai1−/− mice [25]. ORAI1 was required for C5a-dependent calcium
influx and neutrophil migration, but via a non-SOCE mechanism. The
reason for these conflicting results is unclear but could result from
differing methods of neutrophil purification (density gradient versus
FACS sorting), which could alter cellular responses in these sensitive
cells. Notably, in all these studies the decrease in SOCE with knock-
down of ORAI1 alone is modest, implying that other channel compo-
nents such as ORAI2, ORAI3 or TRPC family members can contribute to
SOCE in neutrophils. This question has been addressed in a handful
studies. Knock down of TRPC1, TRPC6, in differentiated HL-60 cells
demonstrated modestly impaired calcium influx in response to thapsi-
gargin and fMLF suggesting that these channels participate in neu-
trophil SOCE [21]. A role for TRPC6 has also been suggested by mouse
studies showing decreased calcium influx in response to CXCR2 ago-
nists in Trpc6−/− neutrophils [20]. Studies of ORAI2 or ORAI3 in
neutrophils are similarly limited. Steinckwich et al. found no significant
contribution of ORAI3 and a non-significant trend towards decreased
FcγR-mediated calcium flux in differentiated HL-60 cells22]. A recent
report in undifferentiated HL-60 cells demonstrated that knock down of
ORAI1 and ORAI2 in combination significantly impaired SOCE and cell
proliferation [26]. Whether this finding will translate into similar re-
sults in differentiated HL-60 cells or primary neutrophils remains to be
seen. Additionally, the majority of these studies were performed in
resting cells, however gene expression data suggests that the dominant
channel component may change during inflammation. Receptor loca-
lization may also mean that CRAC channel composition may vary de-
pending on the receptor used. Considerable work remains to determine
receptor and context-dependent requirements for the neutrophil CRAC
channel.

2.2. CRAC channels in neutrophil function

Several studies indicate that CRAC channels are critical for activa-
tion of the neutrophil NADPH oxidase leading to radical oxygen species
(ROS) production (Fig. 1). In cell lines CRAC channel inhibition with
BTP2 or knock down of TRPC1, TRPC6 or ORAI1 decreases ROS pro-
duction in response to several ligands [16,21,22]. In addition to these
studies that directly investigate the channel components, numerous
studies of STIM1 and STIM2 deficient cells, both in cell lines and pri-
mary murine neutrophils indirectly support a role for CRAC channels in
activation of the oxidase. The observation that neutrophils from a pa-
tient with ORAI1 deficiency display normal respiratory burst is see-
mingly at odds with the majority of other reports [24]. However, in this
patient SOCE is only mildly reduced, either due to developmental al-
terations after bone marrow transplantation, or perhaps in humans
there is sufficient redundancy from other CRAC channel components
that loss of only ORAI1 has minimal impact.

The role of oxidative stress on neutrophil CRAC channels is parti-
cularly relevant given the sheer capacity of neutrophils for generating
oxygen radicals. Oxidative stress may have direct effects on channel
function as has been shown for human monocytes. Additionally, pha-
gocyte (particularly neutrophil) ROS production creates large ion fluxes
generated via activation of the NADPH oxidase. The oxidase machinery
creates an uncompensated flux of electrons across the plasma or pha-
gosomal membrane and also generates an intracellular proton, both of
which depolarize the cell [27]. Alone, this depolarization would de-
crease both the electrochemical gradient driving calcium entry through
CRAC channels and ultimately ROS production as well. Several groups
recognized years ago that SOCE is strongly inhibited by PMA-induced
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ROS and that SOCE is enhanced in neutrophils from patients with
chronic granulomatous disease [28,29]. Neutrophils have developed
compensatory mechanisms that counteract these effects including high
expression of the voltage gated proton channel (Hcvn1) which allows
efflux of protons and serves to temper ROS-induced depolarization
[30,31]. However, it is likely that the interaction of these large ionic
fluxes and direct STIM/ORAI oxidative modifications has generated
compensatory mechanisms that uniquely modulate CRAC channel
function in neutrophils.

Neutrophil migration requires chemokine receptors, selectins and
integrins, which mediate shape polarization, chemokinesis, neutrophil
rolling, cell arrest, adhesion and transmigration. Calcium flux initiated
by chemokine receptors or selectins promotes integrin activation.
Integrin ligation further induces SOCE, thus it seems obvious that
neutrophil migration should rely on CRAC channel function [32,33].
That said, the data supporting a role for SOCE in neutrophil migration is
mixed. Schaff and Dixit nicely demonstrated in two studies that ORAI1
is required for cell arrest and shape polarization mediated through LFA-
1, both through inside-out signaling from a GPCR (CXCR1 or FPR1) to
initiate integrin clustering and change to higher affinity conformation,
and via integrin-induced SOCE that mediates cell arrest [23,34]. These
studies demonstrate that ORAI1 physically associates with high affinity
LFA-1 clusters facilitated by the adaptor molecule Kindlin-3, thereby
allowing the neutrophil to translate tensile forces into spatially regu-
lated calcium signals that promote cytoskeletal reorganization and
adhesion strengthening. These findings demonstrate an important role
for ORAI1 in integrin-mediated mechanosignaling (Fig. 1). It will be
interesting to see how other ORAI isoforms modulate these

mechanically-driven signals. Genetic deletion of TRPC6 also decreases
neutrophil directional migration in response to CXCR2 ligands in vitro
[20]. How this impacts neutrophil migration in vivo is less clear. Sogkas
et al. used hematopoietic chimeras to demonstrate that ORAI1 is re-
quired for C5a and CXCL2-dependent migration in vitro and in immune
complex pneumonitis and LPS-induced peritonitis models [25]. Inter-
estingly, they concluded that this was via a STIM1 and SOCE-in-
dependent mechanism since they observed normal migration of
Stim1−/− neutrophils to C5a in vitro and enhanced migration in LPS-
induced inflammation in vivo. Confirmation of these findings and fur-
ther mechanistic studies will be required to understand whether this
departure from the typical STIM1-ORAI1-SOCE relationship is gen-
eralizable to other neutrophil responses and receptors, or specific to
C5a-mediated neutrophil activation. Corroborative evidence from
STIM-deficient neutrophils is similarly mixed. We have seen intact
neutrophil migration to sites of inflammation in STIM1 and STIM1/2
deficient mice, while Steinckwich et al. observed impaired migration of
Stim1-/- neutrophils in vitro and in a psoriasis model in vivo [35–37].
Neutrophil migration is a complex process and the requirements for
calcium and CRAC channels likely vary depending on the context and
activation state of the neutrophil. Additional studies will be necessary
to clearly establish the requirements for CRAC channels in different
steps of neutrophil migration, and during more complex migratory
patterns such as neutrophil swarming. The role of CRAC channels in
synchronizing neutrophil polarization and migration is nicely discussed
by Dixit and Simon in a previous review [38] and more recently by
Immler et al. [39].

Studies of STIM1 and STIM2-deficient neutrophils also suggest a

Fig. 1. CRAC channel function in neu-
trophils. Multiple neutrophil receptors in-
cluding G-protein coupled chemokine re-
ceptors and tyrosine-kinase associated
receptors such as Fc-receptors, integrins,
Dectin, and selectins induce calcium entry via
store-operated calcium entry (SOCE).
Activation of these receptors induces a sig-
naling cascade that activates phospholipase C
(PLC) family members, an enzyme that liber-
ates IP3 from membrane bound PIP2. IP3 then
releases calcium from the endoplasmic re-
ticulum (ER) through binding to the IP3R.
Depletion of ER calcium is sensed by ER re-
sident STIM molecules, STIM1 and STIM2.
Calcium-disassociation from the ER luminal
EF-hand induces STIM conformational change,
oligomerization, binding and opening of the
plasma membrane CRAC-channels. This allows
sustained calcium entry into the cytoplasm
which is important for multiple neutrophil
functions, including phagocytosis, ROS pro-
duction, degranulation, adhesion under shear
stress, and cytokine production.
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role for CRAC channels in degranulation [35,37]. Additionally, STIM1
is required for local calcium elevations required for phagocytosis [40],
however direct investigation to determine the relative contribution of
individual CRAC channel proteins to granule release and phagocytosis
as well as other neutrophil functions such as NETosis and production of
lipid mediators remains to be done. The role of STIM proteins in neu-
trophil functions has also recently been reviewed [41].

3. Monocytes and macrophages

3.1. Channel composition

Monocytes and macrophages and are a diverse group of circulating
and tissue resident cells that are critical for modulation of the immune
response. In disease, macrophages play a multitude of roles that vary
depending on disease context and cell location. Tissue resident mac-
rophages such as alveolar macrophages play a critical role as a first line
of anti-bacterial defense. Macrophages produce robust amounts of cy-
tokines and can shape the immune response during allergy and in-
flammation. Additionally, these phagocytic cells are responsible for
clearance of auto-antibody coated cells during autoimmune thrombo-
cytopenia, anemia or neutropenia.

Although signaling mechanisms in macrophages bear many simila-
rities to other phagocytes including neutrophils, a role for CRAC
channels and SOCE is less clear. Resting blood monocytes express
ORAI1, ORAI2, and ORAI3 in approximately even proportions as de-
termined by qPCR [42], while bone marrow and peritoneal cavity
macrophages have a predominance of ORAI3 (microarray, www.
immgen.org/databrowser/index.html). In humans, the BLUEPRINT
RNAseq database reports predominantly ORAI1 expression with lower
levels of ORAI2 and ORAI3 (www.ebi.ac.uk/gxa/experiments?
experimentSet=BLUEPRINT). Interestingly, inflammatory macro-
phages have nearly double the expression of ORAI1 compared with
alternatively activated macrophages or classical monocytes (29TPM vs
14TPM or 17TPM), suggesting that perhaps this isoform is more im-
portant in this context.

3.2. CRAC channels in monocyte/macrophage function

There is limited data addressing the role of CRAC channel proteins
in monocyte or macrophage activation. An intriguing study in human
monocytes demonstrated that CRAC channels are important for
monocyte ROS production and bacterial killing. This study reported
that ORAI1-mediated the majority of the CRAC current under resting
conditions, however ORAI3 was critical for preventing oxidative in-
activation of the CRAC channel during ROS production in vitro [42].
Staphylococcal infection in mice or treatment of human monocytes
with bacterial peptides increased the ORAI3/ORAI1 ratio, suggesting
that this mechanism enhances calcium signaling in monocytes during
inflammation (Fig. 2). Very little is known about the role of CRAC
channels in macrophages. Reports from STIM-deficient mice provide
conflicting data on the role of SOCE in macrophage function [43–45].
Sogkas et al. observed in peritoneal macrophages from STIM1-deficient
chimeric mice that STIM1 was required for IgG-mediated phagocytosis,
while STIM2-deficient cells displayed decreased migration and cytokine
production [43,45]. In contrast Vaeth et al. reported that while STIM1
and STIM2 doubly deficient macrophages have absent SOCE, they
found no discernable defects in phagocytosis, lysosomal trafficking,
cytokine production, inflammasome activation or antigen presentation
[44]. Different animal models (Cre-lox deletion vs chimera) and mac-
rophage source (BMDM vs thioglycolate-elicited macrophage vs peri-
toneal resident macrophage) could contribute to these discrepancies.
One lone report suggests a role for ORAI1 in LDL-induced SOCE in
macrophage-like THP-1 cells [46].

A role for macrophage CRAC channels in disease is suggested by
studies using Stim1−/− chimeras or the CRAC channel inhibitor BTP2

which were protective in models of autoimmune hemolytic anemia, LPS
sepsis, and immune complex disease [43,47]. However, the attribution
of these effects to macrophages is not certain and will require con-
firmation with macrophage/myeloid specific conditional mutants.
Given the vast array of macrophage phenotypes, additional work is
required to detail the requirements for CRAC channels in development
and function of these cells.

4. Mast cells

Mast cells are the major drivers of acute allergic reactions. Mast
cells are localized primarily at serosal sites throughout the body, sen-
sing foreign antigens through engagement of their high-affinity re-
ceptors for IgE (FcεRI). This leads to robust secretion of proin-
flammatory cytokines, histamines and leukotrienes that mediate acute
allergic reactions [48]. Not all mast cells are the same; those residing
the peritoneum or lung manifest different functional responses than
those cultured from bone marrow. CRAC channel activity during mast
cell FcεRI activation was first discovered in mast cells more than 25
years ago [49]. Since then, the role of calcium signaling in FcεRI-
mediated mast cell activation has been extensively studied, using both
inhibitor approaches and more recently through functional studies of
mast cells isolated from STIM and ORAI-deficient mice [50,51].

4.1. Channel composition

Murine and human mast cells express both STIM1 and STIM2 as
well as all three ORAI family members in varying ratios. In mouse, skin,
lung, gut and peritoneal mast cells express ˜2 fold more STIM1 than
STIM2, at the RNA level. ORAI1 and 2 expression is approximately the
same in these cell types, while mRNA encoding ORAI3 is 3-fold higher
(based on microarray data, www.immgen.org/databrowser/index.
html). Similar results have been reported in human lung mast cells,
with STIM1 expression being significantly higher than STIM2, but
ORAI1 and 3 roughly 3-fold over ORAI2 as determined by qPCR [52].
Whether these ratios of expression change during chronic allergic in-
flammation remains to be investigated.

4.2. CRAC channels in mast cell function

Many studies have demonstrated the critical role of STIM and ORAI
proteins in FcεRI signaling in mast cells and mast cell lines using in-
hibitor approaches with the relatively non-specific CRAC channel in-
hibitors 2-APB and SKF96365 [53]. More recently, using the more
ORAI-selective compound Synta66, Ashmole et al. described an im-
portant role for CRAC channel signaling in human lung mast cell acti-
vation through FcεRI crosslinking [54]. These observations have been
extended by Wajdner et al., showing that Synta66 reduced SOCE entry
in human lung mast cells and mast cell lines, leading to reduced cyto-
kine and histamine release [52]. By contrast, treatment of cells with the
TRPC3/6 specific inhibitors (GSK3503A and 2934A) had no effect on
mast cell activation. Nor did expression of the STIM1-KK684-685EE-
TRPC1 gating-deficient mutant, suggesting that ORAI family members
are the major calcium channel proteins mediating mast cell activation
(Fig. 3). Many knockdown siRNA experiments have been conducted in
the rat basophilic leukemia mast cell line (RBL-2H3), showing a
dominant role for STIM1 and ORAI1 in mediating SOCE [55]. Inter-
estingly, while overexpression of ORAI1 amplified SOCE in RBL cells,
expression of ORAI2 actually restricted calcium signaling [56]. Simi-
larly, siRNA knockdown of ORAI2 in OUMS-27 cells (a human chon-
drocyte line) lead to increased SOCE [57]. These are among the first
observations that suggest that ORAI2 may limit calcium flux, in a cell
line dependent manner, and that the ratios of various channel proteins
are important in determining the overall level of SOCE in cells. Like-
wise, siRNA knockdown studies in RBL mast cells demonstrated the role
of STIM2 in detecting low-level activating signaling, through its ability
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to sense milder changes in ER calcium levels [58]. This too was one of
the early studies demonstrating cell type specific function for STIM1
versus STIM2.

The most definitive work has been with gene knockout mice. Mast
cells derived from mice lacking either ORAI1 or STIM1 produce weak
calcium signals in response to FcεRI cross-linking [50,51,59]. As a re-
sult, these knockout mice also have severely impaired histamine re-
lease, leukotriene production, reduced TNFα secretion, and fail to
mount a subcutaneous anaphylactic response. However, it is important
to note that these in vivo experiments were conducted with Stim1−/−

fetal liver chimeric mice (or Stim1+/− heterozygous animals), since
STIM1 deletion in mice results in late fetal lethality. Studies of condi-
tional mast cell-specific STIM1 or STIM2 deficient mice have yet to be
reported. Indeed, studies of primary mast cells from Stim2−/− mice are
also lacking. By contrast, Tsvilovskyy et al. have very recently reported
studies of an Orai2f/f mouse, which when crossed to the Mcpt5-Cre,
results in ORAI2 loss in connective tissue and mucosal mast cells [60].
Peritoneal mast cells from these mice show enhanced SOCE responses
to both FcεRI and G-protein receptor signaling, primarily at high levels
(2 mM) of extracellular calcium. As a result, ORAI2-deficient peritoneal
mast cells showed increased degranulation responses and the mast cell
specific mutant animals displayed enhanced systemic anaphylaxis re-
sponses in vivo (determined only by body temperature). These results
support the concept that ORAI2 is a negative regulator of SOCE in
peritoneal mast cells, similar to findings in T-lymphocytes [61]. Future
studies investigating immune function in these important mice will
certainly follow.

5. Dendritic cells

Dendritic cells (DCs) play a major role in linking the innate and
adaptive immune systems. Under steady state, DCs reside in various
tissues, where they ingest pathogen and host-derived material, pro-
cessing it for presentation to naïve T cells to initiate adaptive immune

responses. DC-T cell interactions occur primarily in draining lymph
nodes and the spleen, and less frequently in the tissues themselves. The
migration of DCs from tissue sites to secondary lymphoid organs is
accompanied by changes in expression level of various cell surface
proteins that enhance their ability to present antigens or otherwise
interact with T cells. This process is referred to as DC maturation. The
maturation state of DCs is dramatically influenced by a number of in-
flammatory cytokines and chemokines, usually produced at sites of
tissue infection or injury, as well as various PAMPs and DAMPs that act
on TLRs (similar to macrophages). On top of this complexity, there are
significant baseline differences in DCs found at different tissue sites,
with at least 5 different subsets of DCs being recognized. Hence studies
of calcium signaling kinetics in one DC type may not be representative
of all DC types.

Murine and human DCs express both STIM1 and 2 as well as all
three ORAI family members in various ratios. In mouse, at the RNA
level, STIM2 is more highly expressed (˜2-fold) than STIM1 in both
tissue resident and lymphoid resident DC subtypes, while all three ORAI
family members are expressed at relatively the same level, save for
plasmacytoid DCs (pDCs) which contain nearly 3-fold higher levels of
ORAI2 and ORAI3 mRNA (microarray data, www.immgen.org/
databrowser/index.html). Human blood-derived DCs also express
more STIM2 than STIM1, however ORAI expression levels vary between
databases (RIKEN (https://gexc.riken.jp/) and BLUEPRINT (www.ebi.
ac.uk/gxa/experiments?experimentSet=BLUEPRINT) databases. At the
protein level, murine bone marrow derived DCs (BMDCs), which are
cultured from bone marrow precursors, express much more STIM2 and
ORAI2 than other family members [62].

Early studies with inhibitors (SKF-96365 and 2APB) demonstrated
that CRAC channel function is required for murine BMDC and human
blood-derived DC maturation (assessed by cell surface expression of
MHC II molecules as well as migratory capacity in response to CCL21)
in response to TLR stimulation [63,64]. Likewise, treatment of human
blood-derived DCs with the calcium ionophore A23187 leads to cell

Fig. 2. Monocyte CRAC channels are modulated during infection. SOCE is induced in monocytes in response to bacterial pathogens. In naïve mice or human
blood monocytes, the redox sensitive ORAI1 is the predominant isoform. However, during infection, monocytes upregulate expression of the redox-insensitive
isoform ORAI3, lending the CRAC-channel more resistant to ROS-mediated inactivation. This switch is important for calcium entry, ROS production and bacterial
killing.
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maturation in culture. A23187 also synergizes with a number of TLR
agonists to promote robust maturation and IL12 secretion of murine
BMDCs [65]. The ability of eicosanoids to induce maturation of murine
BMDCs was also found to be mediated by calcium store-depletion [66].
Knockdown of STIM1 or ORAI1 in human blood derived DCs similarly
inhibits maturation, though the profile of responses varied with the
maturation stimulus (LPS versus TNF)64]. These observations would
suggest that SOCE signaling has a direct impact on DC maturation/
function.

Contrasting with these studies, Vaeth et al. found that murine
BMDCs derived from double mutant Stim1fl/flStim2fl/flVav-Cre mice
showed no major functional defects in ex vivo cell culture experiments
[44]. Though SOCE in response to thapsigargin was completely abro-
gated in these cells, no defects in DC maturation, cytokine production,
inflammasome activation or antigen presentation to CD4+ OTII cells
were observed. in vivo, the Stim1fl/flStim2fl/flVav-Cre mice had normal
levels of splenic DCs. By contrast, many of these DC functions (such as
phagocytosis, inflammasome activation and antigen presentation) were
significantly reduced by intracellular calcium chelation (using BAPTA),
suggesting that other calcium signaling pathways (potentially mediated
through TRP channels) are critical for DC function. More recent studies
using BMDCs derived from Stim1fl/flLysM-Cre mice confirm these find-
ings: STIM1 is the dominant calcium sensor in BMDCs and its deletion
does not affect DC maturation, phagocytosis, or phagosomal pH
changes. However, these authors made the clever observation that an-
tigen cross-presentation to CD8+ OTI cells was reduced both in vivo
and in culture. This was due to defects in phago-lysosomal fusion,
leading to poor processing of phagocytosed (and endocytosed) proteins
into peptides to be loaded on MHC class I molecules (Fig. 4). Thus,

SOCE regulates vesicle trafficking to some degree, at least in BMDCs
[67]. In a related study, Maschalidi et al. found that mutation of the ER
membrane protein UNC93B1, which regulates endosomal trafficking
leading to defective antigen cross-presentation, resulted in a block in
STIM1 aggregation [68]. This group also found that knockdown of
STIM1 also blocked cross-presentation to CD8+ T cells, while over
expression of an activated version of STIM1 was able to restore cross
presentation to UNC93B1 mutant cells. Nunes-Hasler et al. also re-
ported that STIM1-deficient BMDCs had reduced migration in response
to chemokine stimulation (CXCL12 and CCL21). This may be a con-
sequence of reduced STIM1 coupling to TRP channels, since deficiency
of TRPML1 and TRPM2 leads to poor lysosomal calcium release and
reduced actin-myosin contraction, leading to altered DC migration
[69,70]. Whether these same defects are seen in other DC subsets, and
what the immune consequences of defective SOCE in DCs, remains to be
seen. As in other innate immune cell types, there have been fewer (or
no) reported genetic studies involving ORAI family members in DCs.
Likewise, the apparent discrepancy between effects of loss of SOCE
signaling in human blood-derived DCs versus murine BMDCs remains to
be validated.

6. CRAC channels in disease and as therapeutic targets

6.1. Infection

Innate immune cells are equipped to respond to a dizzying array of
viral, bacterial, fungal and parasitic pathogens. Given the paucity of
studies directly assessing the role of CRAC channels in innate immune
cells and disease, most of our current knowledge is inferred from studies

Fig. 3. CRAC channel function in mast cells.
Mast cell Fcε-receptors and GPCR’s such as the
cysteinyl leukotriene receptor 1 (CysLTR1) in-
duce calcium entry via store-operated calcium
entry (SOCE). Activation of these receptors
induces a signaling cascade that activates
phospholipase C (PLC) family members, an
enzyme that liberates IP3 from membrane
bound PIP2. IP3 then releases calcium from the
endoplasmic reticulum (ER) through binding
to the IP3R. Depletion of ER calcium is sensed
by ER resident STIM molecules, STIM1 and
STIM2. Calcium-disassociation from the ER
luminal EF-hand induces STIM conformational
change, oligomerization, binding and opening
of the plasma membrane CRAC-channels. This
allows sustained calcium entry into the cyto-
plasm which is important for multiple mast cell
functions, including degranulation, leukotriene
production and cytokine production.
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of STIM1 and STIM2. Stim1−/− chimeras demonstrate that neutrophil-
dependent bacterial killing in a Staphylococcus aureus pneumonia model
requires SOCE, likely due to combined deficits in ROS production,
phagocytosis and degranulation [37]. Neutrophil recruitment to the
infection site in this study was normal, suggesting that neutrophil mi-
gration is not grossly affected by STIM1 deficiency. Studies are needed
to extend these findings to other pathogens, and to directly determine
the relative contributions of ORAI1 and ORAI2.

Very few studies have addressed the role of innate immune cells in
detection and defense against viruses or parasites. Children with ORAI1
mutations suffer from recurrent viral infections; although lymphocyte
defects are presumed to be the primary contributor to this phenotype,
innate immune cells may play a role as well. Neutrophils are the pre-
dominant leukocyte recruited to the airways during respiratory syncy-
tial virus (RSV) infection, an infection found in several patients with
loss-of-function ORAI1 mutations [71]. Neutrophils play a role in both
the antiviral response and disease pathogenesis suggesting neutrophil
CRAC channels may contribute to RSV disease [72]. Given the role of
STIM1 in DC cross-presentation to CD8+ T cells, it will be important to
determine how this affects viral disease [67,68].

Pathogens may also coopt innate immune SOCE as a mechanism of
immune evasion or to enhance pathogen survival. For instance, hel-
minths have been shown to secrete soluble ligands that inhibit macro-
phage SOCE and dampen the inflammatory response [73]. Ebstein barr
virus (EBV) can enhance SOCE in B cells through upregulation of ORAI1
and enhanced calcium flux is suggested to play a role in the viral life-
cycle, as well as immortalization of the B cell [74]. Additionally, viral
and bacterial toxins can form calcium permeable ion pores that can
either induce or modulate SOCE [75,76]. Whether similar phenomena
occur in virally infected myeloid cells remains to be seen.

6.2. Inflammation

Similarly, our understanding of how innate immune CRAC channels
modulate inflammatory disease relies predominantly on studies of STIM
molecules. Deletion of STIM1 and/or STIM2 is protective in models of
hepatic ischemia-reperfusion injury, zymosan-induced peritonitis, and
psoriatic skin inflammation, due to dampening of neutrophil oxidative
damage and cytokine release [35,37]. The relevance of these results to

neutrophil CRAC channels is supported by an earlier study that de-
monstrated that the CRAC channel inhibitor MRS1845 decreased post-
hemorrhagic shock acute lung injury in a rat model [77], although the
neutrophil-specificity of these effects is not clear.

While data from disease models are limited, in vitro studies and
understanding of calcium signaling in other systems projects an even
broader role of CRAC channels in neutrophil-mediated disease.
Evidence from STIM1-deficient neutrophils suggests that SOCE and
CRAC channels are required for phagocytosis, degranulation and cyto-
kine production, although these findings need to be directly assessed in
ORAI-deficient cells. Neutrophil extracellular traps (NETs) have been
implicated in the pathophysiology of lupus and sterile acute lung injury
[78–82] and likely contribute to tissue injury during severe bacterial
infection as well. Although the molecular mechanisms of NET forma-
tion are still a source of debate, calcium signaling would be predicted to
contribute to several aspects of NETosis, including ROS-dependent
NETosis, and activation of cell-cycle pathways that allow nuclear de-
condensation [83,84]. Neutrophils are also abundant sources of eico-
sanoids such as PGE2 and LTB4. These lipid mediators are potent in-
flammatory agents and chemoattractants whose production strongly
relies on calcium-dependent liberation of arachidonic acid via phos-
pholipase A2 [85]. The GPCRs for these mediators also induce SOCE
thus placing CRAC channels at the center of an important feed forward
loop. Neutrophil LTB4 production is critical for allergic dermatitis, ar-
thritis, Candida-induced vascular inflammation, and neutrophil
swarming behavior, making CRAC channels a potential target for sev-
eral neutrophil-dependent inflammatory diseases [86–89]. Alter-
natively, lipid resolving mediators such as lipoxins and resolvins also
require calcium-dependent pathways for their synthesis and receptor-
dependent responses [90]. Thus, much work remains to explore the role
of CRAC channels in neutrophil-dependent initiation, progression and
resolution of inflammatory disease.

6.3. Allergy and autoimmunity

Since mast cells were one of the first immune cells targeted by
studies of CRAC channels, our knowledge of mast cell-mediated disease,
predominantly allergy, exceeds other areas. Vig et al. demonstrated in
2008 that ORAI1 is required in a mouse model of mast cell-mediated

Fig. 4. SOCE regulates dendritic cell cross
presentation. STIM1-deficient dendritic cells
display defects in phago-lysosomal fusion,
leading to poor processing of phagocytosed
(and endocytosed) proteins into peptides to be
loaded on MHC class I molecules, and thus
impaired cross-presentation. Evidence re-
garding the role of SOCE in DC migration and
maturation is mixed.
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anaphylaxis [51]. The role of CRAC channels in allergic disease are
further supported by several other studies. A rat model of food allergy
demonstrated increased expression of ORAI1 under allergic conditions
[91], and anti-allergic properties of glycyrrhizic acid have been linked
to decreased expression of ORAI1 and STIM1 on mast cells, and sub-
sequently, decreased degranulation [92]. CRAC channel inhibitors have
also been proposed to complement leukotriene inhibitors as a treatment
option for allergic nasal polyposis and a newly developed oligonu-
cleotide aptamer shown to inhibit ORAI1 offer a new drug class with
potential to inhibit mast cell disease [93,94].

Data derived from studies of STIM1 and/or STIM2 deficient mice
suggest a role for myeloid CRAC channels in autoimmune immune
complex diseases such as autoimmune hemolytic anemia [43,45]. These
studies are also corroborated by a similar study by Sogkas et al. de-
monstrating that the CRAC channel inhibitor BTP2 also attenuated
immune complex disease [47]. Additionally, multiple genetic analyses
in humans have shown association of ORAI1 SNPs in allergic and au-
toimmune diseases including atopic dermatitis, rheumatoid arthritis,
Kawasaki’s disease and chronic spontaneous urticaria [95–98]. To-
gether these studies identify the need for additional studies to detail the
cell types and molecular pathways underlying these disease suscept-
ibilities.

7. Conclusions and future directions

Significant progress has been made over the past 10–15 years in
understanding the role of CRAC channels and SOCE in innate immune
cells and disease, however additional work, in particular with ORAI
conditional mutants, is required to better understand the true scope of
CRAC channel contribution in disease.

7.1. Molecular regulation of CRAC channels in innate immune cells

An open question within neutrophil CRAC channel biology is how
the composition and activation of CRAC channels is modulated in
homeostasis and during inflammatory responses. As discussed above,
gene expression data demonstrate that ORAI1:ORAI2:ORAI3 ratios
change markedly with different inflammatory stimuli (Immgen micro-
array database and unpublished data). Recent work into CRAC channel
structure argues that CRAC channels function as heteromeric hexamers
[99–101]. Studies both in innate cells and other lineages detail differ-
ences in molecular structure and function of ORAI isoforms (e.g. redox
resistance of ORAI3 [42], and enhanced calcium-dependent inactiva-
tion of ORAI2 [61]) thus relative abundance of ORAI isoforms and their
incorporation into heteromeric channels creates a system with great
potential for context-specific modulation. CRAC channel components
may also interact cooperatively as described for TRPC3, which pro-
motes SOCE via promoting IP3R association with ORAI1 in a RACK1
dependent manner [102]. In addition to the composition of the channel
itself, the ratio of STIM:ORAI proteins also dose-dependently controls
SOCE [103]. Furthermore, an additional level of regulation is conferred
by the splice and translational STIM and ORAI variants. An inhibitory
STIM2 splice variant (STIM2.1 or STIM2β) was reported to be a
dominant negative in cell lines and primary CD4 T cells [104,105] and
ORAI1 variants generated by alternative initiation of translation at Met
64 or 71 (Orai1α and Orai1β) were reported to have distinct membrane
mobility, calcium-dependent inactivation, and ability to regulate CRAC
and arachidonic acid regulated calcium (ARC) channels [106,107].
While it is beyond the scope of this review to discuss fully, STIM1 and
STIM2 also have distinct features including differences in activation
thresholds and CRAC channel gating characteristics that adds an ad-
dition layer to the regulation of SOCE. Finally, there are several iden-
tified regulators of SOCE that participate in STIM-ORAI complex for-
mation (Junctate, Stimate, septins) and disassociation (SARAF)
[108–111].

Certainly, while the gene expression databases referenced here offer

clues of the relative expression levels in different cell types, given the
complexity inherent in combinatorial factors and post-translational
regulation described above, much work remains to be done to under-
stand the dynamic regulation of CRAC channels in innate immune cells.

7.2. Local (tissue-specific) alterations in CRAC channel function during
inflammation

Additionally, inflammatory tissue creates a unique milieu where
oxygen tension, calcium bioavailability, oxidative stress and other local
mediators may impact CRAC channel function. In the blood, the ma-
jority of calcium is bound to proteins or other anions while the bioa-
vailable (ionized) calcium concentration in blood is approximately
1mM. In tissues however, particularly inflamed tissues, liberation of
extracellular matrix proteins provides an additional calcium “binder”,
thus the actual available calcium concentration within this environ-
ment could be quite limited, thus changes in CRAC channel ratios on
the cell surface may drastically alter calcium-dependent neutrophil
responses in the tissues. Chronic hypoxia markedly increases ORAI fa-
mily member expression in pulmonary vasculature due to HIF-depen-
dent regulation [112]. Inflammatory tissues are often relatively hypoxic
environments and evidence in HL-60 cells suggests that hypoxia may
also alter SOCE in neutrophils. The mechanism and biological sig-
nificance of this observation remains to be seen. Future studies focusing
on ORAI expression and function throughout the course of disease, in
situ tissue immune responses, and in vivo calcium imaging will be re-
quired to fully understand the complexity of CRAC channel function in
innate immune cells.
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