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Inhibitory of EV-A71 virus-induced apoptosis by ZVAD through ROS mediated signaling pathways
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Abstract: Emerging evidence that Enterovirus A 71 (EV-A71) infection closely related to apoptosis. The ZVAD is a caspase inhibitor that can prevent apoptosis. The aims of this project were to evaluate the mechanism of the ZVAD inhibited EV-A71 virus and to provide experiment basis for finding new antiviral drugs. In this study, after treated with ZVAD in EV-A71 infected Vero cells, the viral replication was reduced, and the cell viability was higher than EV-A71 group. Additionally, ZVAD decreased the cell apoptosis and the level of inflammatory cytokines induced by EV-A71 in the infected Vero cells. ZVAD inhibited cell apoptosis by regulating ROS mediated signaling pathway and inflammation cytokines to achieve antiviral.
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Introduction

Hand, foot, and mouth disease (HFMD) is commonly affects children under the age of five in children (Li et al., 2017b; Zeng et al., 2019). HFMD is mainly caused by enterovirus A71 (EV-A71), coxsackievirus 16 (Cox16), CV-A6 and CV-A10. Most of these infections are exhibit self-limiting characterized by skin rash and sores on hands, feet and in the mouth with or without fever. However, some patients infected with EV-A71 virus can develop severe central nervous system damage or cardiopulmonary complications or die (Cao et al., 2019; Li et al., 2019). EV-A71 was first isolated from patients with a nervous system disease in California in 1969 (Wang et al., 2017b). Since then, outbreaks of HFMD have been documented in countries of the Asia (Xiao et al., 2018; Xing et al., 2014; Xu et al., 2019), including Singapore, Malaysia, China and so on, which takes huge losses to social economy. Although the vaccine of EV-A71 has been approved for the prevention of hand, foot and mouth disease, it is still facing various problems: time-consuming, laborious and low antibody titer (Chong et al., 2015; Imura et al., 2020a; Imura et al., 2020b). Currently, the pathogenicity of EV-A71 is not entirely understood and there are no effective antiviral treatments to treat EV-A71-induced HFMD.

Apoptosis is a regulated physiological process involved in cell death (Raymond et al., 2004). The process of apoptosis has been implicated in the pathogenesis of many infectious diseases (Mehrbod et al., 2019; Qu et al., 2017; Ravindra et al., 2008). EV-A71 is one of such virus, which has been shown to cause apoptosis in target cells (Bai et al., 2019; Li et al., 2020b). In particular, the apoptosis of the nerve cells may be associated with severe EV-A71. In addition, it was reported that the EV-A71 induces apoptosis by promoting ROS generation and depending on caspase families (Li et al., 2020b). The compound Z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk, ZVAD), a widely used broad-caspase inhibitor, can prevents apoptosis in many different cell types (Hotchkiss et al., 2000; Li et al., 2000; Zeng et al., 2019). It was reported that ZVAD reduced hepatocarcinogenesis in a transgenic murine model of hepatitis B virus. Moreover, ZVAD inhibited Sindbis virus-induced cell death. It was also reported that ZVAD can reduced apoptosis in virus infected cells. However, that was remained unclear how ZVAD modulate the antiviral activity in Vero cells.

Herein, the aim of this study was to evaluate the mechanism of ZVAD on inhibition of EV-A71 infection. First, we measured the cell toxicity of ZVAD via CCK8; then, the antiviral effect of ZVAD was detected by Western blot and QRT-PCR. Finally, the therapeutic mechanisms of ZVAD were examined by flow cytometry, dichlorofluorescein (DCF) and western blot. This paper provides a theoretical basis for the treatment of EV-A71 by ZVAD.

Materials and Methods

Materials

African green monkey kidney epithelial (Vero) cells were purchased from the American Type Culture Collection (ATCC, CRL-1586TM and THB-11TM). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were acquired from Gibco. Cell Counting Kit-8 (CCK8) and Enhanced chemiluminescence (ECL) detection kit were purchased from Beyotime, China. Enterovirus A71 (EV-A71) is a C4 genotype Guangdong strain (GenBank Accession No. FJ439769.1) stored at our laboratory. The broad caspase inhibitor ZVAD was obtained from MCE MedChemExpress, China. The reverse transcription polymerase chain reaction (RT-PCR) kit and the agarose gel DNA extraction kit were all purchased from Takara, Japan. The EV-A71 VP1 monoclonal antibody (ab169442) was obtained from Abcam, UK. ERK (#4695S), Caspase3 (#9662S), PARP (#9542S), β-actin antibody (#3700S) were purchased from Cell Signaling Technology.

Viruses and infection

Vero cells were cultured in DMEM medium, supplemented with 10% FBS and 100 U/mL penicillin at 37°C in 5% CO2 humidified atmosphere. Then the Vero cells were used for infection. EV-A71 were propagated and its 50% tissue culture infective dose (TCID50) were determined using the Reed-Muench method (Przybylski et al., 2015). EV-A71 was used in this study at a final titer of 100 TCID50 and the virus infection was carried out as described previously (Xu et al., 2019).

Cell viability assay

Vero cells at the density of 5 × 104 were split into 96-well plates overnight. After that, the media were removed, and cells were mock incubation or incubation with EV-A71 (100 TCID50) for 2 h (Zhu et al., 2017). Thereafter, the cells incubated with or without different concentrations of ZVAD for 48 h. Then the cells were treated with 10 μL CCK8 reagents for 30 min at 37°C in the dark. The absorbance was measured in a microplate reader at 450 nm. Cell viabilities were expressed as the ratio of the experimental group to the negative control.

Quantitative Real-Time PCR (QRT-PCR)

The total RNA was extracted by the Trizol reagent according to the manufacturer’s instructions. The RNA of EV-A71 VP1 were detected by real-time PCR using SYBR green (Li et al., 2019). Amplification was performed on an Applied Biosystems (ABI) 7500 instrument at 98°C for 8 min, followed by 40 cycles at 98°C for 15 s, 54°C for 20 s and 68°C for 2 min, and a final extension step at 68°C for 5 min. QRT-PCR reactions were performed in triplicate, results were reported as fold change using the ΔΔCT (CT is threshold cycle) method. Primer sequences are listed in Table 1.
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Western blot analysis

The effects of ZVAD on the expression levels of apoptotic proteins and VP1 were detected by western blotting referring to previous reported (Wang et al., 2017a). Briefly, The Vero Cells were harvested using RIPA Lysis Buffer and the total protein samples concentration were determined by BCA assay. The protein samples were loaded on SDS-polyacrylamide gel for electrophoresis (SDS-PAGE) and transferred onto PVDF transfer membranes. Membranes were blocked with 5% milk and then incubated with primary antibody overnight at 4°C. After washing by TBST, the membranes were incubated with secondary antibody. Then the proteins were detected by ECL detection kit.

Annexin-V-FITC staining assay

Vero cells were cultured in 6-well plates for 24 h. After the cells reached about 80% confluence, the EV-A71 were incubated as mentioned above followed by ZVAD 25 µmol. After 48 h, the cells were collected and fixed with 70% ethanol at 4°C for 6 h. Then the cells were staining with Annexin V-FITC/propidium iodide (PI) and were detected by flow cytometry as previously described (Bai et al., 2020). All flow cytometry was performed on a BD flow cytometer. The data were analyzed by the FlowJo software (Treestar, USA).

ROS levels analysis

It has been reported that ROS was a vital regulator of cell signaling pathways triggered by virus (Li et al., 2020a; Qian et al., 2018). In order to investigate whether ZVAD could trigger ROS-mediated apoptosis, the ROS level was detected by Fluorescent dye 2,7-dichlorofluorescein-diacetate (DCFCH-DA) fluorescence assay (Li et al., 2017a). After Vero cells treated with EV-A71 followed by ZVAD, Cells were washed twice and loaded with DCFH-DA (10 μmol/L) and incubated at 37°C for 20 min. The fluorescence of DCFH was measured on inverted fluorescence microscope.

Cytokine analysis

The levels of IL-8 in the cell culture media were measured by flow cytometry refer to previously reported (Zhao et al., 2019). In brief, the cell culture media were collected and centrifuged at 3000 rpm for 5 min. Then 45 µL samples were mixed with 45 µL fluorescent bead carrying surface-immobilized antibodies. Then the sample were measured using flow cytometry (BD Company, USA) and the data were acquired through BD FACSDiva Software. The concentrations were calculated by standard curves using FCAP Array 3.0 analysis software.

Statistical analysis

All the data in this study are means ± the standard deviation (SD). Statistical significance was evaluated as follows: *P < 0.05, **P < 0.01 or ***P < 0.001.

Results

ZVAD enhances cells viabilities in vitro

To detect the anti-EV-A71 activities of the ZVAD compounds, the Cytopathic effect (CPE) induced by EV-A71 in Vero cells were observed. First, the cell toxicity of ZVAD we measured by CCK8 assay and found that ZVAD had no toxic to cells within the scope in the manual. Next, we evaluated the antiviral activities of ZVAD (25 μmol/L) in Vero cells by CCK8 assay. As was seen in Fig. 1A, Vero cells infected with EV-A71 showed cytoplasmic shrink age and loss of cell-cell contract, however, the cell morphology was appeared healthy by treatment with ZVAD. As shown in Fig. 1B, the viability of EV-A71 infected Vero cells were showed to 53.56%, but the cell viability was increased to 83.7% by ZVAD (Fig. 1B).
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Figure 1: The cells viability of ZVAD. (A) ZVAD reduced the EV-A71 induced CPE in Vero cells. Cells were examined using a microscopy (×20). (B) The CCK8 assay of ZVAD treated EV-A71 infected Vero cell. The concentration of ZVAD were 25 μmol/L. Control, Vero without any treatment; ZVAD, Vero cells treated with ZVAD; EV-A71, Vero infected with EV-A71; EV-A71+ZVAD, EV-A71 infected Vero cells treated with ZVAD.

ZVAD reduced the RNA and protein synthesis of EV-A71 in Vero

To further investigate the effects of ZVAD on the virus, the RNA and protein synthesis of EV-A71 were detected by QRT-PCR and Western blot respectively. The level of VP1 RNA measured by QRT-PCR assay were significantly decreased in ZVAD treated group than ZVAD un-treated group (Fig. 2A). Similarly, the level of VP1 proteins detected by Western blot were also decreased in ZVAD treated group than ZVAD un-treated group, as shown in Fig. 2B. Our data showed that the viral replication and synthesis were reduced in Vero cells treated with ZVAD.
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Figure 2: Suppression of VP1 mRNA and protein expression in ZVAD treated Vero cells. (A) Suppression of VP1 mRNA levels was quantified by Q-PCR. (B) The expression of VP1 was evaluated by Western blotting. ***P < 0.001, **P < 0.01, *P < 0.05.

ZVAD suppressed the apoptosis induced by EV-A71

It was reported that ZVAD inhibited Sindbis virus-induced cell death. Whereas, the mechanism of ZVAD reduces apoptosis in EV-A71 infected Vero cells remains unclear. Annexin-V/PI double staining is an effective method for examining apoptosis that was detected through flow cytometry. The apoptosis rate of Vero cells infected with EV-A71 were 60.8%. Nevertheless, the apoptosis was significantly reduced in ZVAD treated group, and the rate of cell apoptosis were reduced to 25.69%, as shown in Fig. 3A. It was reported that EV-A71 infection triggers mitochondrial ROS, furthermore ROS promoted the EV-A71-induced apoptosis and inflammation. In order to investigate whether ZVAD restrain apoptosis induced by EV-A71 virus through ROS, we monitored intracellular ROS level by inspecting the fluorescence intensity of dichlorofluorescein (DCF). As shown in Fig. 3B, we observed strong fluorescent intensity of DCF in EV-A71 infected Vero cells. Fluorescence was turned weak in ZVAD treated with cells. These results revealed that ZVAD restrained ROS generation and suppressed the EV-A71 virus proliferation in Vero cells.
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Figure 3: ZVAD suppressed the apoptosis induced by EV-A71 in Vero cells. (A) Annexin V-FITC and PI flow cytometry was performed to detect the number of apoptosis in EV-A71-infected Vero cells. The upper right quadrant of every plot represents late dead cells. (B) DCF fluorescence intensity assay was conducted to investigate the ROS production among control, ZVAD, EV-A71, ZVAD+ EV-A71. Control, Vero cells without any treatment; ZVAD, Vero cells treated with ZVAD; EV-A71, Vero cells infected with EV-A71; EV-A71+ZVAD, EV-A71 infected Vero cells treated with ZVAD.

ZVAD regulatory cytokines

IL-8 is a chemokine and can be produced by multihistocytes. It was reported that the serum levels of IL-8 significantly increased in EV71 critical infection compared to mild cases and severe cases. To characterize the effect of ZVAD on inflammation in EV-A71 infected Vero cells, the levels of the culture medium inflammatory cytokines were detected by flow cytometry. In this study, it was showed that ZVAD treatment could decrease the level of IL8 (3.28 pg/mL) compared to the virus control (5.21 pg/mL) (Fig. 4). These findings suggest that ZVAD exerts its anti-inflammation effect by accommodate inflammation cytokines.
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Figure 4: Flow cytometry assay was used to study the expression level of the inflammatory cytokines. ZVAD decreased the expression of IL8 in EV-A71 infected Vero cells. ***P < 0.001, **P < 0.01, *P < 0.05, compared with the EV-A71 infected model. Control, Vero cells without any treatment; EV-A71, Vero cells infected with EV-A71; ZVAD, Vero cells treated with 25 μmol/L ZVAD.

Detection of apoptosis signaling pathway related proteins

To detect the effect of ZVAD in EV-A71 infected cells, the apoptosis proteins were detected via Western Blotting (Wang et al., 2017a). Caspase3 is an important component of apoptosis and is an effector caspase involved in proteolytic cleavage of important proteins like PARP, as shown in Fig. 5A, the level of caspase-3 expression was down regulated, and the PARP was up regulated with treatment of ZVAD. This suggesting that the apoptosis of Vero cells induced by EV-A71 were effectively resisted when treated with ZVAD. Besides, the level of P-ERK was increased in ZVAD treated group than no ZVAD treated group (Fig. 5A). Taken together, the results indicate that ZVAD depressed EV-A71-induced host-cells apoptosis by ROS mediated signaling pathways (Fig. 5B).
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Figure 5: Signaling pathways participated in the inhibition of EV-A71 by ZVAD. Cells were uninfected or infected with 100TCID50 EV-A71 for 2 h. The cells were then treated with ZVAD for 48 h. Then cells were harvested and proteins were examined by western blot. The caspase 3 were inhibited and the phosphorylation of ERK were increased in ZVAD treated Vero cells (A). Sketch of caspase 3 and ROS signaling pathways (B). Control, Vero cells without any treatment; EV-A71, Vero cells infected with EV-A71; EV-A71+ZVAD, EV-A71 infected Vero cells treated with ZVAD.

Discussion

Severe hand-foot and mouth disease (HFMD) caused by enterovirus 71 (EV-A71) is often accompanied by central nervous system symptoms such as encephalitis (Li et al., 2020b). The specific mechanism for severe neurological complications caused by EV-A71 infection is still unclear, and there is no specific antiviral treatment currently. Therefore, the pathogenesis of EV-A71 infection has received extensive attention in the field of medicine and biology.

Our dates showed that viral replication was reduced when EV-A71 infected Vero cells treated with ZVAD. Meanwhile, EV-A71 infected Vero cells were exhibit higher cells viability in the presence of ZVAD. Additionally, apoptosis, ROS and inflammation induced by EV-A71 infection were decreased by ZVAD. These findings strongly suggest that ZVAD exerts its regulatory effect on EV-A71 replication by inducing ROS production, apoptosis, and inflammation.

Caspase activation is a central induction of apoptosis. The caspase8 and caspase9 are called “initiator caspases” were activated first, while the caspase3 which are called “executioner caspases” mediated the cell death (Chen et al., 2021; Lin et al., 2021). Studies have shown that caspases mediated apoptosis play a key role in neuronal injury caused by EV-A71 infection (Song et al., 2018). Meanwhile, ZVAD is a broad-caspase inhibitor can prevent apoptosis in many different cell types. Our result shows that the apoptosis was inhibited by ZVAD through reduce caspase3 and the reduction of PARP. It was also reported that the ZVAD have an anti-inflammation effect (Liu et al., 2016). However, it was remained unknown how ZVAD modulate the anti-EV-A71 activity in Vero cells.

In addition, several studies have also demonstrated that EV-A71 infection leads to production of ROS (Chan et al., 2021; Cheng et al., 2014; Huang et al., 2020; Wu et al., 2019), which may be involved in enhanced cellular apoptosis and viral replication (Ho et al., 2008). In this study, we have revealed that ZVAD did reduce the activity of ROS in-A71 infected Vero cells. The induction of apoptosis in EV-A71 infected Vero cells can be inhibited by ZVAD via inhibiting caspase and ROS activity.

IL-8 is a chemokine and can be produced by multihistocytes. The main role of IL-8 is to attract and activate neutrophils therefore it could produce inflammation in the body. It was reported that the serum levels of IL-8 significantly increased in EV71 critical infection compared to mild cases and severe cases. Besides, ZVAD can regulate inflammatory cytokines by necropotosis in virus infected cells (van den Berg et al., 2015). In this study, IL8 were decreased in EV-A71 infected Vero cells treated with ZVAD compared to mock virus infection. Whether ZVAD directly regulated the inflammatory cytokines caused by the virus needs to be further studies.

It was known that ERK can be activated by EV-A71 infection in various cell types and inhibition of ERK signaling pathway by specific siRNAs has been found to impair EV-A71 replication. However, we found that viral replication was decreased when P-ERK was increased in Vero cells treated by ZVAD. This may be because the activation and function of ERK varied in differently time and different cell lines. In addition, ZVAD may have different effects in the same signaling pathway in different cell lines.

Conclusion

Our data strongly support that ZVAD can effectively anti-EV-A71 virus proliferation in infected Vero cells. ZVAD reduced cell apoptosis by inhibiting the activity of caspase and ROS generation. Whether ZVAD directly reduced apoptosis by ROS signaling pathways required further investigation. In the future, we will perform in vivo experiments to better understand these mechanisms.
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Primers used in this study

Genes Sequence

VP1 F 5-CAAATGCGTAGAAAGGTGGAG-3
VP1 R 5-GGAGCAACTGTGGGACAACT-3
B-actin F 5-GACTTCGAGCAGGAGATGGG-3

B-actin R 5'-CGAGGAAGGAAGGCTGGAAG-3
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