


ORAI1 acts on Ca21-regulated transcription factors to modulate the
baseline IFN-I production

To uncover the antiviral defense mechanisms impaired in ORAI1�/�

cells, we performed transcriptome analysis by bulk RNA-seq of con-
trol, ORAI1�/�, and STIM1�/� HEK293-ACE2 cells before and 20 h
after SARS-CoV-2 infection (Supplemental Fig. 2). Among infected
samples, viral count analysis showed uniform increase in expression
of all the viral genes in ORAI1�/� cells, whereas the same was uni-
formly reduced in STIM1�/� cells, when compared with control cells
(Fig. 5A). Importantly, the viral genome reads comprised �20% of
the total reads for control cells, �77% for ORAI1�/� cells, and <1%
for STIM1�/� cells, in concurrence with the observed phenotypes
(Fig. 5B). Pathway enrichment analysis of ORAI1�/� cells before
infection showed downregulation of multiple antiviral defense mecha-
nisms, including ISG15 antiviral mechanism and MyD88 signaling

pathways (Fig. 5C�E). Transcriptome analysis further identified mul-
tiple transcription factors known to be involved in antiviral pathways,
whose expression was altered by loss of ORAI1 (Fig. 5F). Among
the transcription factors that were significantly downregulated in
ORAI1�/� cells, we identifiedMEF2C and members of the AP-1 fam-
ily of transcription factors, FOS, ATF2, and JUN. All of these tran-
scription factors are known to be Ca21 dependent for their functions
(37�40). The AP-1 family of transcription factors, including FOS,
JUN, and ATF2, are known to bind the IFNB promoter to regulate its
expression, and JUN is also known to mediate tonic IFN signaling
(17). Remarkably, promoter analysis showed profound enrichment of
FOS, ATF2, MEF2C, and JUN bindings sites among the DEGs in
ORAI1�/� cells compared with the reference genome (Fig. 5G). Quan-
titative RT-PCR analysis confirmed downregulation of these trans-
cription factors in ORAI1�/� cells under sterile conditions (Fig. 5H).
Together, these data suggest that ORAI1 activity upregulates

FIGURE 5. Transcriptome analysis of control and ORAI1�/� HEK293-ACE2 cells. (A) Normalized read counts (log2) of SARS-CoV-2 RNA products,
showing transcriptional enrichment of viral genes in SARS-CoV-2�infected cells when compared with uninfected cells. (B) Bar graph shows proportion of
total reads comprising SARS-CoV-2 transcripts in indicated cell types. The proportion of virus-aligned reads over total reads is shown for each sample. Error
bars represent average (± SD) from three biological replicates. (C) Dot plot visualization of enriched pathways in ORAI1�/� HEK293-ACE2 cells. Reactome
pathway enrichment analysis was performed in PANTHER. The size of the dots represents the percentage of genes enriched in the total gene set, while its
color represents the FDR (p-adjusted) value for each enriched pathway. (D) Volcano plots with all DEGs from ORAI12 /2 and control mock (uninfected) sam-
ples in gray and the indicated gene sets of anti-viral ISG15 signaling (left) and MyD88 signaling (right) highlighted in blue (FDR < 0.01). (E) Heatmap illus-
trating Z scores as expression levels of the DEGs involved in antiviral signaling and MyD88 signaling pathways as show in (D). Blue and red colors
represent downregulated and upregulated genes, respectively. (F) Heatmap depicting Z scores as expression levels of selected transcription factors differen-
tially expressed between control and ORAI1�/� HEK293-ACE2 cells. (G) Transcription factor binding sites at the promoters of genes (transcription start
site ± 1.0 kb) of the entire genome (from ChIP Atlas, RG) or among DEGs in ORAI1�/� HEK293-ACE2 cells. The hypergeometric p values (****p <

0.0001) were calculated by comparing background (complete gene sets of the reference host) to genes from DEGs to see enrichment of binding sites of indi-
cated transcription factors. (H) Quantitative RT-PCR analysis of the indicated genes from control and ORAI1�/� HEK293-ACE2 cells under resting condi-
tions. *p < 0.05, **p < 0.005, ***p < 0.0005 (two-tailed t test).

80 ORAI1 REGULATES TONIC TYPE I IFN SIGNALING

 by guest on D
ecem

ber 24, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 



expression of the transcription factorsMEF2C, FOS, ATF2, and JUN,
leading to induction of multiple genes involved in antiviral defense
mechanisms, including those involved in tonic IFN-I signaling, pro-
viding resistance to SARS-CoV-2 infection.
Recent studies using genome-wide CRISPR-Cas9 KO screens

with SARS-CoV-2 infection have identified a plethora of host fac-
tors important for productive infection by SARS-CoV-2 (41�45).
The list of necessary host factors required for SARS-CoV-2 propa-
gation varied widely among the different screens, likely because of
different cell types and infection conditions used for each screen.
Not surprisingly, all the genome-wide screens identified ACE2, the
receptor for SARS-CoV-2, as an essential factor for virus propaga-
tion. Our transcriptome analysis identified many of these host factors
among the DEGs in ORAI1�/� cells (Supplemental Fig. 3). How-
ever, many of these factors were downregulated in ORAI1�/� cells,
suggesting they may not play a significant role in high susceptibility
of ORAI1�/� cells to SARS-CoV-2 infection. Collectively, these
results suggest that ORAI1-mediated Ca21 signaling is mainly
important for the regulation of tonic IFN-I levels, rather than host
factors for SARS-CoV-2 infection.

Pharmacological alteration of baseline [Ca21]i modulates host
resistance to SARS-CoV-2

Because SARS-CoV-2 infects the respiratory tract, we sought to val-
idate our observations with human lung cells. We generated A549
cells stably expressing ACE2 and deleted for expression of ORAI1
using the CRISPR-Cas9 genome editing system (Fig. 6A). Transcript
analysis confirmed reduced expression of IFNB in ORAI1�/� A549-
ACE2 cells (Fig. 6B). Next, we infected control andORAI1�/� A549-
ACE2 cells with SARS-CoV-2 and examined expression of viral
proteins, as well as quantified expression of viral genome. Similar to
our observations with HEK293-ACE2 cells, loss of ORAI1 imparted
susceptibility to SARS-CoV-2 infection even in A549 cells, albeit to a
lesser extent (Fig. 6C, 6D).
Recent studies focusing on identifying therapies for COVID-19

have found beneficial effects of IFN administration, especially at early
stages of the disease, to reduce the severity and mortality associated
with SARS-CoV-2 infections (46, 47). To check whether pharmaco-
logical alteration of homeostatic [Ca21]i affects host resistance to
SARS-CoV-2, we pretreated A549-ACE2 cells with various doses of
a well-known blocker of ORAI1, BTP2 (chemical name: N-[4-[3,5-
Bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-1,2,3-thiadia-
zole-5-carboxamide), for �24 h to reduce homeostatic [Ca21]i.
Transcript analysis confirmed reduced expression of IFNB in blocker-
treated cells (Fig. 6E). Further, infection with SARS-CoV-2 showed
increased viral protein expression and replication in cells treated with
the ORAI1 blocker, in concurrence with our observations with
ORAI1�/� cells (Fig. 6F, 6G). Importantly, enhancing baseline
[Ca21] by pretreatment with low doses of an ionophore, ionomycin,
elevated IFNB expression and imparted resistance to subsequent
SARS-CoV-2 infection (Fig. 6H�J). These data show that enhancing
baseline [Ca21]i is sufficient to impart resistance to SARS-CoV-2
infection, most likely via boosting tonic IFN-I signaling.

Discussion
The role of Ca21 signaling mediated by ORAI1 and STIM1 in
adaptive immune cells (e.g., T and B cells) is well established (18,
19). Further, an earlier report suggested that loss of SOCE imparted
susceptibility to IFN-I�induced cell death in Jurkat T cells (48).
However, the function of this pathway in the host�pathogen
responses in innate immunity is poorly understood. A recent study
had identified an important function of STIM1 in regulating the
cytosolic DNA-sensing pathway via direct interaction with STING

independently from its role in Ca21 signaling (20). This study dem-
onstrates a key role of ORAI1 in regulating tonic IFN-b levels and
thereby the host response to SARS-CoV-2 infection by modulation
of homeostatic cytoplasmic [Ca21]. Collectively, these studies
uncover novel functions of CRAC channel components in the innate
immune system.
Loss of STIM1 provides strong resistance to infection with HSV-1

by enhancing IFN-I signaling (20). The observation of resistance to
virus infections in STIM1�/� cells has been extended to this study
using SARS-CoV-2. Abrogation of IFN-I signaling by codeletion of
IFNAR1 reduced baseline IFN-b secretion and rendered STIM1�/�

cells susceptible to SARS-CoV-2 infection, emphasizing the role of
IFN-I in this resistance. Interestingly, loss of ORAI1 did not affect
host resistance to HSV-1, most likely because the STING signaling
pathway, which is predominantly important for sensing DNA viruses,
was not impaired in ORAI1�/� cells (20). However, loss of ORAI1
resulted in very high susceptibility, specifically to SARS-CoV-2
infection. In concurrence, pharmacological inhibition of ORAI1 to
reduce homeostatic [Ca21]i or enhancing homeostatic [Ca21]i by pre-
treatment with ionomycin modulated host susceptibility to SARS-
CoV-2 infection. SARS-CoV-2 shows exceptionally high sensitivity
to pretreatment with IFN-I or IFN-III, which profoundly reduces
virus replication (10�12). Hence reduction in tonic IFN-b levels may
enhance the susceptibility of ORAI1�/� cells, especially to SARS-
CoV-2 infection. It has been shown that in the absence of priming
amounts of IFN-b, mouse embryonic fibroblasts do not produce other
IFN-I, suggesting that IFN-b is a master regulator for all IFN-I activi-
ties and presumably those mediated by IFN-III (49, 50). It has also
been suggested that tonic IFN-b signaling is required to maintain ade-
quate expression of STAT1 and STAT2; accordingly, the absence of
tonic IFN-b signaling reduces basal STAT expression (17), similar to
our observation with ORAI1�/� cells (Fig. 4B). Besides, loss of
ORAI1 was shown to downregulate multiple pathways, including
ISG antiviral signaling, TLR7/8 signaling, and MyD88 signaling cas-
cades involved in RNA sensing. Collectively, loss of tonic IFN-I sig-
naling in combination with impaired function of other antiviral
signaling cascades is likely to contribute toward the exquisite sensi-
tivity of ORAI1�/� cells to SARS-CoV-2.
The IFNB promoter contains four positive regulatory domains

(PRDI�PRDIV), which are occupied by overlapping transcription
factor complexes. IFN regulatory factor 3 (IRF3) and IRF7 bind
PRDI and PRDIII, the NF-kB RelA-p50 heterodimer binds PRDII,
and the AP-1 heterodimer of ATF-2 and c-Jun binds PRDIV. The
binding of each of these components in the correct orientation and
location results in activation of the IFNB promoter in response to
virus infection (17). Tonic IFN-b expression is independent of IRF3
and IRF7 but instead depends on the c-Jun and NF-kB p50 subunit.
ORAI1�/� cells showed reduced expression of multiple AP-1 family
transcription factors, including ATF-2, FOS, and JUN, as well as
the NF-kB p50 subunit, which are likely to contribute to reduced
baseline IFN-b levels in these cells. Notably, although SOCE was
abolished in both ORAI1�/� and STIM1�/� cells, the baseline
[Ca21] was reduced in only ORAI1�/� cells. Based on the previous
finding that STIM2, which has a lower binding affinity to Ca21

than STIM1, is crucial for regulation of homeostatic Ca21 levels
(35), it is expected that STIM2�/� cells may have lower tonic IFN-I
signaling, and thereby high susceptibility to SARS-CoV-2 infection
similar to ORAI1�/� cells. Another notable difference between
ORAI1 and STIM1 deficiency is differential expression of IFN-b
and IL-6. STIM1�/� cells showed enhanced expression of both of
these cytokines, consistent with the observation that activation of
the STING pathway upregulates expression of both IFN-b and IL-6
(20, 21). However, ORAI1�/� cells had normal expression of IL-6
but still showed high susceptibility to SARS-CoV-2 infection,
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suggesting that the protective effect of STIM1 deficiency is predom-
inantly derived from increased levels of IFN-b. Therefore, these
results obtained from the analysis of ORAI1�/� and STIM1�/� cells
cohesively suggest that tonic IFN-I signaling is a crucial determinant
for the degree of host resistance to SARS-CoV-2.
In summary, we examined the role of CRAC channel compo-

nents, ORAI1 and STIM1, in host resistance to SARS-CoV-2 infec-
tion. STIM1�/� cells showed remarkable resistance to SARS-CoV-2
infection, supporting previous studies of the role of elevated baseline
IFN-I levels (20). Loss of ORAI1 severely impaired the tonic IFN-I
levels, thereby reducing resistance to SARS-CoV-2 infection. Mech-
anistically, ORAI1-mediated Ca21 signaling affects expression of

various transcription factors, including FOS, JUN, ATF2, and
MEF2C, that regulate multiple host defense pathways. The key find-
ing of this study is that the baseline IFN-b level regulated by
ORAI1-mediated Ca21 signaling is critical for priming the cellular
antiviral state, thereby determining host resistance to SARS-CoV-2
infection. A recent phase 2 clinical trial of inhaled, nebulized IFN-b
to treat people with COVID-19 resulted in accelerated recovery,
supporting localized delivery of IFN-I as a potential prophylactic
and therapeutic agent against COVID-19 (47). The therapeutic effect
of IFN-I targeting SARS-CoV-2 infection may be partly derived
from boosting tonic IFN-I signaling. Our findings may help develop
novel therapeutic methods to combat SARS-CoV-2 infection by

FIGURE 6. Pharmacological alteration of homeostatic [Ca21]i modulates host susceptibility to SARS-CoV-2. (A) Representative histograms showing lev-
els of total ORAI1 protein in control and ORAI1�/� A549-ACE2 cells after permeabilization and intracellular staining with anti-ORAI1 Ab. The bar graph
shows average (± SEM) from three independent experiments. (B) Quantitative RT-PCR analysis for expression of IFNB transcripts in control or ORAI1�/�

A549-ACE2 cells cultured in the presence of medium containing 10 mM CaCl2. Data are representative of two independent experiments. (C) Representative
immunoblot showing expression of SARS-CoV-2 and ACE2 proteins in indicated A549-ACE2 cells under mock conditions or postinfection with SARS-
CoV-2 at indicated MOI 0.1. Vinculin is the loading control. Numbers below indicate normalized fold change in ratio of Spike to vinculin. Data are represen-
tative of two experiments. (D) Quantitative RT-PCR analysis of viral genome from indicated A549-ACE2 cells postinfection with SARS-CoV-2 at MOI of
0.1 for 20 h. Data are representative of two experiments. (E) Quantitative RT-PCR analysis for expression of IFNB transcripts from A549-ACE2 cells pre-
treated with vehicle or indicated concentrations of BTP2 for 24 h. Shown is one representative triplicate from two independent experiments. (F) Representa-
tive immunoblot showing expression of SARS-CoV-2 proteins in A549-ACE2 cells pretreated with vehicle or indicated concentrations of ORAI1 blocker
BTP2 for �24 h and infected with SARS-CoV-2 at MOI 0.1. Vinculin is the loading control. Bar graph (right) shows densitometry analysis of normalized
ratio of SARS-N-CoV-2 to vinculin (± SEM) from technical replicates of two independent experiments. (G) Quantitative RT-PCR analysis of viral genome
from A549-ACE2 cells pretreated with vehicle or indicated concentrations of ORAI1 blocker BTP2 for 24 h and infected with SARS-CoV-2 at MOI 0.1.
Shown is one representative triplicate from two independent experiments. (H) Quantitative RT-PCR analysis for expression of IFNB transcripts from A549-
ACE2 cells pretreated with vehicle or indicated concentrations of ionomycin (iono) for 24 h. Shown is one representative triplicate from two independent
experiments. (I) Representative immunoblot showing expression of SARS-CoV-2 proteins in A549-ACE2 cells pretreated with vehicle or indicated concentra-
tions of ionomycin for 24 h and infected with SARS-CoV-2 at MOI 0.1. Vinculin is the loading control. Bar graph (right) shows densitometry analysis of
normalized ratio of SARS-N-CoV-2 to vinculin (± SEM) from technical replicates of two independent experiments. (J) Quantitative RT-PCR analysis of viral
genome from A549-ACE2 cells pretreated with vehicle or indicated concentrations of ionomycin for 24 h and infected with SARS-CoV-2 at MOI 0.1. Shown
is one representative triplicate from two independent experiments. *p < 0.05, **p < 0.005, ***p < 0.0005 (two-tailed t test). N.D., not determined; N.S.,
nonspecific band; UI, uninfected cells.
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demonstrating that pharmacological enhancement of baseline cyto-
plasmic [Ca21] improved host resistance to SARS-CoV-2. Further-
more, the current study emphasizing the crucial role of tonic IFN-I
signaling in resistance to SARS-CoV-2 infection may guide future
identification of vulnerable populations and targeted therapies at
boosting tonic IFN-I signaling.
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