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ABSTRACT SARS-CoV-2, the causative agent of COVID-19, has been intensely studied
in search of effective antiviral treatments. The immunosuppressant cyclosporine A (CsA)
has been suggested to be a pan-coronavirus inhibitor, yet its underlying mechanism
remained largely unknown. Here, we found that non-structural protein 1 (Nsp1) of
SARS-CoV-2 usurped CsA-suppressed nuclear factor of activated T cells (NFAT) signal-
ing to drive the expression of cellular DEAD-box helicase 5 (DDX5), which facilitates
viral replication. Nsp1 interacted with calcineurin A (CnA) to displace the regulatory
protein regulator of calcineurin 3 (RCAN3) of CnA for NFAT activation. The influence
of NFAT activation on SARS-CoV-2 replication was also validated by using the Nsp1-defi-
cient mutant virus. Calcineurin inhibitors, such as CsA and VIVIT, inhibited SARS-CoV-2
replication and exhibited synergistic antiviral effects when used in combination with
nirmatrelvir. Our study delineated the molecular mechanism of CsA-mediated inhibition
of SARS-CoV-2 replication and the anti-SARS-CoV-2 action of calcineurin inhibitors.

IMPORTANCE Cyclosporine A (CsA), commonly used to inhibit immune responses, is
also known to have anti-SARS-CoV-2 activity, but its mode of action remains elusive.
Here, we provide a model to explain how CsA antagonizes SARS-CoV-2 through three
critical proteins: DDX5, NFAT1, and Nsp1. DDX5 is a cellular facilitator of SARS-CoV-2
replication, and NFAT1 controls the production of DDX5. Nsp1 is a viral protein absent
from the mature viral particle and capable of activating the function of NFAT1 and DDX5.
CsA and similar agents suppress Nsp1, NFAT1, and DDX5 to exert their anti-SARS-CoV-2
activity either alone or in combination with Paxlovid.
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he COVID-19 pandemic has taken millions of lives, disrupted the world economy,

and segregated people and communities. As the causative agent of COVID-19,
SARS-CoV-2 exhibits high transmissibility, immune evasion capability, and mutability
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also be bound by ribosomal protein S3 (RPS3) (9). Mechanistically, Nsp1 might enhance
cap-independent translation of viral transcripts (10) and bi-directionally modulate RPS3
function (9). In addition, it could target cellular transcripts by inducing mRNA cleavage
(11), binding to the 40S subunit to impede mRNA and elF1A accommodation (12),
preventing ribosome collision (13), inhibiting translation initiation (14), and promoting
translation termination or degradation (9, 15). The knockout of Nsp1 was found to
severely impair the replicability and viability of the virus, underlining the importance
of this highly conserved viral protein (16). Several studies have generated SARS-CoV-2
mutants carrying K164A/H165A that impairs Nsp1’s translational shutoff capability, but
they are viable and showed reduced or similar replicability compared to wild-type (WT)
virus (17-19). A more detailed mutational analysis of Nsp1 revealed the importance of its
N-terminal domain but the requirement of all domains for translational shutoff function
(20, 21).

Meanwhile, 3-coronaviruses such as SARS-CoV, MERS-CoV, and HCoV-OC43 have been
shown to be inhibited by an immunosuppressant cyclosporine A (CsA) in a previous
study (22). On the other hand, an elevated level of nuclear factor of activated T cells
(NFAT) expression was seen in clinical samples of COVID-19 patients (23). These studies
suggested that CsA, an inhibitor of NFAT, might suppress viral replication through
the NFAT pathway. NFAT is a family of transcription factors, which critically regulate
immunity, inflammation, angiogenesis, cellular proliferation, and differentiation (24).
The NFAT proteins are controlled by upstream calmodulin-dependent serine/threonine
phosphatase calcineurin. The change in cytosolic Ca** level leads to the formation of the
calmodulin-Ca*" complex, which interacts with calcineurin to induce NFAT dephosphory-
lations, thus activating NFAT-dependent transcription. This calmodulin-calcineurin-NFAT
pathway is negatively regulated by the expression of regulator of calcineurin 3 (RCAN3),
which prohibits the interaction between calcineurin proteins. The expression level of
NFAT is another point for positive regulation (24). In addition, calcineurin is inhibited
by the cyclophilin-cyclosporin complex (25). Cyclophilins are thought to play proviral
roles by stabilizing the interaction between the receptor-binding domain of viral spike
(S) protein and cellular ACE2 receptor (22, 26). However, the knockout of cyclophilins
has recently been shown to have no effect on SARS-CoV-2 replication, suggesting that
cyclophilins are unlikely the major cause of CsA-mediated suppression of coronaviruses
(27). Till now, no in-depth and concrete investigation has been conducted to elucidate
whether and how Nsp1 facilitates viral replication. Furthermore, the mechanism by
which CsA mitigates viral replication remains elusive.

Here, we report that viral Nsp1 hijacks cellular NFAT signaling to facilitate SARS-CoV-2
replication. SARS-CoV-2 and Nsp1 were found to induce NFAT activation. The role of
the NFAT pathway on SARS-CoV-2 replication was also studied using the S-deficient
SARS-CoV-2 replicon and ANsp1 mutant virus. Dephosphorylation of endogenous NFAT1
was driven by the N terminal part of Nsp1. Nsp1 was also found to interact with
calcineurin A (CnA), leading to the displacement of RCAN3 from CnA and the antago-
nization of RCAN3-mediated regulatory feedback on calcineurin activity. Elevated NFAT
activity resulted in the upregulation of cellular DDX5, the knockdown of which abro-
gated Nsp1- or NFAT1-mediated SARS-CoV-2 replication enhancement. The anti-SARS-
CoV-2 activity of calcineurin inhibitors such as CsA and VIVIT and their combination with
SARS-CoV-2 main protease inhibitor nirmatrelvir was also assessed.

RESULTS
Activation of NFAT by SARS-CoV-2 and its Nsp1

CsA is a potent inhibitor for coronaviruses including SARS-CoV, MERS-CoV, and HCoV-
HKU1 (22). Anti-SARS-CoV-2 activity of CsA has also been documented in cell models
and clinical settings (28). However, the underlying mechanisms by which CsA mitigates
SARS-CoV-2 infection remain largely unclear. CsA is an inhibitor of CnA, which is
well studied for its regulatory role on NFAT to modulate innate immune response,
T cell activation, and other cellular functions (27, 29). Considering together with the
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potential role of NFAT activation in SARS-CoV-2 replication (23), we hypothesized that the
suppression of the CnA-NFAT signaling by CsA would show anti-SARS-CoV-2 activity.

When NFAT-Luc-transfected VeroE6-TMPRSS2 cells were infected with SARS-CoV-2,
an increase in luciferase activity was observed in SARS-CoV-2-infected groups both
in the absence and presence of CnA, but not in the presence of CsA (Fig. 1A). This
result indicated that the infection of SARS-CoV-2 sufficiently drove NFAT activation. We
next screened for the potential virulence factor(s) capable of inducing the activation
of NFAT. A functional screen was performed in HEK293T cells using NFAT-Luc and an
expression library of all SARS-CoV-2 proteins to study the effect of each viral protein on
the NFAT pathway. NFAT-Luc was activated by CnA, and individual SARS-CoV-2 protein
was overexpressed. Among SARS-CoV-2 viral proteins, enforced expression of Nsp1l
and Nsp14 further elevated CnA-induced NFAT-Luc activity, while structural proteins
including S, E, M, and N demonstrated inhibitory effect on NFAT-Luc (Fig. 1B). Since the
largest increase in NFAT-Luc activity was spotted in Nsp1-expressing cells and the highly
conserved coronaviral Nsp1 homologs have been shown to be a major virulence factor
contributing to CsA-mediated inhibition of SARS-CoV and MERS-CoV (22, 30), Nsp1 of
SARS-CoV-2 was selected for further investigations.

Verification of the effect of Nsp1 with SARS-CoV-2 infection and replicon

The impact of Nsp1 on SARS-CoV-2 replication was studied. Nsp1 was overexpressed in
VeroE6-TMPRSS2 cells prior to SARS-CoV-2 infection. Since Nsp1 is known to antagonize
interferon production (16, 18, 31), the interferon-deficient VeroE6-TMPRSS2 cells were
employed to study the effect of Nsp1 on SARS-CoV-2 replication. Viral RNA (vRNA) in the
lysate and supernatant was harvested on days 0, 1, and 2 and measured by RT-qPCR (Fig.
2A and B). When Nsp1 was overexpressed, more VRNA copies were found in both cell
lysate and supernatant on days 1 and 2 (Fig. 2A and B). To further scrutinize the effect of
Nsp1 on SARS-CoV-2 replication specifically, an S-deficient SARS-CoV-2 replicon (AS
replicon) was employed (32). The AS replicon was transfected into VeroE6-TMPRSS2 cells,
and vRNA samples were harvested on days 0, 1, and 2 for RT-qPCR of dsRED gene copies.
The SARS-CoV-2 S gene was replaced by dsRED so the amount of dsRED RNA can
represent genomic copies of the AS replicon. For the mock group, increasing dsRED RNA
was found from day 0 to day 2, consistent with the replication of the AS replicon in
VeroE6-TMPRSS2 cells. Higher dsRED gene copies detected upon the expression of Nsp1
(Fig. 2C) indicated that Nsp1 facilitates SARS-CoV-2 replication.

To delineate the protein domain(s) of Nsp1 responsible for the facilitation of SARS-
CoV-2 replication (17, 20, 21), Nsp1 mutants were constructed and expressed in VeroE6-
TMPRSS2 cells together with the AS replicon. From the replication kinetics of AS,
overexpression of Nsp1, N-Nsp1, and Nsp1-KHAA resulted in elevated replicability, while
C-Nsp1 overexpression suppressed replication (Fig. 2E). Notably, since Nsp1-KHAA has
been reported to have lost its ability to inhibit host translation (14), the enhanced
replicability of the AS replicon for the Nsp1-KHAA-expressing group indicated that the
observed Nsp1-mediated replication enhancement might not be ascribed to host
translational shutoff. Altogether, these results were compatible with the N terminal part
of Nsp1 responsible for the enhanced SARS-CoV-2 replication.

To investigate how Nsp1 might affect CsA-mediated suppression of viral replication,
Nsp1 was overexpressed in the AS replicon-transfected cells before they were treated
with CsA. The CsA-treated group had fewer dsRED gene copies from day 0 to day 2,
suggesting an inhibition of AS replication (Fig. 2F). Opposite to this, overexpression of
Nsp1 alongside CsA treatment showed higher dsRED gene copies (Fig. 2F), indicating a
partial rescue of AS replication from CsA-mediated suppression by Nsp1.

Considering that CsA treatment would result in the suppression of the NFAT pathway,
the role of NFAT in SARS-CoV-2 replication was investigated in the context of Nsp1
expression. When NFAT1 or Nsp1 was expressed with the AS replicon, more dsRED gene
copies were detected (Fig. 2G). Coexpression of Nsp1 and NFAT1 led to a further increase
in dsRED gene copies (Fig. 2G), indicating an additive effect of NFAT1 and Nsp1 in
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FIG 1 Induction of NFAT activation by SARS-CoV-2. (A) VeroE6-TMPRSS2 cells were either mock transfected with an empty
vector or transfected with a firefly luciferase reporter plasmid driven by 3x NFAT promoter (NFAT-Luc), a control Renilla
luciferase reporter plasmid driven by thymidine kinase promoter (TK-Luc), and FLAG-CnA expression plasmid 24 hours prior to
infection with WT SARS-CoV-2 (S2) at an M.O.l. of 0.01. Cells were treated with 1 uM CsA after infection. Cells were harvested
for dual luciferase assay 16 hours later. (B) HEK293T cells were either mock transfected with an empty vector or transfected
with NFAT-Luc, TK-Luc, FLAG-CnA expression plasmid, and SARS-CoV-2 protein expression library for 24 hours. CsA (1 pM) was
added to cells for 1 hour to serve as the negative control. Cells were harvested for dual luciferase assay. The mean values of
three biological replicates (n = 3) were represented by the bars and their respective standard deviations were depicted as error
bars. The statistical significance for the difference between the indicated groups was analyzed using a two-tailed Student’s
t-test for paired samples, and the ranges of the P values were indicated (*P < 0.05; **P < 0.01; and ***P < 0.001).

facilitating viral replication. We next studied the impact of CsA treatment on NFAT1-
dependent enhancement of SARS-CoV-2 replication. A higher vRNA level was detected
on day 1 when NFAT1 was overexpressed (Fig. 2H). After CsA was added on day 1, a
marked decrease in VRNA amount was observed in the CsA-only group on days 2 and 3,
whereas the NFAT1 + CsA group showed a higher vRNA level than the CsA-only group
(Fig. 2H). Thus, NFAT1-mediated replication enhancement was only partially rescued by
CsA treatment. Since CsA inhibits calcineurin activity but does not directly affect NFAT
activation, the partial reduction of AS replicability might be attributed to compromised
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FIG 2 Nsp1 facilitates SARS-CoV-2 replication. (A and B) VeroE6-TMPRSS2 cells were either mock transfected with an empty
plasmid or transfected with Nsp1 expression plasmid 24 hours before infection with WT SARS-CoV-2 at an M.O.I. of 0.1. Cell
lysates and supernatants were harvested at the specified time points, and viral RNA in these samples was quantified by
RT-qPCR. (C) VeroE6-TMRPSS2 cells were transfected with S-deficient SARS-CoV-2 replicon bacmid (AS replicon) plus either
empty plasmid (mock) or Nsp1 expression plasmid. Cell lysates were harvested at the specified time points, and VRNA was
quantified by RT-qPCR. (D) GFP-Nsp1-V5, GFP-N-Nsp1-V5, GFP-C-Nsp1-V5, FLAG-Nsp1, FLAG-Nsp1-KHAA, and empty plasmid
(mock) were expressed in VeroE6-TMPRSS2 cells. Cell lysates were harvested after 24 hours of transfection. Nsp1 proteins
were detected by anti-V5 or anti-FLAG. Endogenous glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for
normalization. (E) VeroE6-TMPRSS2 cells were transfected with AS replicon, GFP-Nsp1-V5, GFP-N-Nsp1-V5, GFP-C-Nsp1-V5,
FLAG-Nsp1, and FLAG-Nsp1-KHAA expression plasmids and empty plasmid (mock). Cell lysates were harvested at the specified
time points for the quantification of VRNA by RT-qPCR. (F) VeroE6-TMPRSS2 cells were transfected with AS replicon, Nsp1
expression plasmid, and empty plasmid (mock). Cells were treated with 1 uM CsA 6 hours post-transfection. Cell lysates were
harvested at the specified time points for RT-qPCR. (G) VeroE6-TMPRSS2 cells were transfected with AS replicon, Nsp1 and
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FIG 2 (Continued)

NFAT1 expression plasmids, and empty plasmid (mock). Cell lysates were harvested at the specified time points for RT-qPCR.
(H) VeroE6-TMPRSS2 cells were transfected with AS replicon and NFAT1 expression plasmids and empty plasmid (mock). After
24 hours, T pM CsA was added to the cells. Cell lysates were harvested at the specified time points for RT-qPCR. The mean
values of three biological replicates (n = 3) were represented by the bars and their respective standard deviations were
depicted as the error bars. The statistical significance for the difference between the indicated group and the mock was
analyzed using a two-tailed Student’s t-test for paired samples, and the ranges of the P values were indicated (*P < 0.05; **P <
0.01; and ***P < 0.001).

calcineurin and activated NFAT1. Hence, NFAT activation would facilitate SARS-CoV-2
replication, while CsA-mediated suppression of AS replication can be partially reversed
by Nsp1 overexpression.

Facilitation of ANsp1 replication by supplementation of NFAT1 in trans

In order to determine how NFAT activation might affect SARS-CoV-2 replication in
connection to its interplay with Nsp1 protein, an Nsp1-deficient SARS-CoV-2 infectious
clone was constructed via BAC recombineering. The bacmid was sequenced to ensure
correct deletion of the complete Nsp1-coding region (Fig. 3A), before being transfected
into HEK293T cells to produce Nsp1-deficient SARS-CoV-2, denoted as ANsp1 hereafter.
The presence and morphology of ANsp1 virion in the supernatant were confirmed
with transmission electron microscopy (TEM), with WT SARS-CoV-2 virus serving as
the positive control (Fig. 3A). To further ensure the genomic integrity of the mutant
virus, the whole viral mMRNA transcriptome was sequenced by nanopore sequencing.
From the nanopore sequencing result, only Nsp1 mRNA was missing in the ANsp1
transcriptome, while all other viral mRNAs were expressed properly (Fig. 3A). ANsp1
infection demonstrated a much weaker cytopathic effect than WT SARS-CoV-2 infection
in VeroE6-TMPRSS2 cells. These results verified the successful generation of a ANsp1
bacmid and recombinant virus.

ANsp1 was then employed to study the influence of NFAT activation on its replication
in relation to the interplay between Nsp1 and NFAT. VeroE6-TMPRSS2 cells expressing
Nsp1, NFAT1, and Nsp1 + NFAT1 were infected with ANsp1. vRNA in the cell lysates was
harvested on days 0, 1, and 2 for RT-qPCR analysis. For the mock group, more vVRNA was
observed from day 0 to day 2, indicating replication of ANsp1 (Fig. 3B). When cells were
expressing Nsp1, NFAT1, or Nsp1 + NFAT1, more VRNA copies were detected than the
mock group, suggesting that overexpression of Nsp1 and/or NFAT facilitates ANsp1
replication. Notably, the coexpression of both proteins resulted in a more substantial
enhancement of viral replication (Fig. 3B). On the other hand, Nsp1 mutants were
expressed in VeroE6-TMPRSS2 cells infected with ANsp1. Among the Nsp1 mutants,
Nsp1, N-Nsp1, and Nsp1-KHAA were associated with more VRNA copies, consistent with
more robust ANsp1 replication, while overexpression of C-Nsp1 led to diminished vVRNA
level (Fig. 3C). Hence, the N terminal part of Nsp1 might play an important role in
facilitating ANsp1 replication.

RCAN3-mediated suppression of viral replication rescued by Nsp1 overex-
pression

To study how effector proteins in the NFAT signaling pathway might affect SARS-CoV-2
replication, calmodulin 3 (CALM3), CnA, NFAT1, regulator of calcineurin family protein 3,
cyclophilin A (CyPA), and cyclophilin B (CyPB) were expressed in VeroE6-TMPRSS2 cells
(Fig. 4A). Cyclophilins have previously been suggested to be the proviral host factors for
SARS-CoV-2 replication since antiviral effect was seen when cells were treated with drugs
that inhibit cyclophilins (22). In our experiment, higher viral titers measured by plaque
assay were observed upon expression of Nsp1, CnA, and NFAT1, whereas the opposite
trend was evident in cells expressing RCAN3, CyPA, and CyPB (Fig. 4B). This suggested
that the activation of NFAT1 through the CnA axis might be responsible for the enhance-
ment of SARS-CoV-2 replication. To confirm this, an increasing dose of these effector
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FIG 3 Construction of ANsp1 bacmid and replication kinetics of ANsp1 virus. (A) ANsp1 bacmid was constructed using BAC recombineering. The DNA sequence
was confirmed by Sanger sequencing. The ANsp1 bacmid was transfected into HEK293T cells using Genejuice. After 4 days, the supernatant was harvested.
The produced ANsp1 was fixed with 4% paraformaldehyde and scanned using transmission electron microscopy. Viral mRNA was also harvested for nanopore
sequencing. SARS-CoV-2 Wuhan Hu-1 parental strain served as the reference sequence. Viral transcripts expressed from Wuhan Hu-1 and ANsp1 strains were
then compared to reveal differentially expressed genes. (B) VeroE6-TMPRSS2 cells were transfected with Nsp1 and NFAT1 expression plasmids, as well as an
empty plasmid (mock), 24 hours prior to infection with ANsp1 at an M.O.l. of 0.01. Cell lysates were harvested at the specified time points, and the VRNA
was quantified with RT-gPCR. (C) VeroE6-TMPRSS2 cells were transfected with GFP-Nsp1-V5, GFP-N-Nsp1-V5, GFP-C-Nsp1-V5, FLAG-Nsp1, and FLAG-Nsp1-KHAA
expression plasmids and empty plasmid (mock) 24 hours prior to ANsp1 infection at an M.O.l. of 0.01. Cell lysates were harvested at the specified time points, and
VRNA was quantified with RT-qPCR. The mean values of three biological replicates (n = 3) were represented by the bars, and their respective standard deviations
were depicted as the error bars. The statistical significance for the difference between the indicated group and the mock was analyzed using a two-tailed
Student’s t-test for paired samples and the ranges of the P values were indicated (*P < 0.05; **P < 0.01; and ***P < 0.001).

proteins was expressed in VeroE6-TMPRSS2 cells infected with SARS-CoV-2, and the cell
lysates were harvested to determine the levels of SARS-CoV-2 nucleocapsid (N) protein.
Increasing the expression of Nsp1, CnA, and NFAT led to a more pronounced detection of
SARS-CoV-2 N protein (Fig. 4C, lanes 3, 4, and 7-10). On the contrary, N protein
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expression was diminished when increasingly more RCAN3, CyPA, and CyPB were
produced (Fig. 4C, lanes 11, 12, and 14-17). Interestingly, when Nsp1 was coexpressed
with RCAN3, SARS-CoV-2 N protein expression was more prominent (Fig. 4C, lanes 18 and
19), while no observable change in SARS-CoV-2 N protein expression was noticed while
increasing the expression of Nsp1 with CyPA or CyPB (Fig. 4C, lanes 20-23). These results
suggested that NFAT activation would facilitate SARS-CoV-2 replication, whereas NFAT
regulatory proteins such as RCAN3, CyPA, and CyPB would block SARS-CoV-2 replication.
Notably, Nsp1 can relieve RCAN3-mediated suppression of SARS-CoV-2 replication but
not CyPA- or CyPB-mediated suppression.

To further delineate the mechanism by which NFAT1 activation facilitates ANsp1
replication, effector proteins in the NFAT pathway were expressed in VeroE6-TMPRSS2
cells infected with ANsp1. Cell lysates were harvested at 2 days post-infection for
RT-gPCR analysis of VRNA. Whereas the expression of Nsp1, CnA, and NFAT1 led to
an increase in VRNA levels, less VRNA was detected in cells expressing RCAN3, but
the amount of vVRNA was restored when Nsp1 was coexpressed with RCAN3 (Fig. 4D).
This result further supported the role of NFAT1 activation in ANsp1 replication and an
interplay between RCAN3 and Nsp1.

Induction of NFAT dephosphorylation by Nsp1

To shed more mechanistic light on the impact of Nsp1 on NFAT activation, cells were
transfected with NFAT-Luc and TK-Luc 24 hours prior to infection with WT SARS-CoV-2
and mutant ANsp1 viruses at an M.O.l. of 0.01. A significant increase in NFAT-Luc
activity was seen in cells infected with WT SARS-CoV-2, whereas only weak induction
of NFAT-Luc activity was observed in ANsp1-infected cells (Fig. 5A). Thus, Nsp1 is a major
driver of NFAT activation in the early phase of SARS-CoV-2 infection. The cellular NFAT1
and phospho-NFAT levels were then determined. Treatment with ionomycin, a calcium
ionophore that activates NFAT (24), for 15 and 30 min led to an increase in NFAT1
level and a decrease in phospho-NFAT1 level (Fig. 5B, lanes 2 and 3 vs 1). When Nsp1
was expressed, a marked rise in NFAT level and a fall in the amount of phospho-NFAT
were noticed (Fig. 5B, lane 4 vs 1). Thus, Nsp1 might induce NFAT1 dephosphorylation.
When Nsp1 was expressed, treatment with ionomycin for 15 or 30 min failed to further
induce NFAT1 dephosphorylation (Fig. 5B, lanes 5 and 6 vs 4). This suggested that Nsp1
expression would drive NFAT dephosphorylation potently.

To further investigate the protein domain(s) of Nsp1 required for the observed
dephosphorylation event, Nsp1, N-Nsp1, and C-Nsp1 mutants were expressed in
HEK293T cells treated with calcium + ionomycin in the presence and absence of CsA.
When cells that did not express any Nsp1 mutant were treated with calcium + ionomycin,
a slow-migrating HA-NFAT1 moiety was seen in the immunoblot, consistent with
dephosphorylation (Fig. 5C, lane 2 vs 1). When the same cells were treated with calcium
chloride + ionomycin + CsA, the observed band shift of HA-NFAT1 disappeared, suggest-
ing the inhibition of dephosphorylation (Fig. 5C, lane 3 vs 2). The band shift of HA-NFAT1
was seen upon expression of Nsp1 or N-Nsp1 (Fig. 5C, lane 4 or 7 vs 1) but disappeared in
the presence of C-Nsp1 (Fig. 5C, lane 10 vs 1). Meanwhile, no statistically significant
change in the total mRNA levels of NFAT1 was noticed (Fig. 5D). These results suggested
that the N terminal part of Nsp1 is sufficient for the induction of NFAT1 dephosphoryla-
tion, which is susceptible to inhibition by CsA.

Binding of Nsp1 to CnA and consequent displacement of RCAN3

Since Nsp1 is not known to have catalytic activity, we hypothesized that the effect of
Nsp1 on NFAT activation would primarily be mediated through direct interaction with
effector protein(s). Co-immunoprecipitation experiments were carried out between Nsp1
and the effector proteins including CALM3, CnA, and NFAT1. Whereas none to very slight
interaction was found between Nsp1 and CALM3 or NFAT1, strong bands of FLAG-tagged
CnA were detected in the immunoprecipitates of Nsp1 and N-Nsp1 (Fig. 6A, lanes 3 and
4), while no band of FLAG-CnA can be observed in the immunoprecipitates of C-Nsp1
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FIG 4 Nsp1 overexpression rescues RCAN3-mediated suppression of SARS-CoV-2 replication. (A) VeroE6-TMPRSS2 cells were
transfected with FLAG-CALM3, FLAG-CnA, HA-NFAT1, FLAG-RCAN3, Myc-CyPA-His, and Myc-CyPB-His expression plasmids. Cell
lysates were harvested after 24 hours for Western blotting with anti-HA, anti-FLAG, anti-Myc, and anti-GAPDH antibodies.
(B) VeroE6-TMPRSS2 cells were transfected with Nsp1, FLAG-CALM3, FLAG-CnA, HA-NFAT1, FLAG-RCAN3, Myc-CyPA-His,
and Myc-CyPB-His expression plasmids 24 hours prior to infection with SARS-CoV-2 at an M.O.l. of 0.1 for plaque assay.
(C) VeroE6-TMPRSS2 cells were transfected with V5-Nsp1, FLAG-CALM3, FLAG-CnA, HA-NFAT1, FLAG-RCAN3, Myc-CyPA-His,
and Myc-CyPB-His expression plasmids 24 hours prior to wild-type SARS-CoV-2 infection at an M.O.l. of 0.1. After 1 hour of
incubation, the viral culture medium was replaced with Dulbecco’s modified Eagle medium (DMEM) solution with 2% FBS.
After 24 hours post-infection, the cell lysates were harvested for Western blotting with anti-SARS-CoV-2 N protein (NP), anti-V5,
and anti-GAPDH antibodies. SARS-CoV-2 NP and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) band densities were
quantified by ImageJ, and the NP/GAPDH ratios were calculated. (D) VeroE6-TMPRSS2 cells were transfected with V5-Nsp1,
FLAG-CALM3, FLAG-CnA, HA-NFAT1, FLAG-RCAN3, Myc-CyPA-His, and Myc-CyPB-His expression plasmids and empty plasmid
24 hours prior to ANsp1 infection at an M.O.I. of 0.01. After 1 hour of incubation, the viral culture medium was replaced with

(Continued on next page)
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FIG 4 (Continued)

DMEM solution with 2% FBS. After 24 hours, cell lysates were harvested for viral RNA analysis by RT-qPCR. The mean values
of three biological replicates (n = 3) were represented by the bars, and their respective standard deviations were depicted as
the error bars. The statistical significance for the difference between the indicated groups was analyzed using a two-tailed
Student’s t-test for paired samples, and the ranges of the P values were indicated (*P < 0.05; **P < 0.01; and ***P < 0.001).

(lane 5). Reciprocal co-immunoprecipitation was performed to confirm the interaction
between CnA and Nsp1 or N-Nsp1. From the immunoprecipitates of FLAG-CnA, Nsp1 and
N-Nsp1 were found but C-Nsp1 was absent (Fig. 6B). This demonstrated that Nsp1 binds
to CnA via its N-terminal domain.

Furthermore, the reversal of RCAN3-mediated suppression of SARS-CoV-2 replication
by Nsp1 and a regulatory role of RCAN3 on CnA activity led us to the hypothesis that
Nsp1 interacts with CnA to undermine the binding of RCAN3 to CnA, thus relieving its
suppression on CnA activity. To substantiate this model, another co-immunoprecipita-
tion experiment was set up. FLAG-CnA, V5-RCAN3, and increasing levels of V5-Nsp1 were
expressed in HEK293T cells. FLAG-CnA was pulled down with anti-FLAG and the amount
of V5-RCAN3 and V5-Nsp1 in the precipitate was examined. When CnA and RCAN3 were
present, V5-RCAN3 in the FLAG-CnA complex was more pronounced (Fig. 6C, lane 3).
With increasing doses of V5-Nsp1 in the cells, decreasing amounts of RCAN3 were
detected in the FLAG-CnA precipitates (Fig. 6C, lanes 4-6). Thus, Nsp1 competes with
RCANS3 to bind to CnA. With this competitive binding, Nsp1 hinders the regulatory action
of RCAN3 on CnA.

We next assessed how the competition between Nsp1 and RCAN3 for binding with
CnA might influence NFAT1 activation. CnA was expressed in HEK293T cells to induce
NFAT1 activation (Fig. 6D, lane 5). As expected, the expression of Nsp1 triggered NFAT1
dephosphorylation (Fig. 6D, lanes 4 and 6). When RCAN3 was also expressed, a potent
suppression of CnA-mediated NFAT1 dephosphorylation was observed (Fig. 6D, lane 7),
but this was rescued by Nsp1 overexpression (Fig. 6D, lane 8). This result demonstrated
that Nsp1 can rescue NFAT1 dephosphorylation from RCAN3-mediated suppression.

Induction of DDX5 expression by Nsp1 and NFAT

We continued to investigate how the activation of NFAT might contribute to SARS-CoV-2
replication. With reference to the transcriptomic data in Nsp1-expressing lung cells in
public databases, several upregulated genes that are known to be activated by NFAT1,
including SOX2, DDX5, XBP1, FOXO1, JAG1, and BCL3, were selected and their expression
levels in Nsp1- or NFAT1-expressing cells were validated as described (33). Nsp1 and
NFAT1 were overexpressed in VeroE6-TMPRSS2 cells, and the expression levels of these
transcripts were determined by RT-qPCR. Among them, the expression of DDX5 was
elevated upon overexpression of NFAT1, Nsp1, and NFAT1 + Nsp1 (Fig. 7A). DDX5 is a
DEAD-box helicase 5 with RNA-binding activity and is responsible for cell proliferation
and organ development (34). DDX5 has previously been shown to be a proviral host
factor that facilitates SARS-CoV-2 replication (35). The knockdown of DDX5 markedly
suppressed SARS-CoV-2 replication putatively through an interaction with viral N protein.
In addition to a direct interaction with SARS-CoV-2 N protein, DDX5 was also known to
be a negative regulator of innate immunity. DDX5 was found to block p65- and DHX58-
mediated antiviral responses triggered by RNA virus infection (36). With this in mind, we
examined DDX5 expression in VeroE6-TMRPSS2 cells overexpressing Nsp1 or NFAT1. The
increase of DDX5 in cells expressing Nsp1 or NFAT1 (Fig. 7B) suggested that Nsp1 and
NFAT1 can induce the expression of DDX5 in VeroE6-TMRPSS2 cells.

To shed light on biological significance, DDX5 was knocked down by siRNA in ANsp1-
infected VeroE6-TMPRSS2 cells that expressed increasing doses of Nsp1 and CnA. The
knockdown of DDX5 was confirmed by Western blotting (Fig. 7C), and the replication of
ANsp1 was examined. For ANsp1 infection, when siDDX5 was transfected, a slight
decrease in VRNA level was found (Fig. 7D). When Nsp1 or CnA were expressed in the
DDX5-knockdown cells, no increase in VRNA level was observed. In contrast, the
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FIG5 Nsp1induces NFAT1 dephosphorylation. (A) VeroE6-TMRPSS2 cells were transfected with NFAT-Luc
and TK-Luc 24 hours prior to WT SARS-CoV-2 and ANSP1 infection at an M.O.l. of 0.01. Cell lysates
were harvested for dual luciferase assay. luc, luciferase. (B) VeroE6-TMPRSS2 cells were transfected with
GFP-Nsp1-V5 expression plasmid and treated with 2 pM ionomycin 24 hours post-transfection for the
indicated period. Cell lysates were harvested and analyzed by Western blotting with anti-phospho-NFAT,
anti-NFAT, anti-V5, and anti-GAPDH antibodies. p-NFAT and NFAT band densities were quantified by
ImagelJ, and the p-NFAT/total NFAT (p-NFAT + NFAT) and NFAT/total NFAT ratios were derived. (C) HEK293T
cells were transfected with GFP-Nsp1-V5, GFP-N-Nsp1-V5, GFP-C-Nsp1-V5, and HA-NFAT1 expression
plasmids for 24 hours and then treated with 1 uM CsA, 2 uM ionomycin, and 10 uM calcium chlor-
ide solution for 30 min. Cell lysates were harvested and analyzed by Western blotting with anti-HA,
anti-V5, and anti-GAPDH antibodies. (D) HEK293T cells were transfected with empty plasmid (mock) or
GFP-Nsp1-V5 expression plasmid and then treated with 1 uM CsA and 2 uM ionomycin (ion) for 30 min
before collecting cellular mRNA for RT-qPCR. The mean values of three biological replicates (n = 3) were
(Continued on next page)

April 2024 Volume 15 Issue 4

mBio

10.1128/mbi0.00392-2411


https://doi.org/10.1128/mbio.00392-24

Research Article

FIG 5 (Continued)

represented by the bars and their respective standard deviations were depicted as the error bars. The
statistical significance for the difference between the indicated groups was analyzed using a two-tailed
Student’s t-test for paired samples, and the ranges of the P values were indicated (*P < 0.05; **P < 0.01;

*#*P < 0.001; and n.s., not significant).

overexpression of Nsp1 and CnA resulted in an increase in VRNA levels when DDX5 was
not knocked down (Fig. 7D). Thus, the knockdown of DDX5 would counteract the effect
of Nsp1 or CnA overexpression on SARS-CoV-2 replication, indicating that Nsp1 or CnA
facilitates SARS-CoV-2 replication by upregulating DDX5 expression.

Anti-SARS-CoV-2 activity of VIVIT

The link of NFAT signaling to SARS-CoV-2 replication provides new antiviral strategies
and lead compounds. To this end, we set out to test whether CsA and CnA-NFAT1
interaction blocker 11R-VIVIT (37), hereafter abbreviated as VIVIT, might inhibit SARS-
CoV-2 replication. VIVIT was selected since we observed that Nsp1 facilitates SARS-CoV-2
replication by altering CnA activity, so the prohibition of CnA-NFAT interaction may
mitigate such Nsp1-mediated induction without abolishing the functions of CnA, which
are important for immune responses and other cellular processes (24, 38). We also
include montelukast since it was predicted by a computational model to be an effective
antagonist of Nsp1 (39). Calu-3 cells were infected with SARS-CoV-2 and then treated
with the captioned drugs. The viral titer in the supernatant of the infected Calu-3 cells
was then quantified with plaque assay. When Calu-3 cells were treated with CsA and
VIVIT at or above 1 pM, a significant reduction in viral titer was observed, suggesting
that both CsA and VIVIT had antiviral activity at concentrations of 1 uM or higher (Fig.
8A). No observable effect was observed for cells treated with CsA or VIVIT at less than
0.1 uM (Fig. 8A). The Calu-3 cell lysates were then harvested to check for viral protein
expression. When Calu-3 cells were infected with SARS-CoV-2, N protein was abundantly
detected (Fig. 8B). Treatment of cells with 1 uM CsA or VIVIT, but not montelukast,
led to a remarkable reduction in N protein (Fig. 8B). These results demonstrated the
anti-SARS-CoV-2 activity of calcineurin inhibitors.

Synergistic antiviral effect of a combination of nirmatrelvir and calcineurin
inhibitor

Although calcineurin inhibitors demonstrated antiviral activity against SARS-CoV-2, it
was not sufficiently strong to mitigate SARS-CoV-2 replication at low dose (1 uM). In this
regard, it will be of interest to see whether a combination of calcineurin inhibitor with
SARS-CoV-2 main protease inhibitor nirmatrelvir might produce a synergistic effect.
Calcineurin inhibitors are commonly used as immunosuppressants for organ transplant
patients to suppress graft rejection responses (24, 40). However, the widely prescribed
antiviral for COVID-19, Paxlovid, was not advised for transplant patients due to significant
drug interactions (41). Paxlovid is a combination of SARS-CoV-2 main protease inhibitor
nirmatrelvir and cytochrome P450-3A4 inhibitor ritonavir. Ritonavir is found to interact
with other drugs such as CsA and tacrolimus to trigger complications. In this regard,
combining nirmatrelvir with calcineurin inhibitors such as CsA and VIVIT might help to
explore a new combination regimen for organ transplant patients with COVID-19. Calu-3
cells were infected with the SARS-CoV-2 virus and then treated with specified drug
combinations and concentrations. With the treatment of increasing dosages of calci-
neurin inhibitor CsA or VIVIT, a significant reduction in viral titer in Calu-3 cell superna-
tant was observed (Fig. 9A). Treatment of nirmatrelvir alone resulted in a marked
decrease in viral titer (Fig. 9A). Remarkably, a combination of CsA or VIVIT with nirmatrel-
vir produced a more pronounced reduction in viral titer at 1 uM, indicating profound
inhibition of SARS-CoV-2 replication (Fig. 9A). The combinations of CsA + nirmatrelvir or
VIVIT + nirmatrelvir brought about an even more prominent drop of viral titer at a low

April 2024 Volume 15 Issue 4

mBio

10.1128/mbi0.00392-2412


https://doi.org/10.1128/mbio.00392-24

Research Article

A B
GFP-Nsp1-V5 - - + - - : V5 - - - -
GFP-N-Nsp1-V5 - - - 4+ - GF%EE_”Z"}.&? oot + -
GFP-C-Nsp1-V5 - - - - 4 P
FLAG-GRA GFP-C-Nsp1-V5 - - - - 4
EFPvector & = ot FLAG-CnA - + + + +
€ k\IIDecor - - - - eGFPvector + - - - -
?2- kDa
55-
IP: FLAG
WB: GFP
IP: FLAG
WB: FLAG
IP:V5 _
I : oo IP: FLAG
WB: GAPDH
WB: FLAG
WB: V5
WB: V5
c D
GFP-Nsp1-V5 — ++ — + ++ +++
RCAN3-V5 - — + 4+ + + RCAN3-FLAG - - - - - -+ +
FLAG-CnhA - + + + 4+ + GFP-Nsp1-V6 - = = 4+ = 4+ = +
eGFP vector + - - - = - FLAG-CnA - - - - + +
kDa ionomycin - + + = = - - -
IP: FLAG CsA = - + - - = - =
V5-RCAN3 IP: FLAG p-NFAT
WB: V5
130- NFAT
} IP: FLAG
55- WB: V5
IP: FLAG
WB: FLAG
26- WB: FLAG
WB:
GAPDH

FIG 6 Mitigation of RCAN3-mediated NFAT activation by Nsp1. (A) HEK293T cells were transfected with eGFP-C1 empty
vector, FLAG-CnA, GFP-Nsp1-V5, GFP-N-Nsp1-V5, and GFP-C- Nsp1-V5 expression plasmids for 24 hours. Cell lysates were
harvested for immunoprecipitation using anti-V5 antibodies. The immunoprecipitates and cell lysates were analyzed by
Western blotting with anti-GFP, anti-FLAG, anti-V5, and anti-GAPDH antibodies. (B) HEK293T cells were transfected with
eGFP-C1 empty vector, FLAG-CnA, GFP-Nsp1-V5, GFP-N-Nsp1-V5, and GFP-C-Nsp1-V5 expression plasmids for 24 hours. Cell
lysates were harvested for immunoprecipitation using anti-FLAG antibodies. The immunoprecipitates and cell lysates were
analyzed by Western blotting with anti-GFP, anti-FLAG, anti-V5, and anti-GAPDH antibodies. (C) HEK293T cells were transfected
with eGFP-C1 empty vector, FLAG-CnA, GFP-Nsp1-V5, and V5-RCAN3 expression plasmids for 24 hours. Cell lysates were
harvested for immunoprecipitation with anti-FLAG. The immunoprecipitates and cell lysates were analyzed by Western
blotting with anti-FLAG, anti-V5, and anti-GAPDH antibodies. (D) HEK293T cells were transfected with eGFP-C1 empty vector,
HA-NFAT, FLAG-CnA, GFP-Nsp1-V5, and FLAG-RCAN3 expression plasmids for 24 hours. Cells were treated with 1 uM CsA, 2 uM
ionomycin, and 10 uM calcium chloride solution for 30 min before harvest and analyzed by Western blotting with anti-HA,
anti-V5, anti-FLAG, and anti-GAPDH antibodies.
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FIG 7 Induction of DDX5 expression by Nsp1 and NFAT1. (A) VeroE6-TMPRSS2 cells were transfected with Nsp1 and
NFAT1 expression plasmids. Cell lysates were harvested 24 hours post-transfection for RT-gPCR. (B) VeroE6-TMPRSS2 cells
were transfected with increasing doses of V5-Nsp1 and HA-NFAT1 expression plasmids. Cell lysates were harvested 24
hours post-transfection for Western blotting with anti-DDX5, anti-V5, and anti-HA antibodies. Endogenous glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used for normalization. (C) VeroE6-TMPRSS2 cells were transfected with increasing
doses of siDDX5 or negative control. Cell lysates were harvested 24 hours post-transfection for Western blotting with
anti-DDX5. Endogenous GAPDH was used for normalization. (D) VeroE6-TMPRSS2 cells were transfected with empty plasmid,
Nsp1, CnA, and DDX5 expression plasmids and siDDX5 or negative control 24 hours prior to ANsp1 infection at an M.O.I.
of 0.01. Cell lysates were harvested after 2 days post-infection. The statistical significance for the difference between the
indicated groups was analyzed using a two-tailed Student’s t-test for paired samples, and the ranges of the P values were

indicated (*P < 0.05; **P < 0.01; and ***P < 0.001).
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FIG 8 CnA inhibitors demonstrated antiviral activity against SARS-CoV-2. (A) Calu-3 cells were inoculated
with SARS-CoV-2 at an M.O.l. of 0.1 for 1 hour, and the viral medium was replaced with Dulbecco’s
modified Eagle medium (DMEM) with 2% FBS and the indicated drugs. After 3 days, supernatants
were harvested to infect VeroE6-TMPRSS2 cells for plaque assay. (B) Calu-3 cells were inoculated with
SARS-CoV-2 at an M.O.l. of 0.1 for 1 hour, and the viral medium was replaced with DMEM with 2% FBS and
the indicated drugs. N.I. indicates no infection. At 3 days post-infection, cell lysates were harvested for
Western blotting with anti-SARS-CoV-2 N protein (NP) and anti-GAPDH antibodies. conc, concentration.

dosage of 0.1 uM (Fig. 9A). Thus, a combination of calcineurin inhibitors with nirmatrelvir
might prove useful in certain circumstances.

We then harvested the lysates of infected cells to check for SARS-CoV-2 protein levels.
When mock Calu-3 cells were infected with SARS-CoV-2, SARS-CoV-2 N protein was
abundantly detected (Fig. 9B, lanes 1 and 2). Treating the infected Calu-3 cells with
increasing doses of CsA, VIVIT, or nirmatrelvir resulted in diminution of N protein
detected (Fig. 9B, lanes 3-14), reflecting the mitigation of SARS-CoV-2 replication by
these drugs. Notably, treating the infected Calu-3 cells with combinations of CsA +
nirmatrelvir and VIVIT + nirmatrelvir produced a remarkable drop of N protein in cells
than nirmatrelvir alone (Fig. 9B, lanes 15-22 vs 11-14). Although a probable loss of cell
lysate might exaggerate the effect to some extent in one group (Fig. 9B, lane 21), the
trend of the cooperative inhibition of N protein expression by nirmatrelvir plus CsA or
VIVIT was clear (Fig. 9B, lanes 15-22). This suggested that combining calcineurin
inhibitors CsA and VIVIT with nirmatrelvir yields potent and synergistic antiviral effect
against SARS-CoV-2.

DISCUSSION

CsA has long been suggested to be a pan-coronavirus inhibitor (22). Its antiviral effects
against SARS-CoV, MERS-CoV, HCoV-HKU1, HCoV-229E, and recently SARS-CoV-2 have
been documented (42). It has been thought to counteract the replication of coronavi-
ruses including SARS-CoV-2 by blocking viral entry (26, 43, 44), yet the exact mechanism
remains unknown. To provide a more thorough analysis of CsA-mediated suppression of
SARS-CoV-2 replication, we examined whether CsA-regulated NFAT signaling would
contribute to SARS-CoV-2 replication. Our work provides an alternative model to explain
the role of Nsp1 in SARS-CoV-2 replication. Nsp1 induces the activation of the cellular
NFAT signaling to promote viral replication. Mechanistically, Nsp1 triggers NFAT1
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FIG9 Combination of nirmatrelvir and calcineurin inhibitors shows synergistic antiviral effect. (A) Calu-3 cells were inoculated
with SARS-CoV-2 at an M.O.l. of 0.1 for 1 hour, and the viral medium was replaced with Dulbecco’s modified Eagle medium
(DMEM) with 2% FBS and the indicated drugs. For CsA + Nir and Nir + VIVIT, an equal concentration of drugs was added. After
3 days, supernatants were harvested to infect VeroE6-TMPRSS2 cells for plaque assay. conc, concentration. (B) Calu-3 cells were
inoculated with SARS-CoV-2 at an M.O.l. of 0.1 for 1 hour, and the viral medium was replaced with DMEM with 2% FBS and
the indicated drugs. After 3 days, cell lysates were harvested for Western blotting with anti-SARS-CoV-2 NP and anti-GAPDH
antibodies. NP and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) band densities were quantified by ImageJ, and the
NP/GAPDH ratios were calculated. The mean values of three biological replicates (n = 3) were represented by the bars and
their respective standard deviations were depicted as the error bars. The statistical significance for the difference between
the indicated groups was analyzed using a two-tailed Student’s t-test for paired samples, and the ranges of the P values were
indicated (*P < 0.05; **P < 0.01; and ***P < 0.001). Nir, nirmatrelvir.
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activation by prohibiting the interaction between the inhibitor protein RCAN3 and CnA
to substantiate CnA phosphatase activity on NFAT1. The activation of NFAT1 is multifunc-
tional, which activates multiple cellular genes that favor viral replication. As suggested by
re-analysis of transcriptomic data from Nsp1-expressing cells and validated with a series
of experiments, DDX5 is one of the key NFAT target genes that mediates Nsp1-induced
augmentation of SARS-CoV-2 replication.

Our study also provides a detailed mechanism by which NFAT facilitates SARS-CoV-2
replication through activation of CnA instead of cyclophilin A or B. This is consistent
with the phenotype of cyclophilin knockout in which an effect on SARS-CoV-2 replica-
tion is not seen (26). Nsp1 alleviates RCAN3-mediated regulatory inhibition of CnA to
enable NFAT dephosphorylation. The mitigation of RCAN3-mediated negative feedback
regulation of calcineurin activity by Nsp1 would then elicit NFAT1 activation to induce
the expression of proviral factors including DDX5.

The biological significance of Nspl-mediated NFAT activation in SARS-CoV-2
replication has been validated using the ANsp1 recombinant virus. Enforced expres-
sion of CnA, NFAT1, DDXS5, and other effector proteins in NFAT signaling resulted in a
significant enhancement of ANsp1 replication, mimicking NFAT activation during natural
infection. Antagonism of the RCAN3-mediated suppression of CnA-induced replication
of ANsp1 by Nsp1 lent support to the biological role of Nsp1-mediated NFAT activation
in SARS-CoV-2 replication. However, even though we showed the importance of Nsp1
to viral replication, the replication kinetics of SARS-CoV-2 and ANsp1 might not be fairly
compared, as the difference in cellular contexts and replicability of these viruses would
be large.

Our functional screening for NFAT-activating SARS-CoV-2 proteins has identified other
candidate viral activators of NFAT signaling that merit further analysis. It will also be
of interest to determine how Nsp1 might cooperate with the other Nsp proteins to
induce NFAT activation in infected cells. SARS-CoV-2 Nsp1 has been previously shown
to mediate host translational shutoff and selective activation of viral translation (7). Our
findings on its new role in NFAT activation cannot be explained by translation control. In
addition, our various rescue experiments have lent critical support to the specificity of
the action of Nsp1 and NFAT in SARS-CoV-2-infected cells. However, it is still intriguing
to study how Nsp1 could execute its multiple functions in a coordinated fashion during
SARS-CoV-2 infection.

Elevated NFAT expression was found in COVID-19 patients (23). This elevation is
possibly induced by the positive feedback mechanism of NFAT activation (45). The
activation of NFAT would induce NFAT expression through positive feedback and RCAN
expression through negative feedback (46). The negative feedback regulation by RCAN
would mitigate CnA activity to restore basal NFAT activity. Yet, this negative feedback
is disrupted by Nsp1 through the alleviation of RCAN3-mediated suppression of CnA.
Thereby, only the positive feedback of NFAT persists, leading to constitutively elevated
NFAT expression in COVID-19 patients. Our findings revealed that SARS-CoV-2 usurps
cellular regulatory mechanisms on NFAT to induce DDX5. This not only shed light on
how SARS-CoV-2 modulates the cellular environment during viral replication but also
provided clues to the cell tropism of SARS-CoV-2. SARS-CoV-2 infects and replicates in
the upper respiratory tract, intestinal cells, as well as lymphocytes (47). The replicability
of the virus in different cell types might be affected by the cellular expression levels of
NFAT. The cell types with higher NFAT expression or fewer regulatory proteins on CnA
activity could be more susceptible to SARS-CoV-2 infection and replication.

In our study, we also validated that inhibition of CnA-NFAT signaling serves as an
effective strategy to antagonize SARS-CoV-2 replication. CsA is known as an immunosup-
pressant that suppresses the phosphatase activity of CnA to inhibit NFAT activation (48).
The drug has also been thought to be a broad-spectrum inhibitor of coronaviruses. Yet,
no large-scale clinical trials have been conducted to evaluate its effectiveness in the
treatment of COVID-19 due partly to the generic nature of CsA. Immunocompromised
COVID-19 patients such as organ transplant recipients taking CsA to minimize graft
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rejection have often been found to need much longer recovery time, which raises doubt
about whether the class of calcineurin inhibitors might have antiviral effects (49, 50).
With an in-depth mechanistic analysis on CsA-mediated suppression of SARS-CoV-2
replication, we showed that inhibiting calcineurin activity can mitigate SARS-CoV-2
replication. The longer recovery time of organ transplant patients on CsA could be
caused by the prolonged suppression of innate and adaptive immune responses (51).
Thus, new antiviral strategies to inhibit coronavirus replication via calcineurin suppres-
sion might be designed to combat coronavirus infection. To our surprise, montelukast
did not show anti-SARS-CoV-2 activity, although it has been predicted to be an inhibitor
of Nsp1 in an in silico approach (38) and shown to reverse the cytopathic effect ascribed
to Nsp1 (52). Montelukast is a leukotriene receptor antagonist with anti-inflammatory
properties (53). Further investigations are required to clarify whether it has any influence
on other functions of Nsp1.

Furthermore, we found that a combination of calcineurin inhibitors and SARS-CoV-2
main protease inhibitor nirmatrelvir produced a synergistic antiviral effect in Calu-3
cells. The combinations of CsA + nirmatrelvir and VIVIT + nirmatrelvir resulted in much
more pronounced suppression of SARS-CoV-2 replication than CsA, VIVIT, or nirmatrelvir
alone. These findings raise the possibility of prescribing nirmatrelvir for organ transplant
recipients with COVID-19 who have been on CsA to prevent graft rejection. The approved
anti-SARS-CoV-2 drug Paxlovid was previously not recommended for transplant patients
in light of the potential drug-drug interaction between ritonavir and calcineurin inhibitor
leading to limited effectiveness (41). Based on our findings, it will be of interest to further
investigate whether the effectiveness of nirmatrelvir + CsA or nirmatrelvir + VIVIT in viral
inhibition and clearance might be fully harnessed in vivo in the absence of ritonavir.

Taken together, the SARS-CoV-2-encoded Nsp1l was shown to facilitate viral
replication by activating the NFAT pathway (Fig. 1). Overexpressing Nsp1 boosted
SARS-CoV-2 replication, and enforced expression of CnA and NFAT1 promoted the
replication of not only SARS-CoV-2 but also its ANsp1 mutant (Fig. 2 to 4). Mechanis-
tically, Nsp1 drove NFAT activation by binding to CnA to impede its interaction with
RCAN3 (Fig. 5 and 6). Nsp1 and NFAT1 induced the expression of DDX5, where DDX5
knockdown compromised CnA- or Nsp1-induced potentiation of ANsp1 replication (Fig.
7). Whereas CsA and VIVIT exhibited antiviral activity (Fig. 8), their combination with
nirmatrelvir produced robust and synergistic anti-SARS-CoV-2 effect (Fig. 9). Our key
findings are depicted in Fig. 10.

One major limitation of this study is the lack of loss-of-function experiments for the
effector proteins in the NFAT pathway. We have attempted to knock down the expression
of CnA or NFAT1 using CRISPR/CasRx (54). However, the knock down of these genes
would usually result in a remarkable decrease in the growth rate and viability of the cells.
This may be caused by the fact that severe loss of NFAT activity would lead to severe
disruption of normal cellular functions, resulting in abnormal cell growth (24). Treatment
of cells with a high concentration of CsA (>20 pM) also resulted in severe slowdown of
cell growth, indicating that a basal CnA/NFAT function has to be maintained for normal
cell functions. Without such a loss-of-function study, most of our analysis on the role of
NFAT in SARS-CoV-2 replication relied on gain-of-function experiments and the ANsp1
model, which has remedied at least to some extent the absence of loss-of-function data
about the influence of NFAT signaling on SARS-CoV-2 biology. The second limitation of
our work is the limited viral replicability of the ANsp1 virus. Even though we can
successfully construct and produce the ANsp1 mutant viruses from bacmid, the replica-
bility of the resulting mutant virus was severely impaired in interferon-deficient cells. The
mutant ANsp1 was much less replicable than the WT SARS-CoV-2 virus. The replication-
defective ANsp1 virus was mainly detected by RT-gPCR in this study. While the viral N
protein of ANsp1 was detectable when Nsp1 was coexpressed in cells, the effect of other
NFAT effector proteins on SARS-CoV-2 replication can hardly be shown by Western
blotting. Meanwhile, the replication-defective ANsp1 also failed to form plaques large
enough for observation. Therefore, only RT-gPCR can be used to assess the impact of
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FIG10 A working model. Influx of Ca** through ion channel results in the activation of calmodulin (CaM), which interacts with and stimulates calcineurin (Cn) to
dephosphorylate and activate NFAT1, leading to its nuclear translocation and activation of target genes including DDX5. RCAN3 is a negative regulator of NFAT
that forms a complex with Cn. SARS-CoV-2 Nsp1 interacts with Cn to prevent its interaction with RCAN3, thereby depressing NFAT1.

CnA and NFAT on its replication. As suggested by others (19), ANsp1 and other Nsp1-
defective mutants might serve as a candidate strain for the development of a live
attenuated vaccine against SARS-CoV-2. However, the replicability of the mutant viruses
has to be sufficiently high for vaccine production. The third limitation of our study is the
lack of in vivo study for the effectiveness of the drugs and drug combinations of interest.
All pilot assays were done in cellular models. Further validation of our findings in hamster
and transgenic mouse models as described in references (55, 56) is absolutely required.
Nevertheless, our analysis in the human lung cell model might still be informative and
instructive for further investigations.

MATERIALS AND METHODS
Plasmids

The expression plasmid for FLAG-calcineurin was kindly provided by Dr. Martin Pule,
University College London (57). The HA-NFAT1 plasmid was a gift from Prof. Anjana
Rao of La Jolla Institute for Immunology, California, USA (58). The SARS-CoV-2 protein
expression library was kindly provided by Prof. Kwok-Yung Yuen from the Department of
Microbiology, The University of Hong Kong. The Wuhan-Hu-1 strain SARS-CoV-2 bacmid
(p-BAC-SARS-CoV-2) was previously described (59).

Cell culture

Human embryonic kidney cell line HEK293T (CRL-3216) and lung adenocarcinoma cells
Calu-3 (HTB-55™) were purchased from ATCC. Vero-E6-TMPRSS2 cells were purchased

April 2024 Volume 15  Issue 4 10.1128/mbi0.00392-2419


https://doi.org/10.1128/mbio.00392-24

Research Article

from JCRB Cell Bank. Human embryonic kidney cell line HEK293T and Calu-3 cells
were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco, Life Technologies)
supplemented with 10% fetal bovine serum (FBS; Gibco, Life Technologies) and 50 U/mL
penicillin-streptomycin (Pen-Strep; Thermo Fisher) at 37°C in a 5% CO, atmosphere.
Vero-E6-TMPRSS2 cells were cultured in DMEM supplemented with 10% FBS, 1%
Pen-Strep, and 1 mg/mL G418 [G418 (Geneticin); InvivoGen].

Transient transfection

HEK293T cells were seeded onto 60-mm dishes or 24-well plates (Iwaki) at a concentra-
tion of 1 x 10° per mL and transfected with GeneJuice (Novagen) 24 hours laterina 1 ug
DNA to 3 pL Geneluice ratio. Vero-E6-TMPRSS2 and Calu-3 cells were seeded onto the
6-, 12-, 24-, or 96-well plates at a concentration of 2 x 10° per mL and transfected with
Lipofectamine3000 (Thermo Fisher) 24 hours post-seeding in a ratio of 1 ug DNA to 3 pL
Lipofectamine3000.

Protein analysis

Dual luciferase reporter assay, co-immunoprecipitation, and Western blotting were
performed as described (60).

RT-qPCR

The RNA samples were first treated with DNase | [T uL Ambion DNase | (Invitrogen), 2
pL Ambion 10x DNase | buffer (Invitrogen), 8 ug RNA, and DEPC H,0O for topping up
the total volume to 20 pL] for incubation at 37°C for 30 min followed by 20 min heat
inactivation at 65°C. A volume of 10 pL of the treated RNA was added with 3 pL of 10 uM
primer (random hexamer, oligonucleotides, or specific primers) and incubated at 65°C
for 10 min. The solution was then added with 4 pL of 5x reverse transcriptase buffer
(Roche), 0.5 pL of Protector RNase Inhibitor (Roche), 2 uL of deoxynucleotide (Roche),
and 0.5 pL of reverse transcriptase (Roche) for cDNA synthesis. The RT program was
55°C for 30 min, 85°C for 5 min, and followed by 4°C. The cDNA samples were then
stored at —20°C. The transcript levels of NFAT, SARS-CoV-2 RdRp, Nsp1, dsRED, Sox2, JAG1,
DDX5, Bcl3, Foxo1, and Xbp1 were determined by SYBR Premix Ex Taq Il (Tli RNase H
Plus) (TaKaRa) in StepOne Real-Time PCR System (Thermo Fisher). The transcript levels
were normalized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA level.
Sequences of qPCR primers were SARS-CoV-2 RdRp (forward 5-ATGAGCTTAG TCCTGTTG
and reverse 5-CTCCCTTTGT TGTGTTGT), Nsp1 (forward 5-AGCCTTGTCC CTGGTTTCAA
and reverse 5-ACGTGCCTCT GATAAGACCT), dsRED (forward 5-AAGGTGAAGT TCATCGG
CGT and reverse 5-TTGTGGATCT CGCCCTTCAG), Sox2 (forward 5-GCTACAGCAT GATGC
AGGAC CA and reverse 5-CCAAACATAA ATGCCCCATC), JAG1T (forward 5-TGCTACAACC
GTGCCAGTGA CT and reverse 5-TCAGGTGTGT CGTTGGAAGC CA), DDX5 (forward 5’-C
GCAGTACCA AAACAGGCAC and reverse 5-AGTATCTGTC CCGACGGTCA), Bcl3 (forward
5-CTCATCCACG CCGTGGAAAA C and reverse 5-TCAGCTGCCT CCTGGAGCTG G), Foxo1
(forward 5-CTACGAGTGG ATGGTCAAGA GC and reverse 5-CCAGTTCCTT CATTCTGCAC
ACG), Xbp1 (forward 5-CAGACTACGT GCACCTCTGC and reverse 5-CTGGGTCCAA GTTGT
CCAGA AT) and GAPDH (forward 5-AGAAGGCTGG GGCTCATTTG and reverse 5-CTGTGG
TCAT GAGTCCTTC).

BAC recombineering

Procedures of BAC recombineering have been described previously (60). Here, two galK
primers with 50 bp homology arm flanking the desired mutation site were designed
(forward 5-GATCATCAGC ACATCTAGGT TTCGTCCGGG TGTGACCGAA AGGTAAGATG CCT
GTTGACA ATTAATCATC GGCA and reverse 5-GGGTAGCCAT CAGGGCCACA GAAGTTGTT
A TCGACATAGC GAGTGTATGC TCAGCACTGTCC TGCTCCTT). Another pair of oligos were
designed with 100-bp complementary oligos with the deletion of Nsp1 (ANsp1 forward
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5-GATCATCAGC ACATCTAGGT TTCGTCCGGG TGTGACCGAA AGGTAAGATG GCATACACTC
GCTATGTCGA TAACAACTTC TGTGGCCCTG ATGGCTACCC and reverse 5- GCATACACTC G
CTATGTCGA TAACAACTTC TGTGGCCCTG ATGGCTACCC CATCTTACCT TTCGGTCACA CCCG
GACGAA ACCTAGATGT GCTGATGATC). The generation of dS-dsRED replicon was based
on dS-galk, which was described previously (30). dsRED coding sequence with 50-bp
homology arm targeting the galk region of dS-galk was PCR amplified by primer: forward
5’- CAACAGAGTT GTTATTTCTA GTGATGTTCT TGTTAACAA CTAAACGAAC AATGGCCTCC
TCCGAGG and reverse 5-AGTTACAGTT CCAATTGTGA AGATTCTCAT AAACAAATCC ATAAG
TTCGT TTATCTAGAT CCGGTGGATC CCG. The resulting PCR fragment was used as the raw
insert to generate dS-dsRED through BAC recombineering described (60).

SARS-CoV-2 virus production

A total of 2 x 10°/mL VeroE6-TMPRSS2 or HEK293T cells were seeded onto a T75 culture
flask (Thermo Fisher). Ten micrograms of pBelo-SARS-CoV-2 bacmid was transfected to
each flask of cells 24 hours after the cells were seeded. Four days post-transfection, the
culture medium of the flask was centrifuged, and the supernatant was collected.

SARS-CoV-2 infection and plaque assay

The newly produced or passaged SARS-CoV-2 viruses were first quantified by plaque
assay. A total of 3 x 10°/mL VeroE6-TMPRSS2 cells were seeded onto a 6-well plate, and
the virus medium was serially diluted. A volume of 100 pL of the serially diluted viral
cultures was added to VeroE6-TMPRSS2 cells and incubated for 1 hour. After incubation,
1% agar in DMEM overlay was added to each well. The infected cells were incubated at
37°C for 2 days. After 2 days, 4% paraformaldehyde was added to each well for overnight
incubation. After incubation with paraformaldehyde, the solid overlay was removed,
and the cells were stained with 0.5% crystal violet solution (0.5 g crystal violet powder
in 100 mL of 20% ethanol solution) for 10 min. The crystal violet solution was then
removed, and the stained cells were rinsed with water. The plaque-forming units were
counted.

For SARS-CoV-2 infection experiments to harvest protein samples or conduct drug
treatment, 3 x 10°/mL VeroE6-TMPRSS2 or Calu-3 cells were seeded onto 6-, 12-, or
24-well plates. The cells would then be infected with desired M.O.l. of viruses for 1-
1.5 hours. After incubating with the virus culture, the medium would be changed to
DMEM (with 2% FBS) or to DMEM supplemented with the desired drug at a specific
concentration, and the cells would be incubated at 37°C for 2 days (for VeroE6- TMPRSS2)
or 3-4 days (for Calu-3 cells). After incubation, the protein samples would be harvested
by incubating the cells with RIPA solution (with 1x protein sample buffer) for 30 min.
Then, the samples were transferred out of the hood and boiled for 10 min before being
taken out of the Biosafety Level 3 Physical Containment Facility.

Nanopore sequencing

The viral RNA samples harvested by QlAamp viral RNA minikit (QIAGEN) were sequenced
by nanopore sequencing (Oxford Nanopore Technologies) using Oxford Nanopore
MinlON device R9.4.1 flow cell according to the manufacturer’s instructions. Bioinfor-
matic analysis was performed with the ARTIC-nCoV network workflow (61).

Transmission electron microscopy

The procedure of TEM was described previously (30). In short, viruses were fixed with
4% paraformaldehyde for 30 min. The fixed viruses were negatively stained with uranyl
acetate. A volume of 10 pL of the fixed virus was mounted onto a hydrophilized
formvar-carbon-coated copper grid by grid floating. The grid was then immersed in 10
pL of 2% uranyl acetate for 1 min. The grid was then washed with ddH,0O droplet and
excess liquid was removed by filter paper. The grid was then dried by air and examined
with FEI TeCnai G2 20 scanning TEM at 100 kV (32).

April 2024 Volume 15 Issue 4

mBio

10.1128/mbi0.00392-2421


https://doi.org/10.1128/mbio.00392-24

Research Article

ACKNOWLEDGMENTS

We thank all members of Jin Laboratory for helpful discussions and critical reading of
the manuscript, members of Dr. Shuofeng Yuan'’s laboratory for their generous support
in reagents, and members of Queen Mary Block T Biosafety Level 3 Physical Containment
Facilities for their technical support and expert advice.

This study was supported by grants 2021YFC0866100 and 2023YFC3041600 from
the National Key Research and Development Program of China; grants C7142-20GF and
T11-709/21 N from Hong Kong Research Grants Council; and emergency collaborative
grant EKPG22-01 from Guangzhou Laboratory.

W.-YL., KK-W.T, and D.-Y.J. conceptualized the study. W.-Y.L. curated the data,
contributed to formal analysis, and performed the investigation. K.K.-W.T. provided key
reagents. W.-Y.L., C.-PO., P-H.H.C,, Z-W.Y,, K.-S.Y., and K.K.-W.T. designed the methodology.
D.-Y.J. acquired funding. W.-Y.L. wrote the original draft. W.-Y.L,, C-P.O., P-HH.C, K.-S.Y,,
K.K.-W.T., and D.-Y.J. reviewed and edited the manuscript.

AUTHOR AFFILIATIONS

'School of Biomedical Sciences, The University of Hong Kong, Pokfulam, Hong Kong
2Department of Microbiology, The University of Hong Kong, Pokfulam, Hong Kong
3School of Nursing, Tung Wah College, Kowloon, Hong Kong

AUTHOR ORCIDs

Kelvin Kai-Wang To 2 https://orcid.org/0000-0002-1921-5824
Dong-Yan Jin & http://orcid.org/0000-0002-2778-3530

FUNDING

Funder Grant(s) Author(s)
MOST | National Key Research and Develop-  2021YFC0866100, Dong-Yan Jin
ment Program of China (NKPs) 2023YFC3041600

Research Grants Council, University Grants C7142-20GF, T11-709/21-N Dong-Yan Jin
Committee (MFEEHF)

AUTHOR CONTRIBUTIONS

Wai-Yin Lui, Conceptualization, Data curation, Formal analysis, Investigation, methodol-
ogy, Resources, validation, visualization, Writing — original draft, Writing - review and
editing | Chon Phin Ong, Data curation, Formal analysis, Investigation, methodology,
Writing — review and editing | Pak-Hin Hinson Cheung, Data curation, Formal analysis,
Investigation, Writing — review and editing | Zi-Wei Ye, Data curation, Formal analysis,
Investigation, Supervision, Writing - review and editing | Chi-Ping Chan, Data curation,
Formal analysis, Writing — review and editing | Kelvin Kai-Wang To, Conceptualization,
Data curation, Formal analysis, methodology, Resources, Supervision, Writing — review
and editing | Kit-San Yuen, Conceptualization, Data curation, Formal analysis, Resources,
Writing — review and editing | Dong-Yan Jin, Conceptualization, Data curation, Formal
analysis, Funding acquisition, Project administration, Resources, Supervision, Writing —
original draft, Writing — review and editing

DIRECT CONTRIBUTION

This article is a direct contribution from Dong-Yan Jin, a Fellow of the American Academy
of Microbiology, who arranged for and secured reviews by Haitao Guo, University of
Pittsburgh, and Jianming Qiu, The University of Kansas Medical Center.

April 2024 Volume 15 Issue 4

mBio

10.1128/mbi0.00392-2422


https://doi.org/10.1128/mbio.00392-24

Research Article

DATA AVAILABILITY

mBio

All data reported in this paper will be shared by the lead contact upon request.

REFERENCES

1.

April 2024 Volume 15

Chan JF-W, Yuan S, Kok K-H, To KK-W, Chu H, Yang J, Xing F, Liu J, Yip CC-
Y, Poon RW-S, Tsoi H-W, Lo SK-F, Chan K-H, Poon VK-M, Chan W-M, Ip JD,
Cai J-P, Cheng VC-C, Chen H, Hui CK-M, Yuen K-Y. 2020. A familial cluster
of pneumonia associated with the 2019 novel coronavirus indicating
person-to-person transmission: a study of a family cluster. Lancet
395:514-523. https://doi.org/10.1016/5S0140-6736(20)30154-9

Harari S, Tahor M, Rutsinsky N, Meijer S, Miller D, Henig O, Halutz O,
Levytskyi K, Ben-Ami R, Adler A, Paran Y, Stern A. 2022. Drivers of
adaptive evolution during chronic SARS-CoV-2 infections. Nat Med
28:1501-1508. https://doi.org/10.1038/s41591-022-01882-4

McCallum M, Walls AC, Sprouse KR, Bowen JE, Rosen LE, Dang HV, De
Marco A, Franko N, Tilles SW, Logue J, Miranda MC, Ahlrichs M, Carter L,
Snell G, Pizzuto MS, Chu HY, Van Voorhis WC, Corti D, Veesler D. 2021.
Molecular basis of immune evasion by the Delta and Kappa SARS-CoV-2
variants.  Science 374:1621-1626. https://doi.org/10.1126/science.
abl8506

Watson OJ, Barnsley G, Toor J, Hogan AB, Winskill P, Ghani AC. 2022.
Global impact of the first year of COVID-19 vaccination: a mathematical
modelling study. Lancet Infect Dis 22:1293-1302. https://doi.org/10.
1016/51473-3099(22)00320-6

Ward IL, Bermingham C, Ayoubkhani D, Gethings OJ, Pouwels KB, Yates
T, Khunti K, Hippisley-Cox J, Banerjee A, Walker AS, Nafilyan V. 2022. Risk
of COVID-19 related deaths for SARS-CoV-2 Omicron (B.1.1.529)
compared with Delta (B.1.617.2): retrospective cohort study. BMJ
378:e070695. https://doi.org/10.1136/bmj-2022-070695

Chan W-M, Ip JD, Chu A-H, Yip C-Y, Lo L-S, Chan K-H, Ng A-K, Poon R-S, To
W-K, Tsang O-Y, Leung W-S, Kwan M-W, Chua GT, Chung T-H, Hung I-N,
Kok K-H, Cheng V-C, Chan J-W, Yuen K-Y, To K-W. 2020. Identification of
Nsp1 gene as the target of SARS-CoV-2 real-time RT-PCR using nanopore
whole-genome sequencing. J Med Virol 92:2725-2734. https://doi.org/
10.1002/jmv.26140

Fisher T, Gluck A, Narayanan K, Kuroda M, Nachshon A, Hsu JC, Halfmann
PJ, Yahalom-Ronen Y, Tamir H, Finkel Y, Schwartz M, Weiss S, Tseng C-TK,
Israely T, Paran N, Kawaoka Y, Makino S, Stern-Ginossar N. 2022. Parsing
the role of Nsp1 in SARS-CoV-2 infection. Cell Rep 39:110954. https://doi.
org/10.1016/j.celrep.2022.110954

Vora SM, Fontana P, Mao T, Leger V, Zhang Y, Fu T-M, Lieberman J,
Gehrke L, Shi M, Wang L, Iwasaki A, Wu H. 2022. Targeting stem-loop 1 of
the SARS-CoV-2 5" UTR to suppress viral translation and Nsp1 evasion.
Proc Natl Acad Sci U S A 119:e2117198119. https://doi.org/10.1073/pnas.
2117198119

Havkin-Solomon T, Itzhaki E, Joffe N, Reuven N, Shaul Y, Dikstein R. 2023.
Selective translational control of cellular and viral mRNAs by RPS3 mRNA
binding. Nucleic Acids Res 51:4208-4222. https://doi.org/10.1093/nar/
gkad269

Slobodin B, Sehrawat U, Lev A, Hayat D, Zuckerman B, Fraticelli D, Ogran
A, Ben-Shmuel A, Bar-David E, Levy H, Ulitsky I, Dikstein R. 2022. Cap-
independent translation and a precisely located RNA sequence enable
SARS-CoV-2 to control host translation and escape anti-viral response.
Nucleic Acids Res 50:8080-8092. https://doi.org/10.1093/nar/gkac615
Abaeva IS, Arhab Y, Miscicka A, Hellen CUT, Pestova TV. 2023. In vitro
reconstitution of SARS-CoV-2 Nsp1-induced mRNA cleavage reveals the
key roles of the N-terminal domain of Nsp1 and the RRM domain of
elF3g. Genes Dev 37:844-860. https://doi.org/10.1101/gad.350829.123
Schubert K, Karousis ED, Ban |, Lapointe CP, Leibundgut M, Baumlin E,
Kummerant E, Scaiola A, Schonhut T, Ziegelmdller J, Puglisi JD,
Mdihlemann O, Ban N. 2023. Universal features of Nspl-mediated
translational shutdown by coronaviruses. Mol Cell 83:3546-3557. https:/
/doi.org/10.1016/j.molcel.2023.09.002

Wang X, Rimal S, Tantray I, Geng J, Bhurtel S, Khaket TP, Li W, Han Z, Lu B.
2022. Prevention of ribosome collision-induced neuromuscular
degeneration by SARS CoV-2-encoded Nsp1. Proc Natl Acad Sci U S A
119:22202322119. https://doi.org/10.1073/pnas.2202322119

Lapointe CP, Grosely R, Johnson AG, Wang J, Fernandez IS, Puglisi JD.
2021. Dynamic competition between SARS-CoV-2 NSP1 and mRNA on

Issue 4

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

the human ribosome inhibits translation initiation. Proc Natl Acad Sci U
S A 118:€2017715118. https://doi.org/10.1073/pnas.2017715118
Shuvalov A, Shuvalova E, Biziaev N, Sokolova E, Evmenov K, Pustogarov
N, Arnautova A, Matrosova V, Egorova T, Alkalaeva E. 2021. Nsp1 of
SARS-CoV-2 stimulates host translation termination. RNA Biol 18:804-
817. https://doi.org/10.1080/15476286.2021.1999103

Lin J-W, Tang C, Wei H-C, Du B, Chen C, Wang M, Zhou Y, Yu M-X, Cheng
L, Kuivanen S, et al. 2021. Genomic monitoring of SARS-CoV-2 uncovers
an Nsp1 deletion variant that modulates type | interferon response. Cell
Host Microbe 29:489-502. https://doi.org/10.1016/j.chom.2021.01.015
Schubert K, Karousis ED, Jomaa A, Scaiola A, Echeverria B, Gurzeler L-A,
Leibundgut M, Thiel V, Mihlemann O, Ban N. 2020. SARS-CoV-2 Nsp1
binds the ribosomal mRNA channel to inhibit translation. Nat Struct Mol
Biol 27:959-966. https://doi.org/10.1038/s41594-020-0511-8

Thoms M, Buschauer R, Ameismeier M, Koepke L, Denk T, Hirschen-
berger M, Kratzat H, Hayn M, Mackens-Kiani T, Cheng J, Straub JH,
Stuirzel CM, Frohlich T, Berninghausen O, Becker T, Kirchhoff F, Sparrer
KMJ, Beckmann R. 2020. Structural basis for translational shutdown and
immune evasion by the Nsp1 protein of SARS-CoV-2. Science 369:1249-
1255. https://doi.org/10.1126/science.abc8665

Liu S, Stauft CB, Selvaraj P, Chandrasekaran P, D’Agnillo F, Chou C-K, Wu
WW, Lien CZ, Meseda CA, Pedro CL, Starost MF, Weir JP, Wang TT. 2022.
Intranasal delivery of a rationally attenuated SARS-CoV-2 is immuno-
genic and protective in Syrian hamsters. Nat Commun 13:6792. https://
doi.org/10.1038/s41467-022-34571-4

Mendez AS, Ly M, Gonzalez-Sdnchez AM, Hartenian E, Ingolia NT, Cate
JH, Glaunsinger BA. 2021. The N-terminal domain of SARS-CoV-2 Nsp1
plays key roles in suppression of cellular gene expression and
preservation of viral gene expression. Cell Rep 37:109841. https://doi.
org/10.1016/j.celrep.2021.109841

Frolov |, Agback T, Palchevska O, Dominguez F, Lomzov A, Agback P,
Frolova El. 2023. All domains of SARS-CoV-2 Nsp1 determine transla-
tional shutoff and cytotoxicity of the protein. J Virol 97:e0186522. https:/
/doi.org/10.1128/jvi.01865-22

Pfefferle S, Schopf J, Kégl M, Friedel CC, Miuller MA, Carbajo-Lozoya J,
Stellberger T, von Dall’Armi E, Herzog P, Kallies S, et al. 2011. The SARS-
coronavirus-host Interactome: identification of cyclophilins as target for
pan-coronavirus inhibitors. PLoS Pathog 7:21002331. https://doi.org/10.
1371/journal.ppat.1002331

AlSaidi MA, Ali LF, Khashman BM. 2022. The role of NFAT in activation of
lymphocytes in COVID 19 patients. Int J Health Sci 6:1803-1808. https://
doi.org/10.53730/ijhs.v6nS6.10793

Park YJ, Yoo SA, Kim M, Kim WU. 2020. The role of calcium-calcineurin-
NFAT signaling pathway in health and autoimmune diseases. Front
Immunol 11:195. https://doi.org/10.3389/fimmu.2020.00195

Sieber M, Baumgrass R. 2009. Novel inhibitors of the calcineurin/NFATc
hub - alternatives to CsA and FK506? Cell Commun Signal 7:25. https://
doi.org/10.1186/1478-811X-7-25

Sekhon SS, Shin WR, Kim SY, Jeong DS, Choi W, Choi BK, Min J, Ahn JY,
Kim YH. 2022. Cyclophilin A-mediated mitigation of coronavirus SARS-
CoV-2. Bioeng Transl Med 8:e10436. https://doi.org/10.1002/btm2.10436
Fenizia C, Galbiati S, Vanetti C, Vago R, Clerici M, Tacchetti C, Daniele T.
2022. Cyclosporine A inhibits viral infection and release as well as
cytokine production in lung cells by three SARS-CoV-2 variants.
Microbiol Spectr 10:e0150421. https://doi.org/10.1128/spectrum.01504-
21

Guisado-Vasco P, Valderas-Ortega S, Carralon-Gonzalez MM, Roda-
Santacruz A, Gonzélez-Cortijo L, Sotres-Fernandez G, Marti-Ballesteros
EM, Luque-Pinilla JM, Almagro-Casado E, La Coma-Lanuza FJ, Barrena-
Puertas R, Malo-Benages EJ, Monforte-Gémez MJ, Diez-Munar R, Merino-
Lanza E, Comeche-Casanova L, Remirez-de-Esparza-Otero M, Correyero-
Plaza M, Recio-Rodriguez M, Rodriguez-Lépez M, Sdnchez-Manzano MD,
Andreu-Vazquez C, Thuissard-Vasallo 1J, Maria-Tomé J-S, Carnevali-Ruiz
D. 2020. Clinical characteristics and outcomes among hospitalized
adults with severe COVID-19 admitted to a tertiary medical center and

10.1128/mbi0.00392-2423


https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.1038/s41591-022-01882-4
https://doi.org/10.1126/science.abl8506
https://doi.org/10.1016/S1473-3099(22)00320-6
https://doi.org/10.1136/bmj-2022-070695
https://doi.org/10.1002/jmv.26140
https://doi.org/10.1016/j.celrep.2022.110954
https://doi.org/10.1073/pnas.2117198119
https://doi.org/10.1093/nar/gkad269
https://doi.org/10.1093/nar/gkac615
https://doi.org/10.1101/gad.350829.123
https://doi.org/10.1016/j.molcel.2023.09.002
https://doi.org/10.1073/pnas.2202322119
https://doi.org/10.1073/pnas.2017715118
https://doi.org/10.1080/15476286.2021.1999103
https://doi.org/10.1016/j.chom.2021.01.015
https://doi.org/10.1038/s41594-020-0511-8
https://doi.org/10.1126/science.abc8665
https://doi.org/10.1038/s41467-022-34571-4
https://doi.org/10.1016/j.celrep.2021.109841
https://doi.org/10.1128/jvi.01865-22
https://doi.org/10.1371/journal.ppat.1002331
https://doi.org/10.53730/ijhs.v6nS6.10793
https://doi.org/10.3389/fimmu.2020.00195
https://doi.org/10.1186/1478-811X-7-25
https://doi.org/10.1002/btm2.10436
https://doi.org/10.1128/spectrum.01504-21
https://doi.org/10.1128/mbio.00392-24

Research Article

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

April 2024 Volume 15

receiving antiviral, antimalarials, glucocorticoids, or immunomodulation
with tocilizumab or cyclosporine: a retrospective observational study
(COQUIMA cohort). EClinicalMedicine 28:100591. https://doi.org/10.
1016/j.eclinm.2020.100591

Liddicoat AM, Lavelle EC. 2019. Modulation of innate immunity by
cyclosporine A. Biochem Pharmacol 163:472-480. https://doi.org/10.
1016/j.bcp.2019.03.022

Lokugamage KG, Narayanan K, Nakagawa K, Terasaki K, Ramirez Sl, Tseng
C-T, Makino S. 2015. Middle East respiratory syndrome coronavirus Nsp1
inhibits host gene expression by selectively targeting mRNAs transcri-
bed in the nucleus while sparing mRNAs of cytoplasmic origin. J Virol
89:10970-10981. https://doi.org/10.1128/JV1.01352-15

Kumar A, Ishida R, Strilets T, Cole J, Lopez-Orozco J, Fayad N, Felix-Lopez
A, Elaish M, Evseev D, Magor KE, Mahal LK, Nagata LP, Evans DH,
Hobman TC. 2021. SARS-CoV-2 nonstructural protein 1 inhibits the
interferon response by causing depletion of key host signaling factors. J
Virol 95:0026621. https://doi.org/10.1128/JV1.00266-21

Cheung P-H, Ye Z-W, Lui W-Y, Ong CP, Chan P, Lee T-W, Tang T-T, Yuen T-
L, Fung S-Y, Cheng Y, Chan C-P, Chan C-P, Jin D-Y. 2022. Production of
single-cycle infectious SARS-CoV-2 through a trans-complemented
replicon. J Med Virol 94:6078-6090. https://doi.org/10.1002/jmv.28057
Yuan S, Peng L, Park JJ, Hu Y, Devarkar SC, Dong MB, Shen Q, Wu S, Chen
S, Lomakin IB, Xiong Y. 2020. Nonstructural protein 1 of SARS-CoV-2 is a
potent pathogenicity factor redirecting host protein synthesis
machinery toward viral RNA. Mol Cell 80:1055-1066. https://doi.org/10.
1016/j.molcel.2020.10.034

Xing Z, Ma WK, Tran EJ. 2019. The DDX5/Dbp2 subfamily of DEAD-box
RNA helicases. Wiley Interdiscip Rev RNA 10:1519. https://doi.org/10.
1002/wrna.1519

Ariumi Y. 2022. Host cellular RNA helicases regulate SARS-CoV-2
infection. J Virol 96:e0000222. https://doi.org/10.1128/jvi.00002-22

Xu J, Cai Y, Ma Z, Jiang B, Liu W, Cheng J, Guo N, Wang Z, Sealy JE, Song
C, Wang X, Li Y. 2021. The RNA helicase DDX5 promotes viral infection
via regulating N6-methyladenosine levels on the DHX58 and NFkB
transcripts to dampen antiviral innate immunity. PLoS Pathog
17:1009530. https://doi.org/10.1371/journal.ppat.1009530

Yu H, van Berkel TJC, Biessen EAL. 2007. Therapeutic potential of VIVIT, a
selective peptide inhibitor of nuclear factor of activated T cells, in
cardiovascular disorders. Cardiovasc Drug Rev 25:175-187. https://doi.
org/10.1111/j.1527-3466.2007.0001 1.x

Li H, Rao A, Hogan PG. 2011. Interaction of calcineurin with substrates
and targeting proteins. Trends Cell Biol 21:91-103. https://doi.org/10.
1016/j.tcb.2010.09.011

Afsar M, Narayan R, Akhtar MN, Das D, Rahil H, Nagaraj SK, Eswarappa
SM, Tripathi S, Hussain T. 2022. Drug targeting Nsp1-ribosomal complex
shows antiviral activity against SARS-CoV-2. Elife 11:e74877. https://doi.
org/10.7554/elife.74877

Singh N. 2005. Infectious complications in organ transplant recipients
with the use of calcineurin-inhibitor agent-based immunosuppressive
regimens. Curr Opin Infect Dis 18:342-345. https://doi.org/10.1097/01.
c0.0000172698.52408.be

Fishbane S, Hirsch JS, Nair V. 2022. Special considerations for Paxlovid
treatment among transplant recipients with SARS-CoV-2 infection. Am J
Kidney Dis 79:480-482. https://doi.org/10.1053/j.ajkd.2022.01.001
Sauerhering L, Kuznetsova |, Kupke A, Meier L, Halwe S, Rohde C,
Schmidt J, Morty RE, Danov O, Braun A, Vadasz |, Becker S, Herold S.
2022. Cyclosporin A reveals potent antiviral effects in preclinical models
of SARS-CoV-2 infection. Am J Respir Crit Care Med 205:964-968. https://
doi.org/10.1164/rccm.202108-1830LE

Dittmar M, Lee JS, Whig K, Segrist E, Li M, Kamalia B, Castellana L,
Ayyanathan K, Cardenas-Diaz FL, Morrisey EE, Truitt R, Yang W, Jurado K,
Samby K, Ramage H, Schultz DC, Cherry S. 2021. Drug repurposing
screens reveal cell-type-specific entry pathways and FDA-approved
drugs active against SARS-CoV-2. Cell Rep 35:108959. https://doi.org/10.
1016/j.celrep.2021.108959

Prasad K, Ahamad S, Kanipakam H, Gupta D, Kumar V. 2021. Simultane-
ous inhibition of SARS-CoV-2 entry pathways by cyclosporine. ACS Chem
Neurosci 12:930-944. https://doi.org/10.1021/acschemneuro.1c00019
Shin SY, Kim MW, Cho KH, Nguyen LK. 2019. Coupled feedback
regulation of nuclear factor of activated T-cells (NFAT) modulates

Issue 4

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

mBio

activation-induced cell death of T cells. Sci
https://doi.org/10.1038/541598-019-46592-z

Gao C, Wang Y. 2016. Positive role for a negative calcineurin regulator in
cardiac hypertrophy. Hypertension 67:841-842. https://doi.org/10.1161/
HYPERTENSIONAHA.116.07140

Murgolo N, Therien AG, Howell B, Klein D, Koeplinger K, Lieberman LA,
Adam GC, Flynn J, McKenna P, Swaminathan G, Hazuda DJ, Olsen DB.
2021. SARS-CoV-2 tropism, entry, replication, and propagation:
considerations for drug discovery and development. PLoS Pathog
17:1009225. https://doi.org/10.1371/journal.ppat.1009225

Eckstein LA, Van Quill KR, Bui SK, Uusitalo MS, O'Brien JM. 2005.
Cyclosporin a inhibits calcineurin/nuclear factor of activated T-cells
signaling and induces apoptosis in retinoblastoma cells. Invest
Ophthalmol Vis Sci 46:782-790. https://doi.org/10.1167/iovs.04-1022
Gonzalez-Garcia R, Roma J-R, Rodriguez-Garcia M, Arranz N, Ambrosioni
J, Bodro M, Castel M-A, Cofan F, Crespo G, Diekmann F, Farrero M, Forner
A, LLigofia A, Marcos MA, Moreno A, Ruiz P, Soy D, Brunet M, Miré JM,
Tuset M. 2023. Drug-drug interactions of ritonavir-boosted SARS-CoV-2
protease inhibitors in solid organ transplant recipients: experience from
the initial use of lopinavir-ritonavir. Clin Microbiol Infect 29:655. https://
doi.org/10.1016/j.cmi.2023.01.002

Poon A, Constantinou M, Lamoureux E, Taylor HR. 2008. Topical
cyclosporin A in the treatment of acute graft rejection: a randomized
controlled trial. Clin Ex Ophthalmol 36:415-421. https://doi.org/10.1111/
j.1442-9071.2008.01784.x

Basic-Jukic N, Juric |, Furic-Cunko V, Katalinic L, Radic J, Bosnjak Z,
Jelakovic B, Kastelan Z. 2021. Follow-up of renal transplant recipients
after acute COVID-19-A prospective cohort single-center study. Immun
Inflamm Dis 9:1563-1572. https://doi.org/10.1002/iid3.509

Kao HT, Orry A, Palfreyman MG, Porton B. 2022. Synergistic interactions
of repurposed drugs that inhibit Nsp1, a major virulence factor for
COVID-19. Sci Rep 12:10174. https://doi.org/10.1038/s41598-022-14194-
X

Marques CF, Marques MM, Justino GC. 2022. Leukotrienes vs. montelu-
kast-activity, metabolism, and toxicity hints for repurposing. Pharma-
ceuticals (Basel) 15:1039. https://doi.org/10.3390/ph15091039

Chuang YF, Wang PY, Kumar S, Lama S, Lin FL, Liu GS. 2021. Methods for
in vitro CRISPR/CasRx-mediated RNA editing. Front Cell Dev
Biol9:667879. https://doi.org/10.3389/fcell.2021.667879

Ye Z-W, Yuan S, Chan J-W, Zhang AJ, Yu C-Y, Ong CP, Yang D, Chan C-Y,
Tang K, Cao J, Poon V-M, Chan C-S, Cai J-P, Chu H, Yuen K-Y, Jin D-Y. 2021.
Beneficial effect of combinational methylprednisolone and remdesivir in
hamster model of SARS-CoV-2 infection. Emerg Microbes Infect 10:291-
304. https://doi.org/10.1080/22221751.2021.1885998

Chu H, Chan J-W, Yuen K-Y. 2022. Animal models in SARS-CoV-2
research. Nat Methods 19:392-394. https://doi.org/10.1038/541592-022-
01447-w

Brewin J, Mancao C, Straathof K, Karlsson H, Samarasinghe S, Amrolia PJ,
Pule M. 2009. Generation of EBV-specific cytotoxic T cells that are
resistant to calcineurin inhibitors for the treatment of posttransplanta-
tion lymphoproliferative disease. Blood 114:4792-4803. https://doi.org/
10.1182/blood-2009-07-228387

Monticelli S, Rao A. 2002. NFAT1 and NFAT2 are positive regulators of IL-4
gene transcription. Eur J Immunol 32:2971-2978. https://doi.org/10.
1002/1521-4141(2002010)32:10<2971::AID-IMMU2971>3.0.C0O;2-G

Ye Z-W, Ong CP, Tang K, Fan Y, Luo C, Zhou R, Luo P, Cheng Y, Gray VS,
Wang P, Chu H, Chan J-W, To K-W, Chen H, Chen Z, Yuen K-Y, Ling GS,
Yuan S, Jin D-Y. 2022. Intranasal administration of a single dose of a
candidate live attenuated vaccine derived from an NSP16-deficient
SARS-CoV-2 strain confers sterilizing immunity in animals. Cell Mol
Immunol 19:588-601. https://doi.org/10.1038/s41423-022-00855-4

Lui W-Y, Bharti A, Wong N-H, Jangra S, Botelho MG, Yuen K-S, Jin D-Y.
2023. Suppression of cGAS- and RIG-I-mediated innate immune
signaling by Epstein-Barr virus deubiquitinase BPLF1. PLoS Pathog
19:21011186. https://doi.org/10.1371/journal.ppat.1011186

Cheng VCC, Ip JD, Chu AWH, Tam AR, Chan WM, Abdullah SMU, Chan
BPC, Wong SC, Kwan MYW, Chua GT, Ip P, Chan JMC, Lam BHS, To WK,
Chuang VWM, Yuen KY, Hung IFN, To KKW. 2022. Rapid spread of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron
subvariant BA.2 in a single-source community outbreak. Clin Infect Dis
75:e44-e49. https://doi.org/10.1093/cid/ciac203

Rep 9:10637.

10.1128/mbi0.00392-2424


https://doi.org/10.1016/j.eclinm.2020.100591
https://doi.org/10.1016/j.bcp.2019.03.022
https://doi.org/10.1128/JVI.01352-15
https://doi.org/10.1128/JVI.00266-21
https://doi.org/10.1002/jmv.28057
https://doi.org/10.1016/j.molcel.2020.10.034
https://doi.org/10.1002/wrna.1519
https://doi.org/10.1128/jvi.00002-22
https://doi.org/10.1371/journal.ppat.1009530
https://doi.org/10.1111/j.1527-3466.2007.00011.x
https://doi.org/10.1016/j.tcb.2010.09.011
https://doi.org/10.7554/eLife.74877
https://doi.org/10.1097/01.qco.0000172698.52408.be
https://doi.org/10.1053/j.ajkd.2022.01.001
https://doi.org/10.1164/rccm.202108-1830LE
https://doi.org/10.1016/j.celrep.2021.108959
https://doi.org/10.1021/acschemneuro.1c00019
https://doi.org/10.1038/s41598-019-46592-z
https://doi.org/10.1161/HYPERTENSIONAHA.116.07140
https://doi.org/10.1371/journal.ppat.1009225
https://doi.org/10.1167/iovs.04-1022
https://doi.org/10.1016/j.cmi.2023.01.002
https://doi.org/10.1111/j.1442-9071.2008.01784.x
https://doi.org/10.1002/iid3.509
https://doi.org/10.1038/s41598-022-14194-x
https://doi.org/10.3390/ph15091039
https://doi.org/10.3389/fcell.2021.667879
https://doi.org/10.1080/22221751.2021.1885998
https://doi.org/10.1038/s41592-022-01447-w
https://doi.org/10.1182/blood-2009-07-228387
https://doi.org/10.1002/1521-4141(2002010)32:10<2971::AID-IMMU2971>3.0.CO;2-G
https://doi.org/10.1038/s41423-022-00855-4
https://doi.org/10.1371/journal.ppat.1011186
https://doi.org/10.1093/cid/ciac203
https://doi.org/10.1128/mbio.00392-24

	Nsp1 facilitates SARS-CoV-2 replication through calcineurin-NFAT signaling
	RESULTS
	Activation of NFAT by SARS-CoV-2 and its Nsp1
	Verification of the effect of Nsp1 with SARS-CoV-2 infection and replicon
	Facilitation of ΔNsp1 replication by supplementation of NFAT1 in trans
	RCAN3-mediated suppression of viral replication rescued by Nsp1 overexpression
	Induction of NFAT dephosphorylation by Nsp1
	Binding of Nsp1 to CnA and consequent displacement of RCAN3
	Induction of DDX5 expression by Nsp1 and NFAT
	Anti-SARS-CoV-2 activity of VIVIT
	Synergistic antiviral effect of a combination of nirmatrelvir and calcineurin inhibitor

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids
	Cell culture
	Transient transfection
	Protein analysis
	RT-qPCR
	BAC recombineering
	SARS-CoV-2 virus production
	SARS-CoV-2 infection and plaque assay
	Nanopore sequencing
	Transmission electron microscopy



