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Lymphocytes mediate cytotoxicity by polarized release of the
contents of cytotoxic granules toward their target cells. Here, we
have studied the role of the calcium release-activated calcium
channel ORAI1 in human lymphocyte cytotoxicity. Natural killer
(NK) cells obtained from an ORAI1-deﬁcient patient displayed
defective store-operated Ca2+ entry (SOCE) and severely defective
cytotoxic granule exocytosis leading to impaired target cell lysis.
Similar ﬁndings were obtained using NK cells from a stromal interaction molecule 1-deﬁcient patient. The defect occurred at a late
stage of the signaling process, because activation of leukocyte
functional antigen (LFA)-1 and cytotoxic granule polarization were
not impaired. Moreover, pharmacological inhibition of SOCE interfered with degranulation and target cell lysis by freshly isolated
NK cells and CD8+ effector T cells from healthy donors. In addition
to effects on lymphocyte cytotoxicity, synthesis of the chemokine
macrophage inﬂammatory protein-1β and the cytokines TNF-α
and IFN-γ on target cell recognition was impaired in ORAI1-deﬁcient NK cells, as previously described for T cells. By contrast, NK
cell cytokine production induced by combinations of IL-12, IL-15,
and IL-18 was not impaired by ORAI1 deﬁciency. Taken together,
these results identify a critical role for ORAI1-mediated Ca2+ inﬂux
in granule exocytosis for lymphocyte cytotoxicity as well as for
cytokine production induced by target cell recognition.
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ytotoxic lymphocytes, such as CD8+ T cells and natural killer
(NK) cells, can kill virus-infected or transformed cells
through polarized release of the contents of cytotoxic granules
(1, 2). On recognition of target cells via the T-cell receptor or
activating NK cell receptors, cytotoxic granules are anchored to
microtubules and migrate toward the immune synapse, together
with the microtubule organizing center (MTOC) (3, 4). Polarized
cytotoxic granules fuse with the cell membrane, leading to release of the granule content into the synaptic cleft. The poreforming protein perforin then provides granzymes access to
target cells, where they induce apoptotic cell death (5).
Uptake of extracellular Ca2+ is required for lymphocyte cytotoxicity (6–8). Vesicle exocytosis in a cytotoxic T-cell [cytotoxic
T-lymphocyte (CTL)] line has been described to require a Ca2+
current with calcium release-activated calcium (CRAC) channel
characteristics (9). The nature of the Ca2+ channel that mediates
Ca2+ inﬂux and cytolytic function in cytotoxic lymphocytes has
not been determined (2, 10). Moreover, the involvement of Ca2+
inﬂux in signaling processes mediating target cell adhesion, cytolytic granule polarization, and exocytosis is not clear. In a remarkable series of experiments, ORAI1 and stromal interaction
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molecule 1 (STIM1) were identiﬁed as the molecular constituents of the CRAC channel in T cells (11–14). STIM1, localized
in the endoplasmic reticulum (ER), acts as the sensor of Ca2+
depletion from the ER, and its physical interaction with ORAI1
triggers the opening of CRAC channels and inﬂux of extracellular Ca2+, a process termed store-operated Ca2+ entry (SOCE)
(15). The key role of this pathway in immune cell function is
illustrated by the severe immunodeﬁciency in patients with impaired CRAC channel function attributable to mutations in
ORAI1 and STIM1 (13, 16, 17). Ca2+ inﬂux is required for the
activation of the transcription factor nuclear factor of activated T
cells (NFAT), which, in turn, is essential for the expression of
cytokines, such as IL-2. This pathway is defective in T cells from
ORAI1-deﬁcient patients (18).
Here, we have used NK cells from two patients who are
ORAI1-deﬁcient or STIM1-deﬁcient, respectively, as well as
CTLs and NK cells from healthy donors treated with inhibitors
of SOCE to study the role of ORAI1 in lymphocyte cytotoxicity.
Our results demonstrate that SOCE mediated via ORAI1 is
critical for target cell-induced lytic granule exocytosis in NK cells
and CTLs as well as for target cell-induced proinﬂammatory
chemokine and cytokine production by human NK cells.
Results
ORAI1-Deﬁcient NK Cells Show Defective SOCE. During reevaluation
of a 15-y-old ORAI1-deﬁcient patient (19) who had received
a hematopoietic stem cell transplant at the age of 4 mo, cellspeciﬁc chimerism was determined. A short tandem repeat
(STR) analysis was performed at 15 loci using DNA from whole
blood from donor and recipient before transplantation and from
sorted NK-, B-, and T-cell populations posttransplantation (Fig.
1A). After transplantation, the pattern of STRs in NK cells
showed exclusively recipient signals, whereas there was a small
donor signal among B and T cells (Fig. 1B). This indicates
a mixed chimerism in the patient with a maximum of about
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Fig. 1. ORAI1-deﬁcient NK cells have impaired SOCE inﬂux. (A) Split chimerism
of lymphocyte subpopulations. STR analysis was performed at the indicated
markers using DNA isolated from PBMCs of the patient (recipient) and the bone
marrow donor before transplantation (A) and DNA isolated from the indicated
puriﬁed cell populations after transplantation (B). Although there is a small
donor signal (15 in locus 1 and 13 in locus 2) among T cells and a minimal donor
signal among B cells, all NK cells are of recipient origin. (C) Ca2+ inﬂux in stimulated NK cells. Puriﬁed NK cells from the patient (ORAI1R91W) and two healthy
donors (CRTL) were either preincubated with anti-CD16 mAb in Ca2+-free
PBS, followed by cross-linking and the addition of 2 mM CaCl2 (Upper), or incubated with 1 μM TG, followed by the addition of 2 mM CaCl2 (Lower). The
graph shows the ratio of unbound to bound indo-1-AM as a measure of Ca2+
inﬂux during the course of the experiment. The assay was performed twice
with similar results. CTRL, control; TG, thapsigargin.

10–15% donor T cells and 5% donor B cells, whereas all his NK
cells were of host origin carrying the R91W single amino acid
substitution in ORAI1 (Fig. 1B) (13). To analyze the consequences of this mutation for SOCE in NK cells, changes in intracellular Ca2+ levels were measured in puriﬁed NK cells following the passive depletion of intracellular Ca2+ stores. For this
purpose, we either treated NK cells with thapsigargin (Fig. 1C,
Lower), which depletes ER Ca2+ stores through inhibition of the
sarco/endoplasmatic Ca2+ ATPase, or activated NK cells through
cross-linking of CD16 (Fig. 1C, Upper), which causes emptying of
ER Ca2+ stores via phospholipase C-γ activation and phosphoinositide generation. Freshly isolated NK cells were treated with
thapsigargin or anti-CD16 mAb in the absence of extracellular
Ca2+ (Fig. 1C). Readdition of Ca2+ to the medium led to robust
Ca2+ inﬂux in NK cells from healthy donors but not in NK cells
from the patient, showing that ORAI1 is essential for SOCE in
NK cells.
Notably, the ORAI1-deﬁcient NK cells showed normal frequencies and expression levels of NK-cell activating and inhibitory receptors (Fig. S1), although it should be noted that the
frequency of NK cells expressing the activating receptor CD2
and inhibitory receptor KLRG1 was unusually low on the
patient’s NK cells. ORAI1-deﬁcient NK cells also displayed
normal intracellular expression of perforin (Fig. S2).
Lymphocyte Cytotoxicity Is Dependent on ORAI1 and STIM1. Because
uptake of extracellular Ca2+ is required for the cytolytic activity
of CTLs, we next assessed cytotoxicity in ORAI1-deﬁcient NK
cells. Freshly puriﬁed ORAI1-deﬁcient NK cells failed to lyse Fc
receptor (FcR)-positive L1210 target cells after incubation with
anti-CD16 mAbs and displayed severely impaired lysis of K562
cells (Fig. 2A), indicating defective antibody-dependent cellular
cytotoxicity and natural cytotoxicity. We also studied NK cells
from a 5-y-old STIM1-deﬁcient patient carrying a R429C single
amino acid substitution resulting in defective SOCE (Fig. S3).
Maul-Pavicic et al.
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Fig. 2. ORAI1 dependence of lymphocyte cytotoxicity. (A) Cytotoxicity was
assessed in a 51Cr release assay using puriﬁed NK cells from the ORAI1-deﬁcient
patient (ORAI1R91W) and two healthy donors (CTRL) as effector cells and target cells at the indicated effector/target (NK:target) ratios. For antibodydependent cellular cytotoxicity, L1210 target cells were either preincubated
with anti-CD16 mAb or left unlabeled. For natural cytotoxicity, K562 cells were
used as target cells. CTRL, control. (B and C) PBMCs were preincubated with
different concentrations of DPB162-AE, as indicated, for 30 min and mixed with
51
Cr-labeled K562 or P815 target cells as indicated. Speciﬁc lysis was assessed
with an effector/target ratio of 100:1. Results are representative of four independent experiments. (B) Graph depicts the response calculated as the percentage of the speciﬁc lysis with different concentrations of DPB162-AE relative to
that with vehicle only. Values with error bars represent mean ± SD of ﬁve
donors. (C) Plots depict speciﬁc lysis with or without 100 μM DPB162-AE. Values with error bars represent mean ± SD of nine donors. Results are representative of at least three independent experiments. **P < 0.01; ***P < 0.001.

STIM1-deﬁcient NK cells also displayed defective lysis of K562
target cells (Fig. S4).
To substantiate these data, we used pharmacological inhibitors
of SOCE, DPB162-AE, and 2-APB (20, 21). DPB162-AE is a 2APB analog recently characterized as a potent inhibitor of SOCE
that disrupts puncta formation of STIM1, and thus activation of
ORAI Ca2+ channels (21). DPB162-AE blocked SOCE in NK
cells on readdition of extracellular Ca2+ after NK cells had been
treated with thapsigargin or had been activated through crosslinking of CD16 (Fig. S5). DPB162-AE signiﬁcantly inhibited
NK cell-mediated lysis of K562 cells and CD16-dependent lysis
of P815 cells in a dose-dependent manner (Fig. 2 B and C).
DPB162-AE also inhibited T cell-mediated anti–CD3-dependent
lysis of P815 cells (Fig. 2 B and C). Partial inhibition of K562 cell
lysis was also observed with 100 μM 2-APB. At these concentrations, the pharmacological inhibitors were not cytotoxic (Fig.
S6). Thus, pharmacological inhibition of SOCE abolished lymphocyte cytotoxicity induced by triggering of the T-cell receptor,
the FcR CD16, and engagement of ligands for NK cell-mediated
natural cytotoxicity.
Inside-Out Signals for LFA-1 Activation and Cytotoxic Granule
Polarization Are Not Impaired by ORAI1 Deﬁciency. NK cell cyto-

toxicity comprises several steps, including target cell adhesion,
granule polarization, and granule exocytosis (22, 23). Target cell
adhesion through leukocyte functional antigen (LFA)-1 is augmented by so-called “inside-out signals,” which lead to a conformational change in the ectodomain of LFA-1. Particular mAbs,
such as 327C, speciﬁcally recognize this extended ligand-binding
conformation of LFA-1 (24, 25). We assessed the role of ORAI1
in mediating these inside-out signals by stimulation of ORAI1deﬁcient CD56dim NK cells with K562 cells or anti–CD16-coated
P815 target cells. No defect in inside-out signals for LFA-1 activation was detected (Fig. 3A). Similar results were obtained using
a series of previously described Drosophila Schneider 2 (S2)-cell
PNAS | February 22, 2011 | vol. 108 | no. 8 | 3325
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Fig. 3. Signals for LFA-1 activation and granule polarization are ORAI1independent. (A) PBMCs from the ORAI1-deﬁcient patient (ORAI1R91W)
or healthy donors (CTRL) were mixed with target cells as indicated. Cells
were incubated for 5 min at 37 °C, stained with lineage marker and
conformation-speciﬁc biotinylated anti–LFA-1 mAbs, washed, and stained
with ﬂuorochrome-conjugated streptavidin. The percentage of CD3−
CD56dim NK cells with 327Chigh expression (LFA-1ext), indicating LFA-1 in the
extended ligand-binding conformation, is presented. One representative
experiment of two is shown. (B) PBMCs from healthy donors were preincubated with different concentrations of DPB162-AE as indicated for
30 min, incubated with target cells, and stained as described in A. The
graph depicts the response calculated as the percentage of 327Chigh
CD56dim NK cells with varying concentrations of DPB162-AE relative to that
with vehicle only. Values with error bars represent mean ± SD of four
donors. (C and D) Puriﬁed NK cells from the ORAI1-deﬁcient patient or
healthy donors were mixed and incubated with K562 cells for 20 min, ﬁxed,
permeabilized, and stained intracellularly with phalloidin, α-tubulin, and
perforin. Thereafter, NK cells in conjugates with target cells were scored
for polarization of perforin granules and the MTOC. (C ) Representative
images of different categories of NK cell–K562 cell conjugates are shown.
NK cells were derived from a healthy control. (D) Plot depicts the percentage of NK cells with different degrees of perforin granule and MTOC
polarization, as indicated. Values with error bars represent mean ± SD of
more than 190 conjugated NK cells derived from three independent experiments. CTRL, control.

transfectants expressing human intercellular adhesion molecule-1,
CD48, ULBP1, or combinations thereof (25) (Fig. S7). Furthermore, in CD56dim NK cells from healthy donors, the ORAI1 inhibitor DBP162-AE did not affect target cell-induced inside-out
signals for LFA-1 activation (Fig. 3B).
To address the question of whether granule polarization is
dependent on ORAI1, polarization of perforin-containing granules was analyzed in NK cells conjugated to K562 cells. Each NK
cell–K562 cell conjugate was scored into one of the following
categories: perforin granules and MTOC dispersed distally from
target cell synapse (dispersed), perforin granules clustered distally at the MTOC (clustered distally), perforin granules and
MTOC polarized toward the target cell synapse (polarized), or
perforin granules and MTOC immediately juxtaposed with the
MTOC to the target cell synapse (juxtaposed) (Fig. 3C). In the
absence of target cells, most NK cells displayed dispersed
granules. On conjugation with K562 cells, about 50% of NK cells
from healthy donors had perforin granules polarized or immediately juxtaposed to the target cell synapse. A similar pattern of
perforin granule polarization was observed in NK cells from the
ORAI1-deﬁcient patient (Fig. 3D). The degree of perforin polarization toward K562 cells was similar to what has been
reported previously (26). These results indicate that initial signals for adhesion and granule polarization are independent of
ORAI1-mediated Ca2+ inﬂux in NK cells.
3326 | www.pnas.org/cgi/doi/10.1073/pnas.1013285108

ﬁed by determining the surface expression of CD107a following
stimulation (27). K562 cells and P815 cells with anti-CD16 mAb
induced strong degranulation of control but not of ORAI1deﬁcient or STIM1-deﬁcient NK cells (Fig. 4 A and B and Fig. S8).
Similar results were obtained when degranulation was induced
through engagement of deﬁned NK cell activation receptors by
ligands expressed by S2-cell transfectants (Fig. S9). Furthermore,
target cell-induced degranulation of CD56dim NK cells was signiﬁcantly impaired after pretreatment of cells with the inhibitor
DPB162-AE and following coincubation with K562 cells or anti–
CD16-coated P815 cells (Fig. 4 C and D). A similar degranulation defect was observed in DPB162-AE–pretreated CD8+
CD62L− effector T cells coincubated with P815 cells plus antiCD3. At a concentration of 100 μM, 2-APB reduced K562 cellmediated CD56dim NK cell degranulation by 87%, but did not
affect inside-out signals for activation of LFA-1. Taken together,
these results demonstrated that cytotoxic lymphocyte degranulation induced by a variety of stimuli required SOCE mediated
by STIM1 and ORAI1.
Impaired Cytokine Production of ORAI1-Deﬁcient NK Cells Is Dependent on the Activating Stimulus. Because ORAI1 plays a key role

in cytokine production by helper T cells, we also studied the
expression of chemokines and cytokines in CD56dim NK cells in
response to stimulation by K562 cells or P815 cells plus antiCD16 mAb. Macrophage inﬂammatory protein-1β (MIP-1β) was
expressed in 80–87% of CD56dim NK cells from healthy donors
and in 26–41% of CD56dim NK cells from the ORAI1-deﬁcient
patient (Fig. 5 A and B), indicating a partial dependence of MIP1β production on ORAI1. The production of IFN-γ and TNF-α
in response to the same stimuli was fully dependent on ORAI1
(Fig. 5 A and B). By contrast, stimulation by combinations of IL12, IL-15, and IL-18 was able to elicit normal production of MIP1β and IFN-γ in human ORAI1-deﬁcient CD56dim NK cells (Fig.
5C). These data suggest that target cell recognition by NK cells
induces ORAI1-dependent cytokine production, whereas ORAI1
is not required for production of cytokines in response to exogenous cytokine stimuli.
Discussion
This study identiﬁes SOCE mediated by STIM1 and ORAI1 as
the key mechanism of extracellular Ca2+ inﬂux required for
granule exocytosis and cytotoxicity in human cytotoxic lymphocytes. Moreover, a role for ORAI1 in cytokine production by NK
cells speciﬁcally in response to target cell ligands is documented.
NK cells obtained from an ORAI1-deﬁcient patient and
a STIM1-deﬁcient patient had severely impaired natural cytotoxicity. The former patient carries a homozygous mutation in
ORAI1, leading to a R91W single amino acid substitution. It
has previously been shown that this mutation abolishes CRAC
channel function in human T cells (13). Our results show that
stimulation of NK cells from this patient failed to induce a sustained rise in the concentration of intracellular free calcium.
Because of the severe clinical condition of the latter patient, the
functional consequences of the STIM1 mutation could not be
fully characterized; however, Ca2+ inﬂux in T cells was severely
impaired. The defect in Ca2+ inﬂux is of similar severity in
freshly isolated ORAI1-deﬁcient NK cells as in T-cell lines,
suggesting that SOCE in human NK cells is mediated predominantly by ORAI1 and not by other Ca2+ channels. Previous
studies with T cells from the same patient have established that
ORAI1 is required for activation of the transcription factor
NFAT; for mitogen-mediated T-cell proliferation; and for the
production of cytokines, such as IL-2, IL-4, IFN-γ, and TNF-α, in
response to cross-linking of the T-cell receptor or stimulation
with phorbol 12-myristate 13-acetate (PMA) and ionomycin (13,
18, 28). Altogether, these results have clearly demonstrated an
important role for ORAI1 in T-cell activation. Whether SOCE
Maul-Pavicic et al.
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mediated by ORAI1 and STIM1 facilitates lymphocyte cytotoxicity has not been assessed thus far, however (2, 10).
In studies of T-cell lines, Ca2+ inﬂux has been implicated in
MTOC polarization (29, 30). We found no impairment of
granule and MTOC polarization in ORAI1-deﬁcient NK cells on
target cell conjugation. This is in line with recent evidence from
murine helper T cells in which extracellular Ca2+ was not required for MTOC polarization (31). Moreover, LFA-1 engagement is sufﬁcient to induce polarization of perforin granules in
freshly isolated NK cells, without detectable intracellular mobilization of Ca2+ (32). Rather, we found a clear defect in the
exocytosis of lytic granules by ORAI1-deﬁcient NK cells following engagement of CD16 or coengagement of 2B4 and
NKG2D receptors. Of note, these stimuli were able to induce
inside-out signals for LFA-1 activation in the absence of ORAI1,
revealing a speciﬁc requirement for ORAI1-mediated Ca2+ inﬂux for degranulation and cytotoxicity and not a general defect
in NK cell activating signaling per se. Importantly, the target cellinduced degranulation defect could also be observed in NK cells
from the STIM1-deﬁcient patient, providing independent evidence for the key role of SOCE in this process.
In an additional set of experiments, we could show that pretreatment of cytotoxic lymphocytes with the ORAI1 inhibitor
DPB162-AE inhibits granule exocytosis and cytotoxicity in
a dose-dependent fashion. DPB162-AE is a recently described 2APB analog that inhibits endogenous SOCE (21). Because the
compound inhibits store depletion-mediated STIM1 clustering
as well as heterologously expressed CRAC current, it was suggested that its effect on SOCE is mediated by inhibiting STIM1
aggregation and transactivation of ORAI1. These inhibitors may
also inhibit related CRAC channels, such as ORAI2 and ORAI3.
DPB162-AE inhibited SOCE in human NK cells, and pretreatment of NK cells with the inhibitor impaired degranulation,
cytotoxicity, and cytokine production but did not impair insideout signals for LFA-1 activation. This not only mirrors the
ﬁndings obtained with the ORAI1-deﬁcient patient’s cells but
illustrates that other ORAI1-independent functions are preMaul-Pavicic et al.

Fig. 4. Cytotoxic lymphocyte degranulation requires ORAI1.
(A and B) PBMCs from the ORAI1-deﬁcient patient
(ORAI1R91W) or healthy donors (CTRL) were stimulated with
target cells as indicated for 2 h at 37 °C and thereafter
stained with ﬂuorochrome-conjugated lineage markers and
anti-CD107 anti-mAbs. Lymphocytes were gated on forward
scatter/side scatter characteristics. CTRL, control. (A) CD56 vs.
CD107a expression is plotted on CD3−CD56+ NK cells. (B)
Percent increase of CD107a+CD56dim NK cells after incubation with target cells relative to CD107a+CD56dim NK
cells without target cells (ΔCD107a+) is presented. One representative experiment of four is shown. (C–F) PBMCs from
healthy donors were preincubated with DPB162-AE, stimulated with target cells as indicated for 2 h at 37 °C, stained
with ﬂuorochrome-conjugated lineage markers and antiCD107 anti-mAbs, and evaluated for surface expression of
CD107a on CD56dim NK cells. The graph depicts the percent
response of CD107a surface expression on CD56dim NK cells
(C) and CD8+CD62L− T cells (E) at varying DPB162-AE concentrations relative to that with vehicle only. The plot
depicts the percentage of CD107a+CD56dim NK cells (D) and
CD107a+CD8+CD62L− T cells (F) after incubation with or
without 100 μM DPB162-AE. Values with error bars represent
mean ± SD of four (C and E) or eight (D and F) donors.

served in DPB162-AE–treated NK cells, arguing against a general nonspeciﬁc effect on signaling for NK cell activation.
Importantly, use of the inhibitor also allowed investigations of
CTLs. Because NK cells share several mechanisms for target cell
elimination with CTLs (33, 34) and CRAC channel currents have
been implicated in CTL exocytosis (9), it was not unexpected
that pharmacological inhibition of SOCE blocked CTL-mediated
granule exocytosis and reduced CTL cytotoxicity. These latter
observations require conﬁrmation in CTLs from ORAI1- or
STIM1-deﬁcient patients, but a more general role for ORAI1 in
granule exocytosis by immune cells is also supported by the
ﬁnding that Orai1-deﬁcient mouse mast cells display defective
degranulation (35). Finally, in an ongoing study, we have found
that NK cells from knock-in mice homozygous for a R93W
amino acid substitution in Orai1 that is equivalent to the R91W
mutation found in ORAI1-deﬁcient patients are also deﬁcient in
target-cell induced degranulation and cytokine production (36).
Taken together, our observations provide important insights
into the mechanisms of Ca2+ inﬂux in cytotoxic lymphocytes and
its role in lytic granule exocytosis and cytotoxicity. We identiﬁed
ORAI1 as a key Ca2+ channel mediating SOCE in NK cells and
showed that SOCE mediated by STIM1 and ORAI1 is essential
for NK cell function. With respect to understanding cytotoxic
lymphocyte exocytosis, analogies between the function of the
neurological and immunological synapses are increasingly apparent, including a requirement for high cytosolic Ca2+ concentration in triggering exocytosis (37). A number of proteins
with a high degree of homology to mediators of vesicle fusion
and exocytosis in neurons have been implicated in lymphocyte
cytotoxicity. Some of these proteins, such as Munc13-4 and
synaptotagmin VII, are expressed in immune cells and contain
Ca2+-binding domains (38, 39). Munc13-4 is required for cytotoxic lymphocyte exocytosis, and Munc13-4 deﬁciency causes
immunodeﬁciency in humans and mice (40, 41). Moreover,
synaptotagmin VII-deﬁcient mice display impaired target cell
lysis (42). These proteins may therefore act as sensors of Ca2+
inﬂux for lytic granule exocytosis.
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Fig. 5. Defective chemokine and cytokine production by ORAI1-deﬁcient
NK cells on engagement of activation receptors. PBMCs were mixed with
target cells (A and B) or cytokines (C) as indicated. Cells were stimulated for
6 h (A and B) or 24 h (C) at 37 °C, followed by surface staining with ﬂuorochrome-conjugated lineage marker mAbs and intracellular staining with
ﬂuorochrome-conjugated anti–IFN-γ, anti–MIP-1β, and anti–TNF-α mAbs. (A)
Lymphocytes were gated on forward scatter/side scatter characteristics.
CD56 vs. CD107a expression is shown for CD3−CD56dim NK cells. (B and C)
Percentage of CD56dim NK cells expressing the indicated chemokines and
cytokines after incubation with target cells is presented. One representative
experiment of three is shown. CTRL, control; ORAI1R91W, ORAI1-deﬁcient.

A role of ORAI1 in T-cell cytokine production in response to
stimulation with PMA and ionomycin or with anti-CD3 and antiCD28 is well documented (18, 28, 35, 43, 44). Our data, obtained
with ORAI1-deﬁcient and inhibitor-treated NK cells, indicate
a similar requirement of ORAI1 for expression of IFN-γ and
TNF-α induced by engagement of activating receptors on NK
cells. These results are consistent with observations that CD16mediated signals in NK cells induce nuclear translocation of
NFAT (18, 28, 45). Expression of the chemokine MIP-1β was
only partially impaired in ORAI1-deﬁcient NK cells. Similar
data have been reported for ORAI1-deﬁcient T-cell lines (28).
Thus, chemokine production can be disassociated from SOCE,
in line with ﬁndings demonstrating that engagement of NK cell
receptors not capable of inducing signals for degranulation still
could mediate chemokine secretion for recruitment of other
immune cells (46). Notably, no defect in production of IFN-γ,
TNF-α, or MIP-1β was evident after NK cell stimulation with
combinations of exogenous cytokines, such as IL-12, IL-15, and
IL-18. Thus, ORAI1 is speciﬁcally required for NK cell cytokine
production induced by receptors for target cell recognition.
The ﬁndings described in our study provide evidence for a role
of ORAI1-mediated Ca2+ inﬂux in cytotoxic lymphocyte function and have several important implications. First, we show that
ORAI1 and STIM1 are required for NK cell function. NK cells
from patients with genetic defects in CRAC channel function
unequivocally show that ORAI1 and STIM1 are required for Ca2+
3328 | www.pnas.org/cgi/doi/10.1073/pnas.1013285108

inﬂux in NK cells and for their cytolytic function. Second, speciﬁc
ORAI1 inhibitors may therefore pave the way for therapeutical
strategies targeting cytotoxic lymphocyte-mediated immunopathology (e.g., in situations of perforin-mediated autoimmunity
and allograft rejection). Third, our ﬁndings show that about 10–
15% of normal T cells and 5% of normal B cells in an ORAI1deﬁcient host are sufﬁcient for protective immunity to most
pathogens. This low level of mixed chimerism has supported
normal T-cell proliferation and IgG antibody responses to several vaccinations as well as control of a variety of infections.
Finally, our data identify a simple diagnostic tool to screen for
Ca2+ channel defects in patients with immunodeﬁciency. Quantiﬁcation of NK cell degranulation in response to target cell
stimulation has proven to be valuable in the differential diagnosis
of human defects of cellular cytotoxicity, requires small amounts
of peripheral blood mononuclear cells (PBMCs), and is robust
even during severe infections (47, 48).

Cells and Antibodies. PBMCs were isolated by Ficoll density gradient centrifugation (PAN-Biotec). NK cells were isolated by negative immunomagnetic
selection (Miltenyi Biotec). Purity of the isolated CD3−CD56+ NK cells was
>95%. The human erythroleukemia cell line K562, the mouse mastocytoma
cell line P815, and the mouse leukemia cell line L1210 (all from the American
Type Culture Collection) were used as target cells. Antibodies are listed in
SI Methods.
Chimerism Analysis. For chimerism analysis, DNA was extracted from
CD3−CD56+ NK cells, CD19+ B cells, and CD3+ T cells sorted on a Mo Flo cell
sorter (Beckman Coulter) to >95% purity. STR analysis was performed with
an AmpF/STR Identiﬁer PCR ampliﬁcation kit (Applied Biosystems).
Measurement of Intracellular Calcium. Intracellular Ca2+ ﬂux was investigated
by ﬂow cytometry using cells loaded with indo-1-AM (Invitrogen), a Ca2+sensitive ﬂuorescent dye (49). Freshly isolated NK cells were preincubated
with anti-CD16 mAb for 30 min at 4 °C, loaded with 5 μM indo-1 in Iscove’s
modiﬁed Dulbecco’s medium and 1% FBS for 45 min at 37 °C, washed once,
and adjusted to a cell concentration of 1 × 106 cells/mL in Ca2+-free PBS
supplemented with 1% FBS. Cells were analyzed on an LSR II ﬂow cytometer
(BD Bioscience) using FACS Diva Software (version 6.1.2; BD Bioscience).
Cytotoxicity Assays. The cytolytic activity of freshly isolated NK cells was
measured by standard 4-h 51Cr release assays. K562, L1210, or P815 target
cells were labeled with 51Cr and either used directly (K562 cells) or after
incubation for 15 min at room temperature with 10 μg/mL anti-CD16 (L1210
cells). Target cells were incubated with freshly isolated human NK cells at
different effector/target cell ratios. Supernatants were measured on a γcounter (Packard–Cobra).
Inside-Out Signaling Assay. To evaluate LFA-1 conformational changes, 2 × 105
PBMCs were mixed with 2 × 105 target cells in 100 μL of complete medium as
previously described (25). The cells were spun down for 1 min at 20 × g and
incubated for 5 min at 37 °C. In experiments with pharmacological inhibitors of
ORAI1, the cells were incubated for 2 h at 37 °C to assess for surface CD107a
simultaneously. Following stimulation, the cells were stained with biotinylated
LFA-1 conformation-speciﬁc mAbs in ice-cold PBS supplemented with 2% (vol/
vol) FBS for 45 min. Cells were washed and stained with ﬂuorochrome-conjugated anti-CD3 and anti-CD56, in addition to ﬂuorochrome-conjugated
streptavidin. Finally, cells were resuspended in PBS with 2% (vol/vol) FBS and
analyzed by ﬂow cytometry. Data were analyzed with FlowJo 8.6 software
(Treestar, Inc.).
Granule Polarization Assay. NK cells were mixed at a 1:1 ratio with K562 cells
and incubated on microscope slides for 20 min at 37 °C. Cells were ﬁxed in 4%
(vol/vol) paraformaldehyde (Sigma–Aldrich), permeabilized with 0.05% saponin, blocked with 10% (vol/vol) FBS and 1% BSA, and then labeled with
ﬂuorochrome-conjugated phalloidin and antiperforin as well as anti–αtubulin mAbs. Conjugates were imaged with an inverted spinning disk con-
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Degranulation Assays. NK cell degranulation was assessed as previously described (48). Brieﬂy, 2 × 105 PBMCs were mixed with 2 × 105 target cells in
200 μL of complete medium. Cells were mixed, spun down for 3 min at
20 × g, and incubated for 2 h at 37 °C. Thereafter, the cells were spun down;
stained with ﬂuorochrome-conjugated mAbs against CD3, CD56, and
CD107a in PBS supplemented with 2% (vol/vol) FBS and 2 mM EDTA for 45
min on ice; washed; resuspended in PBS supplemented with 2% (vol/vol) FBS
and 2 mM EDTA; and analyzed by ﬂow cytometry.

IL-12 (Peprotech), 100 ng/mL IL-15 (Peprotech), and/or 100 ng/mL IL-18 (R&D
Systems). For stimulation with exogenous cytokines, cells were stimulated for
19 h at 37 °C before addition of Brefeldin A and an additional 5 h of incubation. The cells were analyzed on a CyAn ADP LX nine-color ﬂow cytometer (Dako).
Statistical Analysis. Statistical signiﬁcance was evaluated with a nonparametric Mann–Whitney test using Graphpad Prism software.

Intracellular Cytokine Staining. For stimulation with target cells, 2 × 105 PBMCs
were added to 2 × 105 target cells in 200 μL of complete medium as previously described (46). Brieﬂy, after incubation of the cells for 1 h at 37 °C,
Brefeldin A (GolgiPlug; BD Bioscience) was added, followed by an additional
5 h of incubation. In some experiments, cells were stimulated with 10 ng/mL
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focal microscope (Andor) and then scored blinded for the degree of polarization of perforin, MTOC, and F-actin.

