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Background: Type I interferons are immunomodulatory cytokines that either prevent or promote apoptosis of T cells.
Results: Loss of Orai1-mediated Ca2� entry sensitizes T cells to type I interferon-induced apoptosis via NF-�B activity.
Conclusion: A crosstalk between Ca2� and type I interferon signaling dictates the survival of T cells.
Significance: Understanding how T cells escape apoptosis has clinical implications in many diseases.

Store-operated Ca2� entry (SOCE) is an essential process in T
cell activation. SOCE is controlled by theCa2� release-activated
Ca2� (CRAC) channel encoded by the gene Orai1 that is
expressed on the plasma membrane and activated by STIM1
whenERCa2� stores are depleted.Our earlierwork showed that
a somatic T-cell line Jurkat mutant H123 bearing a defect in
Ca2� signaling was susceptible to the apoptotic effects of type I
interferons (IFN-�/�). The nature of the mutation and whether
this mutation was linked to IFN-�/� apoptotic susceptibility
was unknown. Here we show that H123 cells lacked Orai1 and
exhibit reduced STIM1 protein. Reconstitution of both Orai1
and STIM1 in H123 cells rescued SOCE in response to thapsi-
gargin and ionomycin and abrogated IFN-�/�-induced apopto-
sis. Reciprocally, overexpression of the dominant negative
Orai1-E106A in either parental Jurkat cells or an unrelated
human T cell line (CEM391) inhibited SOCE and led to sensiti-
zation to IFN-�/�-induced apoptosis. Furthermore, we showed
that the Ca2� response pathway antagonized the IFN-�/� -in-
duced transcriptional responses; in the absence of SOCE, this
negative regulatory effect was lost. However, the inhibitory
effect of Ca2� on type I IFN-induced gene transcription was
diminished by pharmacological inhibition of NF-�B in cells
with intact SOCE. Our findings reveal an unexpected and novel
regulatory crosstalk mechanism between type I IFNs and store-
operated Ca2� signaling pathways mediated at least in part by
NF-�B activity with significant clinical implications to both
viral and tumor immunology.

Type I interferons (IFN3-�/�) are family of cytokines that
exert many pleiotropic effects on cells, including antiprolifera-
tive, antiviral, and immunomodulatory functions. Type I IFNs

are notable in modulating T cell responses. One such effect is
the direct inhibition of proliferation of mitogen and T cell
receptor (TCR)-activated CD4� T lymphocytes (1, 2). For
instance, IFN-� can delay naïve T cells from entry into the cell
cycle after TCR engagement and abrogate IL-2 production (2,
3). Another effect of IFN-� is to support and maintain the sur-
vival ofmemoryCD8�T cells (4) and rescueCD4�T cells from
undergoing apoptosis early upon TCR/CD28 activation (5).
However, the anti-apoptotic effect of IFN-� is impaired in
human immunodeficiency virus (HIV)-infected CD4� T cells
(6).
In our earlier studies, we reported the existence of a crosstalk

between TCR and type I IFN signaling. The antiproliferative
effects of IFN-� in T cells required Lck, Zap70, and CD45, all
components of the TCR signal transduction pathway (7). These
studies were conducted using both somatic mutants of human
Jurkat T cells and primary murine T cells derived from knock-
outmicemissing individually these signaling components, all of
which carried defects in the Ca2� release from ER stores upon
TCR activation. In a subsequent study, we examined type I IFN
responses in a new somatic Jurkat mutant designated H123 (8).
H123 is a clone of mutagenized Jurkat cells that were selected
for a deficiency in Ca2� signaling following pervanadate and
TCR stimulation and this defect coincided with cells undergo-
ing apoptosis in response to IFN-� stimulation (9). At that time
the nature of themutation thatmadeH123 cells defective in the
induction of Ca2� transients had not been identified.

Recent investigations have led to the identification of mem-
bers of the STIM and Orai protein families as the molecular
mediators of store-operated Ca2� entry (SOCE) (10, 11).
Hence, STIM1 and STIM2, which are Ca2� sensors on ER
membrane, sense changes in ER Ca2� content via their ER
luminal EF hands (12, 13), while Orai1 is the store-operated
Ca2� channel located on the plasmamembrane (14–19).When
ER Ca2� stores are depleted, STIM proteins aggregate and
make contact with the plasma membrane. This in turn results
in the opening of the Orai1 channel, leading to extended eleva-
tion of cytosolic Ca2� levels, which triggers Ca2�-dependent
signaling responses. In this study, we now report that impaired
SOCE sensitizes T cells to type I IFN-induced apoptosis. Con-
versely, Ca2� activated signals appear to be protective as they
can inhibit T cells from undergoing apoptosis by IFN-�. Over-
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all, our data indicate a novel role for SOCE in antagonizing the
apoptotic and transcriptional activities of type I IFNs.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The human leukemic T-cell line
Jurkat (subclone E6), its somatic mutant H123, CEM391, and
MOLT-4 cells were maintained in RPMI 1640 complete
medium (Mediatech, Inc; Herndon, VA) containing 10% fetal
calf serum (FCS), 2 mM L-glutamine, penicillin, and streptomy-
cin (Invitrogen) at 37 °C and 5% CO2. H123 cells were isolated
from Jurkat cells mutagenized with ICR-191 that failed to
mobilize or sustain intracellular Ca2� in response to pervana-
date (8, 9). This approach facilitated the isolation of loss of
function mutations in more distal components of the Ca2�

response pathway. Recombinant human IFN-� was purchased
from Peprotech (Rocky Hill, NJ). Ionomycin (Iono), PMA,
thapsigargin (Tg), EGTA, and CRAC channel inhibitor BTP2
were purchased from Sigma. NF-�B peptide inhibitor was a
kind gift of Dr. Michael May (University of Pennsylvania).
Transfection—Human YFP-STIM1, Orai1-CFP, and Orai1

E106Awere generated as previously described (17, 20). Parental
and H123 Jurkat cells as well as CEM391 and MOLT-4 cells
were transfected accordingly by electroporation using theGene
Pulser Xcell Electroporation system (Bio-Rad) at 280 V, 1000
�F (25ms pulse length). Cells were also transfected with empty
vector alone and used as control cells. Cells stably expressing
Orai1 were selected in complete RPMI 1640 medium in the
presence of 500�g/ml ofG418. The surviving populationswere
sorted two to three times for CFP fluorescence using a Becton
Dickinson FACS-VantageSE/DiVa flow cytometer. �95% of
the cells were positive for CFP.
Cytosolic Ca2� Measurements—Ratiometric imaging of

intracellular Ca2� using fura-2 was performed as previously
described (21). Cells were plated on coverslips coated with
poly-L-lysine (Sigma) for 3 h before being placed in a cation-safe
solution (107 mM NaCl, 7.2 mM KCl, 1.2 mM MgCl2, 11.5 mM

glucose, 20 mM Hepes-NaOH, 1 mM CaCl2 pH 7.2) and loaded
with fura-2/acetoxymethylester (2 �M) for 30 min at 24 °C.
Cells were washed and dye was allowed to de-esterify for amin-
imum of 30min at 24 °C. Ca2� measurements were taken using
a Leica DMI 6000B fluorescence microscope controlled by
Slidebook Software (Intelligent Imaging Innovations; Denver,
CO). Fluorescence emission at 505 nm was monitored while
alternating between 340 and 380 nm excitation wavelengths at
a frequency of 0.67 Hz. Intracellular Ca2� measurements are
shown as 340/380 nm ratios obtained from groups of 35 to 45
individual cells. Measurements shown are representative
experiments of at least three that were performed.
Preparation of Protein Extracts and Western Blot Analysis—

Cells were lysed in Nonidet P-40 lysis buffer (1% w/v Nonidet
P-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0 with protease
inhibitors), followed by centrifugation at 4 °C. The supernatant
fractionwas collected and protein concentrationwasmeasured
using Bio-Rad protein assay. Proteinswere resolved on 8%SDS-
PAGEgels, transferred to PVDFmembranes, and analyzedwith
the indicated antibodies. Peptide-affinity purified specific anti-
STIM1 antibody was produced by 21st Century Biochemicals
(Marlboro, MA), anti-STIM2 antibody was obtained from Cell

Signaling (Danvers,MA), anti-Orai1 antibody was produced by
Sigma and anti-actin antibody was purchased from Abcam
(Cambridge, MA). Horseradish peroxidase-conjugated goat
anti-rabbit and rabbit anti-mouse antibodies were purchased
from Invitrogen and used as secondary antibodies. Blots were
developed using ECL (GE Healthcare; Piscataway, NJ) and
images captured using AlphaInnotech HD2 image system (San
Leandro, CA).
Quantitative PCR—RNA was extracted using TRI Reagent

(MRC; Cincinnati, OH). RNA concentrations were measured
using a Bio-Rad Smartspec Plus spectrometer by reading the
absorbance at 260 nm and 280 nm. RT-PCRwas completed as a
two-step process using High Capacity cDNA Reverse Tran-
scription (Applied Biosystems; Foster City, CA) followed by
SYBRGreen PCR on a 7300 Real Time PCRmachine. The real-
time PCR conditions were 95 °C for 10 min (1 cycle) and 95 °C
for 15 s, 60 °C for 1 min (40 cycles). Data are presented as the
level relative to Tata box-binding protein (TBP), which serves
as a housekeeping gene. The following equationwas used in our
data analysis: 2�(CT target gene � CT TATA-binding protein).
Measurement of Apoptosis by Fluorescence Imaging—H123

cells stably expressing Orai1-CFP or Orai1 E106A-CFP were
electroporated with either pEYFP (Clontech; Mountain View,
CA) or YFP-STIM1 plasmid DNA vectors. 24 h after transfec-
tion, viable cells were recovered after Ficoll (Invitrogen) gradi-
ent centrifugation. Cells were left untreated or treated with
IFN-� (1000 units/ml) for 48 h followed by staining with
Annexin V-Alexa Fluor 594 (Molecular Probes; Eugene, OR)
for 10 min in Annexin V binding buffer (10 mMHepes, 140 mM

NaCl, 2.5 mM CaCl2, pH 7.4) at 37 °C in the dark. Cells were
viewedunder a LeicaDMI 6000B fluorescencemicroscope con-
trolled by Slidebook Software. Each group of cells was counted
under the microscope with a minimum number of 200 cells.
Each independent experiment was performed at least three
times.
Measurement of Apoptosis by FlowCytometry—CEM391 sta-

bly expressing empty vector (pIRES) or Orai1 E106A-CFPwere
left untreated or treated with IFN-� (3000 units/ml) for 72 h
followed by staining with FITC Annexin V (Biolegend, San
Diego, CA) for 10 min in Annexin V binding buffer (10 mM

Hepes, 140mMNaCl, 2.5mMCaCl2, pH7.4) at 37 °C in the dark,
and then analyzed by BD FACS Calibur Flow Cytometer. Each
experiment was performed at least three times.
Cell Proliferation—Cells were plated on a 96-well plate in

quadruplicate at 5� 103 cells per well. Cells were left untreated
or treated with IFN-� and incubated at 37 °C for 72 h. Cell
proliferation was assessed by using CellTiter 96-Aqueous One
Solution Reagent (Promega, Madison, WI). Absorbance was
measured at 490 nm using a VictorX5 multilabel plate reader
(Perkin Elmer, Waltham MA). Background values were first
subtracted from each well before proceeding with determina-
tion of percent of cell growth inhibition.
Luciferase Reporter Assay—Cells were electroporated with

10 �g of 3�-NFAT-luciferase reporter, 5�-ISRE or 5�-NF-�B
luciferase reporter plasmids. To normalize for luciferase activ-
ity and control for transfection efficiency, 2�g of pRL-TK (Pro-
mega) was also included in the transfection. After overnight
incubation at 37 °C, NFAT driven transcriptional activity was
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measured in cells treated with or without ionomycin (2 �M)
plus PMA (10 ng/ml) for 6 h. To determine ISRE driven tran-
scriptional activity, cells were treated with or without IFN-�
(1000 units/ml) for 6 h in the absence or presence of 2 �M

ionomycin. NF-�B transcriptional activity was measured in
cells stimulated with ionomycin plus PMA for 6 h. To deter-
mine a role for NF-�B in the ISRE response, cells were pre-
incubated with cell permeable NF-�B inhibitor (50 �M) for 1 h
prior to treatment with IFN-� in the presence or absence of
ionomycin. Cell lysates were prepared and luciferase activity
wasmeasuredwith aVictorX5multilabel plate reader using the
dual-luciferase reporter system according to the manufacturer
(Promega).
Statistical Analysis—Standard deviation was calculated

using GraphPad Prism 5 software (La Jolla, CA). Statistical dif-
ferences between groups were determined using unpaired Stu-
dent’s t test. p values of �0.05 between were considered statis-
tically significant. Error bars and shaded regions of calcium
traces were shown to represent standard error (S.E.) of the
mean.

RESULTS

Impaired SOCE in Somatic Jurkat Variant H123—Chemical
mutagenesis of the human T-cell line Jurkat with the ICR-191
frameshift mutagen has led to the identification of a number of
critical signaling molecules needed in T cell activation (9, 22).
We initially reported that the somatic Jurkat variant H123 har-
boring a defect in Ca2� signaling was susceptible to the apopto-
tic effects of type I IFNs (IFN-�/�) while parental Jurkat was
growth inhibited in the absence of apoptosis (8). What
remained unclear was whether this gain of apoptotic function
induced by IFN-�/� in H123 cells was intimately linked to a
defect in the Ca2� response pathway. First, to confirm that
H123 cells had a defect in Ca2� signaling, parental and H123
Jurkat cells were transiently transfected with a NFAT-respon-
sive luciferase reporter plasmid (Fig. 1A) While robust NFAT
transactivation was observed in parental Jurkat T cells after
treatment with ionomycin and PMA, no NFAT activity was
observed in similarly treated H123 Jurkat cells. Next, we com-
pared the relative abilities of thapsigargin (Tg, Fig. 1B) or iono-
mycin (Iono, Fig. 1C) to stimulate SOCE in parental and H123
Jurkat cells. Significant endoplasmic reticulum (ER) Ca2�

release was observed in both cell lines after exposure to Tg or
Iono (first peak, Fig. 1, B and C); although the total amount of
Ca2� released was moderately less in H123 cells. In contrast, a
drastic deficiency of Ca2� re-entry after store depletion was
observed inH123 cells (second peak, Fig. 1,B andC) in compar-
ison to parental Jurkat cells. Of note, IFN-� treatment of either
parental or H123 Jurkat cells did not influence Ca2� mobiliza-
tion (data not shown). Thus our results show that unlike previ-
ously reported somatic Jurkatmutants, H123 Jurkat cells have a
deficiency in SOCE, which has been recognized as the major
route of Ca2� entry for T cells.
H123 Cells Lack Orai1 Protein—STIM1, STIM2, and Orai1

are now well recognized as critical components of SOCE (15,
23). Therefore, we assessed their relative levels of expression
using quantitative RT-PCR and Western blot analysis. Com-
pared with parental Jurkat cells, H123 cells demonstrated a

�30% reduction in STIM1 at both the RNA (Fig. 2A) and pro-
tein (Fig. 2B, top panel) levels. No obvious changes in the
expression of STIM2 were found between parental and H123
Jurkat cells (Fig. 2, A and B). In contrast, although no striking
differences in the amount ofOrai1 RNAwere found; a dramatic
loss of Orai1 protein was detected in H123 cells (Fig. 2B).
Sequence analysis of Orai1 mRNA revealed a deletion of a sin-
gle nucleotide mapped to the intracellular portion of the pro-
tein that resulted in a frameshift mutation and early termina-
tion of translation (supplemental Fig. S1). Thus it is likely that a
deficiency in SOCE in H123 cells is due to the combination of
loss of Orai1 and reduction in STIM1 protein content.
SOCE Is Restored inH123Cells by Re-expression of Orai1 and

STIM—To determine if the loss of expression of STIM1 and
Orai1 was the cause of loss of SOCE inH123 cells, we generated
bothH123 (Fig. 3A) and parental Jurkat (Fig. 3B) cell lines stably
expressing empty vector or Orai1. Cells were then transiently
transfected with either YFP or YFP-STIM1 to compare SOCE
levels. Consistent with prior studies (16), SOCE was restored
only after re-expression of both STIM1 and Orai1 (Fig. 3A);

FIGURE 1. Jurkat variant H123 cells have impaired SOCE. A, parental and
H123 Jurkat cells were transfected with an NFAT-luciferase reporter and left
untreated or treated with Iono (2 �M) plus PMA (10 ng/ml) for 6 h. Cells were
harvested for determination of luciferase activity. Values were normalized
against Renilla luciferase activity. Results from a representative experiment
are shown as mean � S.E. of triplicate samples. B, parental Jurkat (solid line)
and the Jurkat variant H123 (dashed line) cells were loaded with 2.5 �M Fura-
2/AM. Thapsigargin (Tg, 2 �M) or Ca2� (1 mM) was added or removed as indi-
cated. C, same as in B except parental Jurkat (solid line) and H123 (dashed line)
cells were treated with ionomycin (Iono, 2 �M) before removal and addition of
Ca2� (1 mM).
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only modest changes in SOCE were observed when expressed
individually. In parental Jurkat cells no changes in SOCE were
observed in response to either STIM1 expression or
STIM1�Orai1 expression (Fig. 3B); consistent with prior stud-
ies, expressing Orai1 alone inhibited SOCE (16). We were
somewhat surprised by the fact that co-expression of STIM1
and Orai1 failed to further increase SOCE above control levels
in parental Jurkat cells. In an effort to determine if this reflected
Fura-2 saturation, experiments were also performed using 300
�M extracellular Ca2� (supplemental Fig. S2A), with similar
results. However, examination of YFP intensity revealed �50%
less STIM1 expression in Jurkat cells stably expressing Orai1
compared with parental Jurkat cells (supplemental Fig S2B).
This may indicate that elevated Ca2� levels due to co-expres-
sion of STIM1 andOrai1may be too high to be tolerated in this
cell type. Irrespective, these observations reveal that re-expres-
sion of STIM1 and Orai1 in H123 cells restores SOCE.
Orai1 and STIM1 Overexpression Reverses the Apoptotic

Effects of IFN-� in H123 Cells—To determine if defective
expression ofOrai1 and/or STIM1proteinswas associatedwith

H123 cells susceptibility to IFN-�/�-induced apoptosis, H123
cells reconstituted with Orai1 and/or STIM1 were examined
for the presence of apoptotic cells following treatment with
IFN-� for 48 h. Images of Annexin V-stained cells expressing
CFP-Orai1 and/or YFP-STIM1 before and after IFN-� treat-
ment are depicted in Fig. 4A. As predicted, given the absence of
any difference in SOCE, expressing pEYFP (empty vector),
CFP-Orai1 or YFP-STIM1 had no effect-on IFN-�-induced
apoptosis in H123 cells (Fig. 4B). In contrast, H123 cells co-ex-
pressing CFP-Orai1 and YFP-STIM1 were fully protected
against IFN-�-induced apoptosis (Figs. 4, A, bottom panel and
B). Hence, H123 cells exhibiting defective SOCE were vulnera-
ble to the lethal effects of type I IFNs. Given the role of SOCE in
the maintenance of endoplasmic reticulum (ER) Ca2� concen-
tration and the critical link betweenERCa2� concentration and
ER stress (24, 25), we examined the processing ofXBP1, an early
indicator of ER stress (26). However, we found no evidence that
type I IFNs induced ER stress response in either parental or
H123 Jurkat cells (supplemental Fig. S3), indicating that ER
stress likely has little or no role in protection from IFN-induced
apoptosis by Orai1/STIM1 overexpression.

FIGURE 2. Orai1 and STIM protein expression is impaired in H123 cells.
A, STIM1, STIM2, and Orai1 mRNAs were measured in parental and H123 Jur-
kat cells by quantitative RT-PCR. The level of mRNA transcripts was normal-
ized to TATA box-binding protein (TBP). B, cells extracts were analyzed for
detection of the indicated proteins by Western blot analysis. Actin was used
to monitor equal loading of proteins.

FIGURE 3. Re-expression of STIM1 together with Orai1 rescues SOCE in
H123 cells. Intracellular Ca2� concentration was measured in fura-2 loaded
(A) H123 Jurkat and (B) parental Jurkat cells. Cells stably expressing either
mock vector or Orai1-CFP were transiently transfected with YFP or YFP-STIM1.
Thapsigargin (Tg, 2 �M) or Ca2� (1 mM) was added or removed as indicated.
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SOCE Inactivation Causes IFN-�-induced Apoptosis in T
Cells—Reciprocal experiments in parental Jurkat cells were
performed to confirm if SOCE impairment could switch T cells
to now undergo IFN-�-induced apoptosis. To this effect,
parental Jurkat cells were transfected with a dominant negative
form of CFP-Orai1 (Orai1E106A); known to dramatically inhibit
SOCE (see Fig. 5A). As reported before and shown in Fig. 5, B
and C, IFN-� stimulation did not induce apoptosis in parental
Jurkat cells (Fig. 5C). However, Jurkat cells became sensitive to
IFN-� when Orai1E106A was expressed, with apoptosis
observed in �12–15% of the cells after 48 h of treatment, as
detected byAnnexin-V staining (Fig. 5,B andC). An increase in
the level of IFN-�-induced apoptosis (�35%) was observed
after 72 h of treatment (data not shown). Additional experi-
ments corroborated our finding in that a reduction in Ca2�

entry via incubation of Jurkat cells with the Orai channel
blocker BTP2 (Fig. 5D) or the Ca2� chelator EGTA (Fig. 5E) at

doses that minimally affected cell viability for 72 h promoted
apoptotic sensitivity to IFN-� to a degree that was similar to
that observed in cells expressing dominant-negative
Orai1E106A. Interestingly, EGTA (but not BTP2)-induced apo-
ptosis was further enhanced by increasing the IFN-� concen-
tration to 3000 units/ml (compare Fig. 5, D versus E).
To confirm that this effectwas not restricted to Jurkat T cells,

we stably expressed empty vector or CFP-Orai1E106A in the
human CD4� T cell line CEM391. Overexpression of
Orai1E106A did not change the growth inhibitory effects of
IFN-� when compared with CEM391 expressing empty vector
alone (Fig. 6A). However, overexpression of Orai1E106A caused
a remarkable apoptotic effect in CEM391 cells as 45% of these
cells were in the early stages of apoptosis (Annexin V�/pro-
pidium iodide�) 48 h after IFN-� stimulation (Fig. 6, B and C).
Similar findings were also observed in the human CD4� T
MOLT-4 cell line stably expressing Orai1E106A; albeit at
reduced levels due to low expression of CFP-Orai1E106A (data
not shown). Thus our results indicate an unexpected and pre-
viously unidentified negative regulatory role for SOCE in the
induction of apoptosis by type I IFNs in T cells.
Transcriptional Responses to IFN-�/� Are Negatively Regu-

lated by Ca2� Signals—Type I IFNs inhibit the proliferation of
T cells via utilization of the JAK/STAT pathway (1, 7). Hence,
our findings that impaired SOCE changes the IFN-�/�
response from growth inhibitory to apoptotic may reveal an
inhibitory effect of Ca2� signaling pathways on IFN-�/� tran-
scriptional responses. To test this possibility, parental and
H123 Jurkat cells were transiently transfected with an IFN-re-
sponsive ISRE-luciferase reporter plasmid. No ISRE reporter
activity was detected in cells treated with ionomycin alone.
While IFN-� induced the transactivation of the ISRE reporter
to 12-fold in both cell lines (Fig. 7A, second bars in both groups),
the reporter activity was inhibited by nearly 50% in parental
Jurkat cells co-stimulated with ionomycin. As expected,
because of defective SOCE, the inhibitory effect of ionomycin
was lost in H123 cells (Fig. 7A, fourth bars in both groups).
Furthermore, a reciprocal experiment assessing the ability of
ionomycin to affect ISRE reporter activity in parental Jurkat
cells stably over-expressing Orai1E106A revealed substantially
the same result; loss of ionomycin-mediated inhibition (Fig.
7B). Thus our results reveal SOCE-mediated negative regula-
tion of type I IFN-induced gene transcription.
NF-�BMediates the Inhibitory Effects of Ca2� Signals on IFN-

�/�-induced Gene Transcription—The transcription factor
NF-�B activates cell survival pathways and protects against
apoptosis (27). Because Ca2� signals activate NF-�B (28–31)
and NF-�B has been shown to regulate the expression of a sub-
set of IFN-induced ISGs (32), the possibility that NF-�B could
be implicated in mediating Ca2�-dependent inhibition of ISG
transcription was explored. A selective NF-�B inhibitor that
blocks the interaction betweenNEMOand the I�B kinase com-
plex (33) was used to evaluate in parental Jurkat cells alterations
in IFN-responsive ISRE-luciferase activity. As expected, IFN-�
transactivated the ISRE reporter to 7-fold (Fig. 8A, second bar),
which was inhibited by ionomycin by nearly 50%. Pre-treat-
ment with NF-�B inhibitor followed by co-stimulation with
IFN-� plus ionomycin diminished the inhibitory effects of

FIGURE 4. STIM1 and Orai1 inhibit IFN-�-mediated apoptosis of H123
cells. A, H123 cells stably expressing empty vector or Orai1-CFP cells were
transiently transfected with either YFP or YFP-STIM1. 24 h after transfection,
cells were left untreated or treated with 1000 units/ml IFN-� for 48 h and then
stained with Hoechst (blue) and annexin-V (red). Yellow fluorescence indi-
cates cells expressing YFP-STIM1. Apoptotic cells are shown as red. B, percent
apoptosis was calculated by counting the number of annexin-V-PE-positive
cells divided by the total number of cells (control) or those expressing YFP-
STIM1 and/or Orai1-CFP when expressed. A minimum of 200 cells were
counted in each individual experiment and data collected from three individ-
ual experiments are shown. Results are shown as mean � S.E.
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ionomycin by almost 50% (Fig. 8A, fourth bar). Intriguingly, this
almost preciselymatches the percentage that ionomycin/PMA-
induced NF-�B activity was inhibited (Fig. 8B). Additional
studies showed that over-expression of Orai1E106A in Jurkat
and CEM391 cells impaired dramatically NF-�B activation
(supplemental Fig. S4). Both observations reveal a regulatory
mechanism by which Ca2� modulated NF-�B activity sup-
presses transcriptional responses to type I IFNs.

DISCUSSION
Ca2� signals are critical secondary messengers that orches-

trate T cell activation, differentiation, and transcriptional reg-
ulation (34–36). Type I IFNs are essential pleiotropic cytokines
known for their role among others in host defense against infec-
tion and the development of adaptive immunity viamodulation
of T cell responses (37, 38). Our earlier work characterized a
Ca2� signaling-defective somatic mutant Jurkat (H123) to be

FIGURE 5. Inhibition of SOCE sensitizes parental Jurkat cells to IFN-�-induced apoptosis. A, intracellular Ca2� concentration was measured in parental
Jurkat cells stably expressing empty vector or Orai1 E106A-CFP. Cells were loaded with 2.5 �M fura-2/AM. Thapsigargin (Tg, 2 �M) or Ca2� (1 mM) was added or
removed as indicated. B, parental Jurkat cells stably expressing empty vector or Orai1 E106A-CFP were left untreated or treated with 1000 units/ml IFN-� for
48 h, and then stained with Hoechst (blue) and annexin-V (red). Apoptotic cells are shown as red. C, percent apoptosis was calculated by counting the number
of annexin V-positive cells divided by the total number Orai1-CFP-positive cells, from three individual experiments. D, parental Jurkat cells were left untreated,
treated with IFN-� alone or pretreated with 3 �M BTP2 for 1 h, followed by treatment with or without IFN-� for 72 h. Quantification of apoptotic cells was
measured by flow cytometric analysis of dually stained cells with annexin-V-FITC and propidium iodide. E, same as in D except cells were pretreated with 0.6 mM

EGTA. Results from three individual experiments are shown as mean � S.E.
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sensitive to the apoptotic effects of type I IFNs (8). What was
not established then was whether the lethal effects of type I
IFNs were linked to deficiencies in Ca2� signaling. In the cur-
rent study, we have characterized the nature of the defect in
Ca2� signaling impairment in H123. Most notably, while H123
cells display normal ER Ca2� content, they exhibit a marked
deficiency in Ca2� entry due to a lack of Orai1 and reduced
expression of STIM1 protein. More remarkably, our findings

reveal that SOCE influences the anti-proliferative and apopto-
tic effects of IFN-�/�.
The increase in intracellular Ca2� concentration via engage-

ment of the TCR in T cells is divided in two phases. The first
phase is dictated by the release of Ca2� from ER stores that
when depleted activates the second phase characterized by pro-
longed Ca2� entry via the CRAC channel now recognized as
Orai (14, 35). Whereas four previously characterized somatic
mutants derived from Jurkat cells exhibit defects in the first
phase of TCR-induced Ca2� mobilization because of loss of
Lck, Zap70, CD45, or InsP3R1 (22, 39) H123 cells exhibit
defects in the second phase of the TCR Ca2� response. It is
important to note that while T cells devoid of Lck, ZAP70, and
CD45 are resistant to the antiproliferative effects of IFN-�/�
(7), InsP3R1-null T cells, are highly resistant to apoptotic stim-
uli, suggesting that calcium release from the ER is an apoptotic
trigger in T cells (39–41).
In our study, we found that defective SOCE impacted on T

cell survival. Inactivation of SOCE in T cells changed the
antiproliferative effects of type I IFNs from cell growth inhi-
bition to apoptosis. While IFN-� slowed down the prolifer-
ation of T cells with intact SOCE in the absence of apoptosis
(7), overexpression of dominant negative Orai1E106A to
inhibit SOCE sensitized Jurkat, CEM391 and MOLT-4 T
cells to the apoptotic effects of IFN-�, albeit to varying
degrees. Furthermore, we provide additional evidence sup-
porting the importance of Ca2� entry in regulating the apo-
ptotic effects of type I IFNs. The use of the CRAC channel
inhibitor BTP2 or Ca2� chelator EGTA at doses that mini-
mally affect cell viability (42) were found to also sensitize
cells to IFN-�-induced apoptosis similarly to over-expres-
sion of Orai1E106A. Although overexpression of Orai1E106A
in parental Jurkat cells did not produce the same level of
apoptosis detected in H123 cells, further characterization of
H123 cells has revealed that additional proteins other than
Orai1 are missing (data now shown). This is highly consis-
tent with our observation that IFN-induced apoptosis could
be enhanced more effectively by Ca2� chelation than by
BTP2 or Orai1E106A; an indication that some of these addi-
tional proteins may provide alternate routes of Ca2� entry.
Despite differences in the degree of apoptosis observed in

different cell lines and/or in response to different inhibitors
of Ca2� entry, we consistently find that IFN-induced apo-
ptosis is stimulated by loss of Ca2� entry in general and
SOCE specifically. Hence, SOCE may have a bona-fide role
in the modulation of IFN responses. If so, these findings may
provide insight into the reduction of the anti-apoptotic
effect of IFN-� in HIV-infected CD4� T cells (6), since
CD4� T cells incubated with HIV envelope protein gp160
exhibit reduced Ca2� entry (43).

The biological effects of type I IFNs are mediated by the
actions of IFN-stimulated genes (ISGs) (44). While the
expression of these genes is primarily driven by STAT tran-
scription factors, there is a subset of genes that is negatively
regulated by the actions of the transcription factor NF-��
(32). Paradoxically, type I IFNs have been reported to acti-
vate the NF-�� pathway via PI3K and Akt as a survival mech-
anism to protect cells against apoptosis (45). Impairment of

FIGURE 6. Expression of Orai1E106A sensitizes CEM391 cells to IFN-�-
induced apoptosis. CEM391 cells that were untransfected (UnTfx), carry-
ing mock vector (EV) or stably expressing Orai1 E106A-CFP were treated
with or without IFN-� (3000 units/ml) for 72 h. A, cell growth inhibition
responses were measured by MTS assay. B, apoptosis was shown by
Hoechst (blue) and annexin-V (red) stain and expressing of Orai1 E106A-
CFP was shown in cyan. C, quantification of apoptosis was measured in
cells dually stained with annexin-V-FITC and propidium iodide and ana-
lyzed by flow cytometry. Results from three individual experiments are
shown as mean � S.E.
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the NF-�� pathway by expression of the I��� suppressor
sensitizes tumor cells to type I IFN-induced death (46). Fur-
ther, prior studies have firmly established that Ca2� signals
stimulate NF-�� (28–31), supporting the possibility that
NF-�B activation may serve a mediatory role in Ca2�-depen-
dent suppression of ISG. Indeed, we find that pharmacolog-
ical inhibition of NF-�B restores transcriptional responses
to IFN indicating that NF-�B has a negative regulatory role
in obstructing the apoptotic response to type IFNs. This
finding is also supported by the observation that expression
of dominant negative Orai1E106A suppresses the induction of
NF-�B activity while promoting IFN-induced apoptosis.
These observations clearly establish a previously unidenti-
fied mechanism whereby, in addition to its well-defined role
in T cell activation, SOCE also serves to negatively regulate
IFN responses. Given the critical role IFNs play in the con-

trol of immune function, these novel findings have wide
reaching and highly significant implications.
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