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ABSTRACT Tumor necrosis factor receptor-associated factor family member-associated 
NF-κB activator-binding kinase 1 (TBK1) plays a key role in the induction of the type 1 
interferon (IFN-I) response, which is an important component of innate antiviral defense. 
Viruses target calcium (Ca2+) signaling networks, which participate in the regulation of 
the viral life cycle, as well as mediate the host antiviral response. Although many studies 
have focused on the role of Ca2+ signaling in the regulation of IFN-I, the relationship 
between Ca2+ and TBK1 in different infection models requires further elucidation. 
Here, we examined the effects of the Newcastle disease virus (NDV)-induced increase 
in intracellular Ca2+ levels on the suppression of host antiviral responses. We demon­
strated that intracellular Ca2+ increased significantly during NDV infection, leading to 
impaired IFN-I production and antiviral immunity through the activation of calcineurin 
(CaN). Depletion of Ca²+ was found to lead to a significant increase in virus-induced 
IFN-I production resulting in the inhibition of viral replication. Mechanistically, the 
accumulation of Ca2+ in response to viral infection increases the phosphatase activity 
of CaN, which in turn dephosphorylates and inactivates TBK1 in a Ca2+-dependent 
manner. Furthermore, the inhibition of CaN on viral replication was counteracted in 
TBK1 knockout cells. Together, our data demonstrate that NDV hijacks Ca2+ signaling 
networks to negatively regulate innate immunity via the CaN-TBK1 signaling axis. Thus, 
our findings not only identify the mechanism by which viruses exploit Ca2+ signaling to 
evade the host antiviral response but also, more importantly, highlight the potential role 
of Ca2+ homeostasis in the viral innate immune response.

IMPORTANCE Viral infections disrupt intracellular Ca2+ homeostasis, which affects the 
regulation of various host processes to create conditions that are conducive for their own 
proliferation, including the host immune response. The mechanism by which viruses 
trigger TBK1 activation and IFN-I induction through viral pathogen-associated molecu­
lar patterns has been well defined. However, the effects of virus-mediated Ca2+ imbal­
ance on the IFN-I pathway requires further elucidation, especially with respect to TBK1 
activation. Herein, we report that NDV infection causes an increase in intracellular free 
Ca2+ that leads to activation of the serine/threonine phosphatase CaN, which subse­
quently dephosphorylates TBK1 and negatively regulates IFN-I production. Furthermore, 
depletion of Ca2+ or inhibition of CaN activity exerts antiviral effects by promoting the 
production of IFN-I and inhibiting viral replication. Thus, our results reveal the potential 
role of Ca2+ in the innate immune response to viruses and provide a theoretical reference 
for the treatment of viral infectious diseases.
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A s the first defense against viral infection, the innate immune system senses 
the invasion of pathogens through several pattern recognition receptors (PRRs), 
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including toll-like receptors (TLRs), retinoic acid-inducible gene I-like receptors 
(RLRs), cytosolic DNA sensors, and nucleotide-binding oligomerization domain-like 
receptors (NLRs), which initiate a series of signaling events to induce interferons (IFNs) 
and other inflammatory cytokines to protect host cells (1). Tumor necrosis factor 
receptor-associated factor family member-associated NF-κB activator-binding kinase 1 
(TBK1) is an immune evasion gene and a key factor in the antiviral innate immune 
response (2). Activated TBK1 induces the phosphorylation of interferon regulatory factor 
3 (IRF3) and its translocation to the nucleus, thereby initiating IFN-β expression. Multiple 
post-translational modifications, including phosphorylation, ubiquitination, SUMOyla­
tion, and acetylation, are involved in the regulation of TBK1 activity and stability (3–7). 
TBK1 modifications are tightly and precisely regulated by protein kinases or ubiquitin 
ligases. However, few studies have examined the role of second messengers such as 
calcium (Ca²+) on the regulation of TBK1 activity.

As a ubiquitous intracellular second messenger, Ca2+ is involved in the regulation 
of a broad range of cellular processes, including cell growth and proliferation, energy 
metabolism, and signal transduction (8). Intracellular Ca2+ homeostasis is an important 
prerequisite for maintaining the normal life cycle of a cell. An imbalance in Ca2+ can 
lead to the disruption of some Ca2+-dependent enzymatic processes, alter the expression 
of Ca2+-sensitive transcriptional factors, or inactivate Ca2+-dependent proteins, thereby 
disrupting the integrity of cellular structure and function (9–11). Thus, viruses often 
target Ca2+ signaling pathways to create conditions that are conducive to the replication 
of progeny viruses (12). Viral proteins directly or indirectly disrupt intracellular Ca2+ 

homeostasis by modulating Ca2+ channels and pumps or host membrane permeability, 
which causes stress on Ca2+ storage organelles, such as the endoplasmic reticulum (ER) or 
mitochondria (13, 14). For example, the human immunodeficiency virus (HIV) accessory 
protein Nef cooperates with Vpr to trigger the release of ER Ca2+ (15), while hepatitis C 
virus (HCV) promotes Ca2+ uptake in mitochondria, leading to mitochondrial stress injury 
and the production of reactive oxygen species (16). In response to viral invasion, host 
cells exploit Ca2+ signaling networks to regulate the activation of PRR-triggered innate 
immunity and inflammatory responses (17). For example, upon viral infection, high Ca2+ 

has been shown to upregulate the mRNA expression of TLRs (such as TLR3) and RLRs 
(such as MDA5 and RIG-I) to enhance antiviral activity (18). In addition, some viruses 
promote Ca2+ flux, which then triggers the formation and activation of NLRs, such as 
the NLRP3 inflammasome (19, 20). The cytosolic DNA sensor complex, cyclic GMP-AMP 
synthase-stimulator of interferon (STING), has also been shown to be regulated by Ca2+ 

and related signaling proteins (21). However, few studies have focused on the role of Ca2+ 

in the regulation of signaling transduction molecules, such as TBK1 and IRF3.
Calcineurin (CaN) is a highly conserved serine/threonine phosphatase present in 

eukaryotes that is primarily located in the cytosol and is involved in a variety of 
signaling processes (22, 23). CaN directly links Ca2+ signaling to the protein phosphor­
ylation state of various substrates, thus playing an important role in numerous signal 
transduction processes (24). CaN is activated by the Ca2+-sensing protein calmodulin 
(CaM) in response to increased intracellular Ca2+ concentrations. CaM is a small, highly 
conserved, ubiquitously expressed calcium-binding protein that possesses no enzymatic 
activity and is absolutely dependent on Ca2+ (25). At high Ca2+ concentrations, both CaN 
and CaM bind to Ca2+ to form a CaM-CaN complex which promotes CaN phosphatase 
activity and directly links Ca2+ signaling to the dephosphorylation of substrates (25, 
26). Currently, the most extensively studied substrates of CaN are transcription factors, 
such as nuclear factor of activated T-cells (27, 28), forkhead transcription factors (29), 
myocyte-specific enhancer factor 2 (30), and transcription factor EB (TFEB) (31). CaN is 
also involved in regulating the activity of several receptors and ion channels, thereby 
controlling a variety of signaling pathways (23, 32, 33). In addition, CaN is thought to 
interact with mitochondria-associated proteins to regulate mitochondrial dynamics or 
structural integrity (34). For example, CaN has been shown to dephosphorylate dynamin-
related protein 1, thereby promoting mitochondrial fission (35). In recent years, the 
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molecular structure, enzymatic characteristics, and biological functions of CaN have been 
extensively studied, and the results have been gradually applied to the treatment of 
organ transplant rejection and cardiovascular and cerebrovascular diseases (22, 30, 36). 
However, the role of CaN in viral infectious diseases is poorly understood.

Newcastle disease virus (NDV) is a highly contagious avian pathogen of the Paramyx­
oviridae family. Diseases caused by NDV can cause significant economic losses (37). 
NDV is also known to be an oncolytic virus that can replicate selectively in host and 
tumor cells, thereby inducing ER stress and altering mitochondrial dynamics (38, 39), 
which are important inducers of intracellular Ca2+ homeostasis. Our preliminary results 
showed that NDV infection led to increased accumulation of intracellular Ca2+, while 
inhibition of this NDV-mediated increase in Ca2+ inhibited viral replication and activated 
the innate immune response. Here, we further demonstrate that NDV infection restricts 
TBK1 signaling and type 1 interferon (IFN-I) expression in a CaN-dependent manner 
through the induction of intracellular Ca2+ accumulation, thereby allowing the virus 
to escape the immune response and promote its own replication and proliferation. In 
summary, our findings demonstrate that NDV uses CaN to fight the innate immune 
response. Furthermore, we provide molecular insights into the host antiviral effects 
through the maintenance of Ca2+ homeostasis.

RESULTS

NDV infection promotes intracellular Ca2+ accumulation

Since Ca2+ is an important ubiquitous second messenger in cells, some viral infections 
will inevitably cause its homeostatic imbalance (12). The ER is the largest intracellu­
lar Ca2+ reservoir, and ER stress induced by NDV infection may therefore induce an 
imbalance in Ca2+ homeostasis. Thus, we first asked whether NDV infection disrupted 
Ca2+ homeostasis to promote its own replication. Using Fluo-4 AM labeling to detect 
intracellular Ca2+ levels during NDV infection, we found that NDV infection led to the 
significant accumulation of intracellular Ca2+ in a time- and dose-dependent manner, 
characterized by an increased number of positive fluorescent cells (Fig. 1A through 
C) and Fluo-4 AM fluorescence intensity (Fig. 1D through F). In the attenuated NDV 
LaSota infection model expressing red fluorescent protein (RFP-LaSota), it was observed 
that the accumulation of intracellular Ca2+ specifically occurred in the infected cells 
due to viral infection, rather than in uninfected bystander cells (Fig. 1G and H). 
Treatment with 2-aminoethoxydiphenyl borate (2-APB), which inhibits D-myo-inositol 
1,4,5-trisphosphate receptor (IP3R) to prevent Ca2+ release from the ER, or the intracel­
lular Ca2+ chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(ace­
toxymethyl ester) (BAPTA-AM) was found to significantly reverse the NDV-induced 
accumulation of cytoplasmic free Ca2+ (Fig. 1I and J) without affecting cell viability (Fig. 
2A and B). Together, these results demonstrate that NDV infection induces intracellular 
Ca2+ accumulation by stimulating ER Ca2+ release and extracellular Ca2+ influx.

Inhibition of ER Ca2+ release broadly inhibits viral proliferation

Since significant accumulation of intracellular Ca2+ was observed during NDV infection, 
we next sought to determine the effects of Ca2+ accumulation on viral replication in A549 
cells. We found that NDV viral nucleoprotein (NP) levels were markedly reduced in a 
dose-dependent manner after ER Ca2+ release was blocked by 2-APB (Fig. 2C). Interest­
ingly, chelation of intracellular Ca2+ following BAPTA-AM treatment had no obvious 
effects on NDV replication (Fig. 2D). The inhibitory effects of 2-APB on different stages 
of NDV infection were examined further by evaluating viral gene transcription, protein 
synthesis, and extracellular viral yields at different time points post-infection (pi). We 
found that treatment with 2-APB significantly reduced the expression of Newcastle 
disease virus nucleoprotein (NDV-NP) at both mRNA and protein levels at 6, 12, 18, and 
24 h pi (Fig. 2E and F). Similarly, treatment with 2-APB decreased the extracellular viral 
titer in the cell supernatant as measured by TCID50 and the plaque assay (Fig. 2G and H). 
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FIG 1 NDV infection promotes intracellular Ca2+ accumulation. A549 cells were infected with NDV at an MOI of 1 or 5. Cells 

were harvested at 0, 6, 12, 18, and 24 h post-infection, then incubated with the fluorescent calcium indicator, Fluo-4/AM. (A 

and B) Ca2+ concentrations in the cytosol were visualized by fluorescence microscopy. (C) Quantification of the free

(Continued on next page)
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The antiviral effects of 2-APB were next examined using an attenuated NDV LaSota strain 
expressing green fluorescent protein (GFP-LaSota). 2-APB treatment was found to also 
suppress attenuated GFP-LaSota proliferation (Fig. 2I). To eliminate any off-target effects 
of the inhibitor 2-APB, we also used small interfering RNA (siRNA) to knock down the 
ER Ca2+ release channel IP3R1. The results showed that knockdown IP3R1 also inhibited 
the replication of NDV (Fig. 2J through L). Similar antiviral effects of 2-APB or knockdown 
IP3R1 were observed in infection models with Sendai virus (SeV), avian influenza virus 
(AIV), vesicular stomatitis virus (VSV), and herpes simplex virus-1 (HSV-1) (Fig. S1A and 
B). These results were further replicated in H1299 cells, DF-1 cells, and chicken embryo 
fibroblast (CEF) cells (Fig. S2). Together, our findings demonstrate that blocking ER Ca2+ 

release inhibits viral proliferation.

Depletion of extracellular Ca2+ suppresses viral proliferation

The influx of extracellular Ca2+ is important for the maintenance of Ca2+ homeostasis. 
Thus, we used a Ca2+-free medium to deplete extracellular Ca2+ to determine whether 
the absence of extracellular Ca2+ had a similar inhibitory effect on viral replication. We 
first confirmed that the absence of Ca2+ in the culture medium had no significant impact 
on cell viability (Fig. 3A). Next, we demonstrated that a deficiency in extracellular Ca2+ 

greatly impeded the replication of NDV, as measured by a decrease in viral mRNA (Fig. 
3B) and protein levels (Fig. 3C), together with a reduction in viral titers in the cell 
supernatant (Fig. 3D and E). Similar results were obtained in the GFP-LaSota infection 
model (Fig. 3F), as well as in the four following viruses: SeV, AIV, VSV, and HSV-1 (Fig. S1C). 
Our findings were also replicated identically in H1299, CEF, and DF-1 cells (Fig. S3). The 
effects of extracellular Ca2+ on viral replication were determined by adding CaCl2 to the 
culture medium. Addition of CaCl2 only had a minor positive effect on viral replication, 
suggesting the extra Ca2+ had a limited role in viral replication (Fig. 3G). Collectively, our 
results indicate that similar to the antiviral effects induced by blockage of ER Ca2+ release, 
depletion of extracellular Ca2+ also inhibits viral replication and proliferation.

Inhibition of ER Ca2+ release, but not depletion of extracellular Ca2+, promotes 
activation of the IFN-β signaling pathway

The IFN-mediated innate immune response is one of the most important antiviral 
responses at the cellular level, and although the mechanism has not been fully 
elucidated, Ca2+ has been shown to play a role (12, 17). Here, we speculated that 
inhibition of Ca2+ flux exerts its antiviral effects through regulation of the innate immune 
response. First, we detected components of the IFN-β signaling pathway in NDV-infected 
A549 cells treated with 2-APB. We found that 2-APB treatment led to an increase in 
IFN-β and ISG (IFIT-1 and MX1) mRNA levels after NDV infection (Fig. 4A). Similar results 
were obtained in cells treated with the TLR3 agonist polyinosinic-polycytidylic acid 
[poly(I:C)] (Fig. 4B). In addition, we found that NDV-induced phosphorylation of TBK1 
(Ser172) and transcription factor IRF3 (Ser396), which are responsible for initiating the 
production of IFN-I, was significantly enhanced in 2-APB-treated A549 cells (Fig. 4C). 
Furthermore, 2-APB treatment also increased the nuclear translocation of IRF3 after NDV 
infection (Fig. 4D). Similarly, IP3R1 knockdown led to an increase in IFN-β and ISGs (IFIT-1 
and MX1) mRNA levels (Fig. 4E) and promoted the phosphorylation of TBK1 and IRF3 

FIG 1 (Continued)

Ca2+ levels in the cytosol by the number of positive fluorescent cells. (D and E) Fluorescence intensity was detected by 

flow cytometry. (F) Quantification of the free Ca2+ levels in the cytosol by fluorescence intensity. (G) Attenuated NDV strain 

RFP-LaSota-infected A549 cells for 24 h and then labeled with Fluo-4/AM for free Ca2+. (H) Quantification of overlapping 

red and green fluorescence. (I) A549 cells were treated with 2-APB (100 µM) and BAPTA-AM (20 µM), then infected with 

NDV for 18 h, and incubated with Fluo-4/AM. Ca2+ concentrations in the cytosol were visualized by fluorescence microscopy. 

(J) Quantitation of the free Ca2+ levels in the cytosol. Each bar represents the mean ± standard deviation. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. MOI, multiplicity of infection; ns, not significant.
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FIG 2 Inhibition of ER Ca2+ release inhibits viral proliferation. (A and B) A549 cells were spread on a 96-well plate for 24 h, and the effects of different inhibitor 

concentrations on cell viability were detected by CCK-8. (C) A549 cells were treated with 2-APB (0, 50, 100, and 150 µM), then infected with NDV at an MOI of 

1. Cells were harvested at 18 h post-infection. Western blot analysis was used to assess NDV-NP protein expression levels. β-Actin acted as the loading control. 

(D) A549 cells were treated with BAPTA-AM (0, 5, 10, 20, and 50 µM), then infected with NDV at an MOI of 1. Cells were harvested at 18 h post-infection. Western 

blot analysis was used to assess NDV-NP expression levels. β-Actin acted as the loading control. (E–H) A549 cells were treated with or without 2-APB (100 µM), 

then mock treated or infected with NDV at an MOI of 1. Cells were harvested at 0, 6, 12, 18, and 24 h post-infection. The amounts of viral mRNA (E) and protein 

(F) were assessed in the cell lysates, while cell culture supernatants were subjected to the viral titer assay (G), and the virus yield was analyzed by plaque assays 

(H). (I) A549 cells were treated with or without 2-APB (100 µM) followed by infection with the attenuated NDV strain GFP-LaSota. Viral proliferation was visualized 

0, 12, 24, and 36 h post-infection by fluorescence microscopy. (J–L) A549 cells were transfected with IP3R1 small interfering RNA for 48 h, then infected with NDV 

at an MOI of 1. At 12 h post-infection, cells were harvested, and quantitative real-time PCR was used to assess NDV-NP mRNA expression levels (J). At 12 or 18 h 

post-infection, NDV-NP expression levels were assessed by Western blotting (K). Cell culture supernatants were then subjected to the viral titer assay (L). Each 

bar represents the mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. DMSO, dimethyl sulfoxide; NDV-NP, Newcastle disease virus nucleoprotein; NP, 

nucleoprotein.
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after NDV infection (Fig. 4F). These findings demonstrated that treatment with 2-APB or 
knockdown IP3R1 promotes IFN-I production to achieve antiviral effects. Unexpectedly, 
we also found that, although the absence of extracellular Ca2+ also significantly inhibited 
viral replication, it had no positive effect on IFN-I production but rather suppressed IFN-β 
and ISGs mRNA levels, probably due to lower viral replication efficiency after depletion of 
extracellular Ca2+ (Fig. 4G). Accordingly, NDV-induced phosphorylation of both TBK1 and 
IRF3 was lower in the absence of Ca2+ (Fig. 4H). These results indicate that inhibition of ER 
Ca2+ release, but not depletion of extracellular Ca2+, activates the IFN-I signaling pathway.

NDV infection activates CaN to negatively regulate IFN-I signaling

Since blocking the release of ER Ca2+ was found to promote IFN-I production and 
because CaN is a Ca2+-dependent phosphatase, we speculated that NDV infection 
restricts IFN-I production by regulating the activity of CaN. Treatment with cyclosporin A 
(CsA), an inhibitor of the phosphatase activity of CaN, led to an increase in NDV-induced 
IFN-β, IFIT-1, and MX1 production (Fig. 5A) without affecting cell viability (Fig. 6A). 

FIG 3 Depletion of extracellular Ca2+ suppresses viral proliferation. (A) Cells were cultured with Ca2+-free medium for 24 h, and then cell viability was measured 

by CCK-8. (B–E) A549 cells were cultured in normal medium or calcium-free medium followed by infection with NDV at an MOI of 1 for 0, 6, 12, 18, and 24 h. 

The amount of viral mRNA (B) and protein (C) was assessed in the cell lysates, while cell culture supernatants were subjected to the viral titer assay (D), and the 

virus yield was analyzed by plaque assays (E). (F) Attenuated NDV strain GFP-LaSota-infected A549 cells were cultured in normal or calcium-free medium. Viral 

proliferation was visualized by fluorescence microscopy. (G) A549 cells were treated with CaCl2 (0, 0.1, 1.0, and 2.0 mM), then infected with NDV for 18 h. Western 

blot analysis was used to examine the expression levels of NDV-NP. β-Actin acted as the loading control. Each bar represents the mean ± standard deviation. *P < 

0.05, **P < 0.01, ***P < 0.001.
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FIG 4 Inhibition of ER Ca2+ release promotes activation of the IFN-β signaling pathway. (A) A549 cells were treated with or without 2-APB (100 µM), then mock 

treated or infected with NDV at an MOI of 1. At 12 h post-infection, cells were harvested, and qRT-PCR was used to assess IFN-β, IFIT-1, and MX1 mRNA expression 

levels. (B) A549 cells were treated with or without 2-APB (100 µM), then mock treated or transfected with poly(I:C) (20 mg/mL). Cells were harvested after 12 h,

(Continued on next page)
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Similarly, treatment with CsA significantly increased NDV-induced phosphorylation of 
both TBK1 and IRF3 (Fig. 5B). Next, we used siRNAs to construct targeting the CaN 
knockdown cells (Fig. 5C). We found that CaN knockdown led to an increase in IFN-β 
and ISG (IFIT-1 and MX1) mRNA levels (Fig. 5D). Furthermore, knockdown of CaN also 
promoted TBK1 and IRF3 phosphorylation after NDV infection (Fig. 5E), suggesting that 
CaN negatively regulates NDV-induced IFN-I production.

Previous studies have shown that CaN deactivates TBK1 through dephosphorylation 
(40). To further elucidate the mechanism by which NDV-induced CaN blocks IFN-I 
production, we next asked whether CaN binds to TBK1 during NDV infection. We 
confirmed that there was an interaction between CaN and TBK1 (Fig. 5F) and that NDV 
infection increased this interaction (Fig. 5G). In addition, we showed that CaN activity 
gradually increased during the middle stages of viral infection, especially at 12 and 
18 h post-NDV infection (Fig. 5I). However, NDV infection did not lead to an increase 
in CaN protein expression levels (Fig. 5H). In addition, 2-APB effectively inhibited the 
NDV-induced elevation of CaN activity (Fig. 5J), suggesting that the increase in CaN 
activity coincided with the virus-induced elevation in intracellular Ca2+ levels (Fig. 1I). 
Together, our results indicate that NDV infection activates CaN in a Ca2+-dependent 
manner, leading to the subsequent dephosphorylation and inhibition of TBK1.

Inhibition of CaN activity inhibits viral replication

To further confirm the role of CaN activity in viral proliferation, we next examined the 
effects of CaN inhibition or knockdown on NDV replication. We found that CsA inhibited 
NDV replication in a dose-dependent manner (Fig. 6B). Treatment with CsA reduced 
the expression of NDV-NP at both the mRNA and protein levels (Fig. 6C and D), as 
well as decreased the extracellular viral titer (Fig. 6E). At the same time, we found that 
NDV replication was significantly decreased in CaN knockdown cells (Fig. 6F through 
H). Similarly, both CsA treatment and knockdown of CaN inhibited viral replication in 
other viral infection models, including SeV, AIV, VSV, and HSV (Fig. S4). Together, these 
results suggest that inhibition of CaN activity or knockdown of CaN can inhibit viral 
proliferation.

Knockout of TBK1 inhibits the effect of Ca2+ and CaN on viral proliferation

To further emphasize the bridging role of TBK1 in Ca2+-regulated viral replication, the 
effect of Ca2+ and CaN on virus proliferation was examined in TBK1 knockout (TBK1−/−) 
cells. Compared with the significant inhibition of NDV proliferation by 2-APB treatment 
in wild-type (WT) cells, no inhibitory effect was observed in TBK1−/− cells, as evidenced 
by the expression of NDV-NP at both mRNA and protein levels (Fig. 7A and B), and 
the extracellular viral titer in the cell supernatant (Fig. 7C), respectively. Interestingly, 
we cultured TBK1−/− cells using Ca2+-free media, in which NDV proliferation was still 
significantly inhibited (Fig. 7D through F), indicating that the function of extracellular 
Ca2+ on NDV proliferation does not depend on the presence of TBK1. This is consistent 

FIG 4 (Continued)

and qRT-PCR was used to examine IFN-β, IFIT-1, and MX1 mRNA expression levels. (C) Virus infection experiments were performed as described above for panel 

A. Cells were harvested at 12 and 18 h post-infection, and P-TBK1, TBK1, P-IRF3, and IRF3 protein expression levels were assessed by Western blot analysis. 

β-Actin acted as the loading control. (D) Virus infection experiments were performed as described above for panel A. At 18 h post-infection, cells were fixed 

and immunofluorescence staining was carried out using antibodies against IRF3 and NDV-NP. Nuclei were stained with 1-mg/mL 4′,6-diamidino-2-phenylindole 

(DAPI). (E and F) A549 cells were transfected with IP3R1 siRNA for 48 h, then infected with NDV at an MOI of 1. At 12 h post-infection, cells were harvested, and 

qRT-PCR was used to examine IFN-β, IFIT-1, and MX1 mRNA expression levels (E). At 12 or 18 h post-infection, P-TBK1, TBK1, P-IRF3, and IRF3 protein expression 

levels were assessed by Western blot analysis (F). (G) A549 cells were cultured in normal medium or calcium-free medium, then mock treated or infected with 

NDV at an MOI of 1. At 12 h post-infection, cells were harvested, and qRT-PCR was used to detect IFN-β, IFIT-1, and MX1 mRNA expression levels. (H) Virus 

infection experiments were performed as described above for panel G. Cells were harvested at 12 and 18 h post-infection, and P-TBK1, TBK1, P-IRF3, and IRF3 

protein expression levels were measured by Western blotting. β-Actin acted as the loading control. Each bar represents the mean ± standard deviation. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. qRT-PCR, quantitative real-time PCR.
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FIG 5 Calcineurin negatively regulates IFN-I signaling. (A) A549 cells were treated with or without CsA (10 µM), then mock treated or infected with NDV at 

an MOI of 1. At 12 h post-infection, cells were harvested, and qRT-PCR was used to detect IFN-β, IFIT-1, and MX1 mRNA expression levels. (B) Virus infection 

experiments were performed as described above for panel A. Cells were harvested at 12 and 18 h post-infection, and Western blot analysis was carried out to

(Continued on next page)
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with the results that lack of extracellular Ca2+ had no positive effect on IFN-I production 
(Fig. 4G and H). Additionally, our findings revealed that the inhibition of CaN activity 
through CsA treatment (Fig. 7G and H) and CaN knockdown (Fig. 7I through K) on viral 
replication was counteracted in TBK1−/− cells. All these results clearly suggested that TBK1 
is a key factor in Ca2+ signaling-mediated virus proliferation.

DISCUSSION

In-depth studies over the years have clearly shown that Ca2+ is an important component 
of the virus-host dialog (11, 41). Viruses exploit Ca2+ signaling networks to facilitate entry, 
replication, assembly, and export, as well as to establish persistent infection (12). In 
contrast, the host uses the accumulation of pathological Ca2+ signals to trigger cellular 

FIG 5 (Continued)

assess P-TBK1, TBK1, P-IRF3, and IRF3 protein expression levels. β-Actin acted as the loading control. (C) Cells were transfected with siRNA targeting CaN. Western 

blot analysis was used to determine the knockdown level of CaN. (D) A549 cells were transfected with CaN siRNA for 48 h, then infected with NDV at an MOI of 

1. At 12 h post-infection, cells were harvested, and qRT-PCR was used to assess IFN-β , IFIT-1, and MX1 mRNA expression levels. (E) Virus infection experiments 

were performed as described above for panel D. Cells were harvested at 12 and 18 h post-infection, and Western blot analysis was used to detect P-TBK1, 

TBK1, P-IRF3, and IRF3 protein expression levels. β-Actin acted as the loading control. (F) HEK-293T cells were transfected with plasmids encoding Flag-TBK1 

and HA-CaN for 24 h. Then, the supernatants of the cell lysates were immunoprecipitated using anti-Flag or anti-HA beads and immunoblotted with anti-HA or 

anti-Flag. (G) HEK-293T cells transfected with Flag-TBK1 and HA-CaN for 24 h were infected with NDV at an MOI of 1. Cells were harvested at 12 h post-infection, 

and the supernatants of the cell lysates were immunoprecipitated using anti-HA beads, then immunoblotted with anti-HA or anti-Flag. (H and I) A549 cells 

were infected with NDV at an MOI of 1. Cells were harvested at 0, 6, 12, 18, and 24 h post-infection, and Western blot analysis was carried out to determine 

CaN protein expression levels. β-Actin acted as the loading control (H). CaN activity was detected by spectrophotometry (I). (J) A549 cells were treated with or 

without 2-APB (100 µM), then mock treated or infected with NDV at an MOI of 1. At 18 h post-infection, cells were harvested and CaN activity was detected by 

spectrophotometry. Each bar represents the mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.

FIG 6 Inhibition of calcineurin activity inhibits virus replication. (A) A549 cells were spread on a 96-well plate for 24 h, and the effects of CsA on cell viability were 

detected by CCK-8. (B) A549 cells were treated with CsA (0, 1, 5, and 10 µM), then infected with NDV at an MOI of 1. Cells were harvested at 18 h post-infection, 

and NDV-NP expression levels were detected by Western blot analysis. β-Actin acted as the loading control. (C) A549 cells were treated with or without CsA 

(10 µM), then mock treated or infected with NDV at an MOI of 1. At 12 h post-infection, cells were harvested, and qRT-PCR was used to detect NDV-NP mRNA 

expression levels. (D and E) A549 cells were treated with or without CsA (10 µM) followed by infection with NDV (MOI of 1) for 0, 6, 12, 18, and 24 h. The amount 

of viral protein was quantified in the cell lysates (D), while cell culture supernatants were subjected to the viral titer assay (E). (F–H) A549 cells were transfected 

with CaN siRNA for 48 h, then infected with NDV at an MOI of 1. At 12 h post-infection, cells were harvested, and qRT-PCR was used to assess NDV-NP mRNA 

expression levels (F). At 12 or 18 h post-infection, NDV-NP expression levels were assessed by Western blotting (G). Cell culture supernatants were subjected to 

the viral titer assay (H). Each bar represents the mean ± standard deviation.**P < 0.01, ***P < 0.001.
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FIG 7 Knockout of TBK1 inhibits the effect of Ca2+ and CaN on viral proliferation. (A–C) A549 cells were treated with or without 2-APB (100 µM), then mock 

treated or infected with NDV at an MOI of 1. The amounts of viral mRNA (A) and protein (B) and the viral titer assay (C). (D–F) A549 cells were cultured in normal 

medium or calcium-free medium followed by infection with NDV. The amounts of viral mRNA (D) and protein (E) and the viral titer assay (F). (G–I) A549 cells were 

treated with or without CsA (10 µM), then mock treated or infected with NDV at an MOI of 1. Cells were harvested, and qRT-PCR was used to detect NDV-NP 

(Continued on next page)
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immune responses or regulate other signaling networks to exert antiviral functions (17). 
Here, we have identified a previously unrecognized mechanism by which NDV infection 
escapes the host innate immune response by inducing an imbalance in Ca2+ homeosta­
sis. In the present study, we found that NDV infection led to an increase in intracellular 
free Ca2+ and subsequent activation of CaN in a Ca2+-dependent manner. Activated CaN 
then dephosphorylated TBK1 and inhibited IFN-I production. Thus, our findings indicate 
that increased Ca2+ suppresses TBK1 signaling and IFN-I expression, which may serve as 
an immune evasion pathway for NDV during infection.

In a resting state, the ER acts as the largest Ca2+ storage organelle within the cell, 
maintaining high intracellular Ca2+ levels and establishing concentration gradients with 
the cytoplasm and other organelles (42–44). Viruses take advantage of the large Ca2+ 

concentration in different organelles to regulate intracellular Ca2+ signaling by accel­
erating certain Ca2+-dependent enzymatic processes and upregulating Ca2+-sensitive 
transcription factors to create conditions conducive to their own replication (43). Our 
data demonstrated that intracellular Ca²+ depletion, either by Ca2+ withdrawal from the 
cell culture medium or by blocking the Ca2+ release from ER, successfully inhibited 
viral replication, suggesting that Ca2+ mobilization, including extracellular Ca2+ influx 
and intracellular Ca2+ release from the ER, is involved in regulating viral replication. 
Previous studies have reported that SeV and HSV-1 can trigger membrane perturbation-
associated Ca2+ signaling and influx (45). Similarly, IAV has been shown to increase 
cytoplasmic Ca2+ release from the ER through increased activation of IP3Rs or RyRs (46). 
These findings are consistent with our observations that both deletion of extracellular 
Ca2+ and inhibition of ER Ca2+ release inhibited viral replication. In addition, our findings 
revealed that virus-induced changes in intracellular Ca2+ homeostasis are adapted to viral 
replication. Further studies are required to determine the effects of such changes on viral 
proliferation.

2-APB and BAPTA-AM are widely used to prevent the increase of intracellular free 
Ca2+ during viral infection and have been implicated in the regulation of viral invasion, 
replication, maturation, and spread (47, 48). Although BAPTA-AM treatment inhibits the 
replication of many viruses (49, 50), in the current study, BAPTA-AM treatment did not 
inhibit NDV replication. However, inhibition of ER Ca2+ release by 2-APB or knockdown of 
IP3R1 and depletion of extracellular Ca2+ were found to inhibit NDV replication. Increased 
intracellular Ca2+ has been associated with the intense ER stress caused by NDV infection 
(38). ER stress can increase Ca2+ flux to promote viral replication (51), while BAPTA-AM 
can alleviate ER stress by chelating free Ca2+. A moderate increase in intracellular Ca2+ 

induced by viral infection always seems to be beneficial for viral replication, and drugs 
that inhibit Ca2+ accumulation have different inhibitory effects on viral proliferation in 
different infection models (47), presumably due to the influence of different sources of 
Ca2+. Regardless, the critical role played by Ca2+ during various stages of viral infection 
justifies the potential of Ca2+ as a target for antiviral therapy and the potential application 
of drugs that inhibit Ca2+ accumulation to antiviral therapy.

The mechanism by which replicating viruses trigger IFN-I induction through the 
generation and accumulation of viral pathogen-associated PRRs has been well charac­
terized. Intracellular Ca2+ signaling is involved in regulating the activation of PRRs, 
promoting the activation of IFN regulatory factors, initiating the IFN-related innate 
immune response, and enhancing the NF-κB-associated inflammatory response (17). 
However, the involvement of Ca2+ in the regulation of innate immunity through PRRs 
is a large and complex network, and our understanding of PRR-mediated Ca2+ signal­
ing-dependent cellular functions in different pathological processes remains limited. 
Furthermore, it is not fully understood how intracellular Ca2+ stimulates the activation of 

FIG 7 (Continued)

mRNA expression levels. (G) The amount of viral mRNA and (H) protein and (I) the viral titer assay. (J–L) A549 cells were transfected with CaN siRNA for 48 h, then 

infected with NDV at an MOI of 1. (J) The amount of viral mRNA and (K) protein and (L) the viral titer assay. Each bar represents the mean ± standard deviation. 

ns >0.05, **P < 0.01, ***P < 0.001.
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PRR-related molecules. Here, we found that NDV-induced IFN-I production was activated 
in a Ca2+-dependent manner following inhibition of ER Ca²+ release by 2-APB treatment 
but not after depletion of extracellular Ca²+. These findings are not consistent with 
those reported in a recent study in which extracellular Ca2+ depletion was found to 
promote Listeria monocytogenes-induced IFN-β production (52). We speculate that the 
contradictory role may be due to different sources of Ca2+. Based on our findings, 
we would predict that the vast majority of NDV-induced increases in intracellular Ca2+ 

originate from the ER, suggesting that ER Ca2+ release is more closely associated with 
IFN-I production. In addition, deficiencies in the Ca2+ sensor stromal interaction molecule 
1 have been found to cause spontaneous activation of STING and enhanced expression 
of IFN-I, which is related to intracellular and extracellular Ca2+ flux (51). In summary, ER 
Ca²+ release is closely associated with extracellular Ca²+ influx, especially to balance the 
host innate immune response. Therefore, future studies should identify the source of 
increased intracellular pathological Ca2+ signaling caused by viral infection.

As a critical kinase in IFN-I signaling, TBK1 is activated by multiple adaptor pro­
teins, including mitochondrial antiviral signaling protein and STING, and phosphorylates 
substrate transcription factors IRF3/IRF7 to initiate the antiviral innate immune response 
(2). Here, we found that inhibition of NDV-induced ER Ca2+ release dephosphorylated 
TBK1 and inhibited TBK1-mediated IFN-I production and antiviral immunity. CaN is a 
phosphatase involved in TBK1-mediated IFN-I production that is specifically activated 
by Ca2+ accumulated during viral infection (40). Our data suggest that NDV infection 
promotes dephosphorylation of TBK1 by CaN in a Ca2+-dependent manner. In particular, 
we highlighted the critical role of TBK1 in Ca2+ signaling-mediated virus proliferation. 
However, since we did not examine whether CaN dephosphorylates other components 
of the IFN-I pathway, further studies are required to address this question. Interestingly, 
knockdown of CaN effectively inhibited NDV replication, although our data suggest an 
association with IFN-I. CaN has also been reported to bind to and dephosphorylate TFEB, 
thus promoting its nuclear translocation, which in turn promotes lysosomal biogene­
sis and autophagy (31). Since we have previously shown that autophagy favors NDV 
replication (53), further studies are required to determine whether CaN can also affect 
viral replication by regulating lysosomal biogenesis and autophagy. In addition, CsA, 
a CaN-specific inhibitor, has been widely used as an immunosuppressant to prevent 
the rejection of solid organ transplants and for the treatment of autoimmune diseases 
(54). Our results showed that treatment with CsA increased virus-induced IFN-I and 
inhibited viral replication, consistent with previous reports that CsA inhibited HCV (55) 
and HIV (56) replication. Together, these results suggest that CsA may also be suitable 
for the treatment of viral infectious diseases to inhibit viral proliferation and reduce the 
overactive inflammatory response.

In summary, we have identified a novel mechanism involving TBK1 through which 
NDV evades host antiviral immune responses. NDV induces intracellular Ca2+ accumula­
tion, leading to activation of the serine/threonine phosphatase CaN and subsequent 
dephosphorylation of TBK1 and inhibition of IFN-I production and antiviral immunity 
(Fig. 8). We also found that Ca²+ depletion could effectively inhibit the proliferation 
of both RNA and DNA viruses and highlighted the potent antiviral effect of immuno­
suppressive agent CsA. Together, our findings will further the understanding of NDV 
immunosuppression, as well as provide a theoretical basis for antiviral therapy.

MATERIALS AND METHODS

Cells and viruses

A549, DF-1, HEK-293T, Vero, and BHK-21 cells were purchased from the American Type 
Culture Collection. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) (Gibco, Franklin Lakes, NJ, USA). H1299 
cells were purchased from the Cell Bank of Chinese Academy of Sciences and were 
maintained in Roswell Park Memorial Institute 1640 medium (Gibco) supplemented with 
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10% FBS. TBK1−/− cells were provided by Qiyun Zhu (Lanzhou Veterinary Research 
Institute, China). CEF cells were prepared as previously described. The NDV Herts/33 
strain was obtained from the China Institute of Veterinary Drug Control (Beijing, China). 
The NDV GFP-LaSota and RFP-LaSota strains were made and stored in our laboratory. SeV 
was provided by Quan Zhang (Yangzhou University, China). AIV was provided by Daxin 
Peng (Yangzhou University). VSV was provided by Jianchao Wei (Shanghai Veterinary 
Research Institute, China), and herpes simplex virus 1 (HSV-1) was provided by Yasushi 
Kawaguchi (University of Tokyo, Japan). NDV, AIV, VSV, and HSV-1 titers were determined 
as the median tissue culture infectious doses (TCID50) in BHK-21 and Vero cells.

FIG 8 Model showing the negative regulation of IFN-I by the Ca2+-calcineurin-TBK1 signaling pathway. NDV infection leads to the imbalance of intracellular Ca2+ 

homeostasis by inducing the accumulation of intracellular free Ca2+, especially the release of Ca2+ from the ER, which promotes activation of CaN resulting in the 

dephosphorylation of TBK1 and inhibition of IFN-I, and finally replication of NDV.
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Antibodies and reagents

The IP3R inhibitor 2-APB (T4693) was purchased from TopScience (Shanghai, China). 
The intracellular calcium chelator BAPTA-AM (HY-100545) and CaN phosphatase activity 
inhibitor CsA (HY-B0579) were purchased from MedChemExpress (Monmouth Junction, 
NJ, USA). Ca2+-free DMEM was obtained from Gibco. CaCl2 was purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany). Poly(I:C) was purchased from InvivoGen 
(San Diego, CA, USA). A monoclonal antibody against NDV-NP was prepared in our 
laboratory. A monoclonal antibody against avian influenza virus NP was provided 
by Daxin Peng (Yangzhou University). Rabbit polyclonal anti-Sendai virus (PD029C1) 
was purchased from MBL (Nagoya, Japan). Mouse monoclonal anti-VSV glycoprotein 
(ab50549) and rabbit monoclonal anti-calcineurin A (ab282104) were purchased from 
Abcam (Cambridge, MA, USA). Rabbit polyclonal anti-HSV-1 glycoprotein D (NB600-516) 
was purchased from Novus Biologicals (Littleton, CO, USA). Mouse monoclonal anti-
Flag (F1804) was purchased from Sigma-Aldrich. Rabbit monoclonal anti-HA (3724), 
anti-IP3R1 (8568), anti-TBK1 (3013), anti-phospho-TBK1 (Ser172) (5483), anti-IRF3 (4302), 
and anti-phospho-IRF3 (Ser396) (4947) antibodies were purchased from Cell Signaling 
Technology (Beverly, MA, USA). Rabbit monoclonal anti-β-actin (AC006), goat anti-rabbit 
IgG (H + L) (AS014), and goat anti-mouse IgG (H + L) (AS003) antibodies were purchased 
from ABclonal (Wuhan, China). Alexa Fluor goat anti-rabbit-488 (A11034) and Alexa Fluor 
goat anti-rabbit-594 (A11037) antibodies were purchased from Invitrogen (Carlsbad, CA, 
USA).

Transfection of plasmids or siRNAs

HA-tagged CaN was constructed by inserting the open reading frame (ORF) of human 
CaN (GenBank accession no. NM_001130691.2) into the pCMV-HA plasmid (Promega). 
Flag-tagged TBK1 was constructed by inserting the ORF of human TBK1 (GenBank 
accession no. NM_013254.4) into the p3XFLAG-CMV-14 plasmid (Sigma-Aldrich). All 
plasmid constructs were confirmed by DNA Sanger sequencing. siRNAs targeting 
endogenous CaN (siCaN 1#: 5′-CUCGUGUGGAUAUCUUAAATT-3′, siCaN 2#: 5′-GAGGGUA­
CUUCAGUAUUGATT-3′) were purchased from GenePharma (Shanghai, China). Expression 
plasmids or siRNAs were transfected into HEK-293T or A549 cells using Lipofectamine 
2000 (Thermo Fisher, USA) according to the manufacturer’s instructions.

Cell viability assay

CCK-8 assays were used to determine cell viability. A549 cells were seeded in 96-well 
plates and treated with different concentrations of 2-APB, BAPTA-AM, CsA, or cultured 
in Ca2+-free DMEM for 24 h. Subsequently, 10-µL CCK-8 solution (40203ES60; YEASEN, 
Shanghai, China) was added to each well. After 2-h incubation, the absorbance was 
measured at 450 nm using a microplate reader.

Measurement of intracellular Ca2+ levels

A549 cells were plated in six-well plates, pretreated with different reagents, and infected 
with NDV for the indicated time point. Cells were then incubated with the fluorescent 
Ca2+ indicator Fluo-4/AM (5 µM; AAT Bioquest, Pleasanton, USA) for 30 min in the dark. 
Samples were washed three times with phosphate-buffered saline (PBS), then immedi­
ately visualized directly by fluorescence microscopy at a wavelength of 488/525 nm 
(Olympus, Tokyo, Japan) or fluorescence intensity was measured by flow cytometry.

Virus titration

Viral titers were quantified by 50% TCID50 or plaque assays. Briefly, DF-1 cells were 
seeded into 96- or 24-well plates. The virus-containing suspension was serially diluted 
10-fold, then 100 or 300 µL/well was added to the 96- or 24-well plates, respectively, for 
1 h at 37°C. Unbound virions were removed by washing with PBS. Maintenance medium 
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(DMEM containing 2% FBS) was added to the 96-well plates 3–5 days post-infection, and 
the TCID50 was calculated using the Reed-Muench method. Cells seeded into 24-well 
plates were covered with medium containing methyl cellulose (1%) and cultured for 3–5 
days. Cells were then fixed with 4% paraformaldehyde for 30 min at room temperature 
and stained with crystal violet solution for 30 min. Plaques were visualized and plaque-
forming units were counted.

Quantitative real-time PCR

Total RNA was extracted from NDV-infected cells using the Cell/Tissue Total RNA Kit 
(19221ES50, YEASEN). Extracted RNA was reverse transcribed using One-Step gDNA 
Removal and cDNA Synthesis Super Mix (AE311; TransGen Biotech, Beijing, China) 
according to the manufacturer’s instructions. Quantitative real-time PCR was carried 
out using universal blue qPCR SYBR Green Master Mix (11184ES08, YEASEN) and the 
following primers: human IFN-β, 5′-ACGACAGCTCTTTCCATGA-3′ (F) and 5′-AGCCAGTGCT
CGATGAATCT-3′ (R); human IFIT-1, 5′-GCCATTTTCTTTGCTTCCCCT-3′ (F) and 5′-TGCCCTTT
TGTAGCCTCCTTG-3′ (R); human β-actin, 5′-GATCTGGCACCACACCTTCT-3′ (F) and 5′-GGG
GTGTTGAAGGTCTCAAA-3′ (R); human MX1, 5′-TGCGCCCCTGCATCGACCT-3′ (F) and 5′-GT
TTCTTCAGTTTCAGCACCA-3′ (R); and NDV-NP, 5′-CAACAATAGGAGTGGAGTGTCTGA-3′ (F) 
and 5′- CAGGGTATCGGTGATGTCTTCT-3′(R). All experiments were carried out in triplicate.

Immunoblotting and coimmunoprecipitation

Harvested cells were lysed in 2× protein loading buffer (20-mM Tris-HCl, 2% SDS, 100-mM 
dithiothreitol, 20% glycerol, and 0.016% bromophenol blue), denatured, and resolved by 
10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes (NC-a101-b105; 
Whatman, Maidstone, UK). Each membrane was blocked in skim milk for 2 h at room 
temperature, incubated with primary antibodies overnight at 4°C, then washed three 
times with Tris-buffered saline with Tween 20 (TBS-T) [50-mM Tris-HCl (pH 7.6), 150-mM 
NaCl, and 0.1% Tween 20] for 10 min. Next, membranes were incubated with secondary 
antibodies for 2 h at room temperature and washed three times with TBS-T for 10 min. 
Protein bands were visualized using the Tanon 4600 Chemiluminescent Imaging System 
(Bio Tanon, Shanghai, China) and quantified using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA). For coimmunoprecipitation, cells were transfected with 
expression vectors for 24 or 36 h, and total protein was extracted with RIPA lysis 
buffer (P0013D; Beyotime, Shanghai, China) containing 1-mM of the protease inhibitor 
phenylmethylsulfonyl (ST506, Beyotime). Lysates were centrifuged at 12,000 × g for 
10 min and precipitated with anti-Flag or anti-HA-conjugated Dynabeads (ShareBio, 
Shanghai, China) overnight at 4°C. The beads were washed with lysis buffer three times, 
eluted with SDS loading buffer by boiling for 10 min, then subjected to immunoblotting.

Immunofluorescence assay

A549 cells were washed three times with PBS, fixed in 4% neutral formaldehyde for 
30 min, then permeabilized with 0.5% Triton X-100 in TBS-T for 15 min. Samples were 
blocked with 3% bovine serum albumin for 45 min at room temperature, then incuba­
ted with primary antibodies for 2 h at 37°C or 4°C overnight, followed by incubation 
with secondary antibodies for 1 h at 37°C. Cells were washed again, and the nuclei 
were stained with 0.5-mg/mL 4′,6-diamidino-2-phenylindole. Between and after each 
incubation step, cells were washed three times with a blocking buffer. Finally, cells were 
visualized by confocal microscopy using a model LSM880 confocal microscope (Carl 
Zeiss, Jena, Germany). Images were analyzed using ImageJ software.

Calcineurin activity assay

Cells were infected with NDV and harvested at the corresponding time points. The CaN 
phosphatase activity was measured by the p-nitrophenyl phosphate (pNPP) method 
according to the manufacturer’s instructions (KGT046, Keygen Biotech, Nanjing, China).
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Statistical analysis

All data were analyzed using GraphPad Prism version 9.0 software (GraphPad Software, 
Inc.) and expressed as means ± standard deviations of at least three independent 
experiments. Significance was analyzed with two-tailed independent Student’s t-tests 
between the two groups.
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