

[image: image1]
Identification of lurasidone as a potent inhibitor of severe fever with thrombocytopenia syndrome virus by targeting the viral nucleoprotein












	 
	ORIGINAL RESEARCH
published: 28 April 2025
doi: 10.3389/fmicb.2025.1578844





[image: image]

Identification of lurasidone as a potent inhibitor of severe fever with thrombocytopenia syndrome virus by targeting the viral nucleoprotein

Ting Cheng1†, Qingcui Xiao1†, Jing Cui1, Shuangjie Dong1, Yuqin Wu1, Wenqiang Li1, Xinya Yang1, Lina Ma1, Zhiyong Li1,2,3*, Peng Sun1,2,3* and Yinli Xie1,2*

1School of Basic Medical Sciences, Cixi Biomedical Research Institute, Wenzhou Medical University, Wenzhou, Zhejiang, China

2Institute of Virology, Wenzhou Medical University, Wenzhou, Zhejiang, China

3Institute of Biology, Hebei Academy of Sciences, Shijiazhuang, Hebei, China

Edited by
Juan C. De La Torre, The Scripps Research Institute, United States

Reviewed by
Ran Wang, Capital Medical University, China
Jae Jung, Cleveland Clinic, United States

*Correspondence
Zhiyong Li, lizhiyong@wmu.edu.cn
Peng Sun, sunpeng@wmu.edu.cn
Yinli Xie, xieyinli@wmu.edu.cn

†These authors have contributed equally to this work

Received 18 February 2025
Accepted 10 April 2025
Published 28 April 2025

Citation
 Cheng T, Xiao Q, Cui J, Dong S, Wu Y, Li W, Yang X, Ma L, Li Z, Sun P and Xie Y (2025) Identification of lurasidone as a potent inhibitor of severe fever with thrombocytopenia syndrome virus by targeting the viral nucleoprotein. Front. Microbiol. 16:1578844. doi: 10.3389/fmicb.2025.1578844

Introduction: Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne bunyavirus that causes acute febrile illness with thrombocytopenia and a high mortality rate in humans. Currently, no specific antiviral agents have been approved for the prevention or treatment of SFTSV infection. The viral nucleoprotein (NP) is a critical component involved in viral RNA replication and transcription, representing a promising target for antiviral drug development.

Methods: We performed a structure-based virtual screening of the FDA-approved drug library using AutoDock Vina, aiming to identify potential inhibitors targeting the RNA-binding pocket of SFTSV NP. Promising candidates were further evaluated for antiviral activity in vitro.

Results: Among the screened compounds, lurasidone exhibited strong antiviral activity against SFTSV, with an IC50 value of 4.552 μM and a selectivity index (SI) greater than 10, indicating favorable antiviral potency and low cytotoxicity. Mechanistic investigations suggest that lurasidone may exert its inhibitory effect by directly binding to the NP, thereby interfering with viral genome replication.

Conclusion: This study identifies lurasidone as a potential antiviral candidate targeting SFTSV NP and provides a theoretical basis for the repurposing of FDA-approved drugs against emerging viral infections. These findings offer new insights into therapeutic strategies for the treatment of SFTSV.
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1 Introduction

Severe Fever with Thrombocytopenia Syndrome virus (SFTSV), officially designated as Dabie bandavirus or Bandavirus dabieense, is a tick-borne virus first isolated from patients with Severe fever with thrombocytopenia syndrome (SFTS) in 2010 (Yu et al., 2011; Liu Q. et al., 2014). The number of SFTS cases has increasing annually, with primary endemic areas located across Asia (Takahashi et al., 2014; Bopp et al., 2020; Huang et al., 2021). The virus poses a serious public health threat, with cases often presenting with symptoms such as high fever and bleeding, and in severe instances, leading to multiple organ failure and death (Ramírez, 2013). SFTSV is primarily transmitted to humans and animals through bites from virus-carrying ticks, particularly Haemaphysalis longicornis, which serves as the main vector (Luo et al., 2015; Zhan et al., 2017; Zhuang et al., 2018). Seroprevalence studies have detected SFTSV in various domestic animals, including goats, cattle, dogs, and pigs (Jiao et al., 2012; Niu et al., 2013). These domesticated animals may act as amplifying hosts for SFTSV, contributing significantly to the transmission cycle by supporting tick populations that facilitate viral spread (Jiao et al., 2012; Niu et al., 2013; Zhang et al., 2013). However, despite the growing public health challenge, there are currently no vaccines or specific antiviral treatments available for SFTSV, highlighting the urgent need for further research to develop effective therapeutic strategies.

SFTSV is characterized by a negative-sense, single-stranded RNA genome comprising three segments: large (L), medium (M), and small (S) (Wang et al., 2020). The L segment encodes the RNA-dependent RNA polymerase (RdRp), while the M segment encodes the precursor of the surface glycoproteins Gn and Gc. The S segment employs a bi-cistronic encoding strategy to produce both the nucleoprotein (NP) and non-structural proteins (NSs) (Liu S. et al., 2014). The NP plays a pivotal role in the viral lifecycle by binding to the viral genomic RNA (vRNA) to form ribonucleoprotein complexes (RNPs), which stabilize the vRNA in its polymeric form (Zhou et al., 2013; Lokupathirage et al., 2021). These complexes are crucial for viral replication and packaging (Mo et al., 2020). The RNA-binding cavity, a key structural domain of NP, is critical for SFTSV transcription and replication. Suramin, which occupies the RNA-binding cavity, can effectively inhibit viral infection (Jiao et al., 2013). Therefore, RNA-binding cavity of NP represents a promising target for the development of anti-SFTSV therapeutic strategies.

In recent years, the combined approach of molecular modeling, computational screening, and experimental strategies has gained widespread acceptance in drug repurposing efforts (Onawole et al., 2018; Rosário-Ferreira et al., 2021; Mishra et al., 2024). Computational screening using FDA-approved drug libraries offers a cost-effective and time-efficient approach to identifying potential repurposed drug candidates. Molecular docking is a key technique in computational drug discovery, widely used to study biomolecular interactions and mechanisms and to support structure-based drug design (Forli et al., 2016). Among various docking tools, AutoDock Vina stands out for its speed and accuracy, efficiently predicting noncovalent binding between macromolecules (receptors) and small molecules (ligands) (Trott and Olson, 2010; Forli et al., 2016; Eberhardt et al., 2021).

In this study, we aimed to predict potential drugs targeting the SFTSV NP protein through protein-ligand docking. To reduce low hit rates and false positives often associated with large compound library screenings, we focused on the RNA-binding cavity of NP as the active binding pocket. Using AutoDock Vina molecular docking simulations, we screened potential drug candidates from an FDA-approved drug library. We tested 11 potential drugs currently widely used in clinical practice, covering a range of therapeutic areas, including psychiatric disorders, fungal infections, HCV/HIV infections, acute and chronic diseases, and hematological disorders (Wurzel et al., 2007; Olnes et al., 2012; De Clercq, 2014; Corponi et al., 2019; Fiedorczuk and Chen, 2022). Several compounds demonstrated the ability to inhibit SFTSV infection, with lurasidone emerging as a standout candidate due to its potent antiviral activity. Mechanistic studies suggest that lurasidone may exert its antiviral effects by binding to the viral nucleoprotein, thereby impairing genome replication. These findings provide a valuable theoretical foundation for developing novel antiviral agents to combat SFTSV infection.



2 Materials and methods


2.1 Cells and virus

Huh-7 cells and Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Cat# 11995500, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Cat# FSP500, ExCell Bio) at 37°C with 5% CO2. SFTSV (SDTA-1 strain) was used in the experiments. Virus was passaged in Vero cells. The virus titers were determined by a plaque formation assay.



2.2 Antibodies, reagents and compounds

Mouse polyclonal anti-SFTSV nucleoprotein (NP) antibody was kindly provided by Dr. Kaixiao Nie from Shandong First Medical University, and was used to detect viral protein expression in cells via immunofluorescence assays. Goat anti-Mouse IgG (H+L) Alexa Fluor 594 (Cat# A-11005, Thermo Fisher Scientific) was used as a secondary antibody. Dimethyl sulfoxide (DMSO, Cat# D8371) was purchased from Solarbio. Ammonium chloride (Cat# A616422) was purchased from Aladdin. DAPI (Cat# C1006) was obtained from Beyotime. Dihydroergotamine (Cat# HY-B0670A), dutasteride (Cat# HY-13613), daclatasvir (Cat# HY-10466), eltrombopag (Cat# HY-15306), lumacaftor (Cat# HY-13262), glecaprevir (Cat# HY-17634), lurasidone (Cat# HY-B0032A), tolvaptan (Cat# HY-17000), saquinavir (Cat# HY-17007), tadalafil (Cat# HY-90009A), isavuconazonium (Cat# HY-100373) were purchased from MedChemExpress (MCE).



2.3 Preparation of protein and ligand structures

The structure of the SFTSV NP pentamer in complex with the small molecule suramin (PDB: 4J4V) was retrieved from the Protein Data Bank (PDB).1 Using PyMOL,2 all water molecules and the small molecule compound were removed from the structure. The protein structure was then processed using AutoDockTools (ADT, v1.5.7) for hydrogen addition and charge assignment, and saved in PDBQT format. Three-dimensional structures of FDA-approved drug compounds were downloaded from the ZINC15 database in Structure Data File (SDF) format. These molecules were then separated, hydrogenated, and rotatable bonds were defined using OpenBabel (v3.1.1). The processed ligands were saved in PDBQT format to be used as input for docking analysis.



2.4 Molecular docking and virtual screening

The binding site for molecular docking was defined based on the position of the ligand suramin in the 4J4V complex. The grid box was centered at the coordinates (67.44, 13.71, 17.20) with a grid size of 28 × 28 × 28 Å. For each ligand docked at the protein binding site, 9 different conformations were generated. AutoDock Vina was employed to conduct the docking process, and molecules with docking scores below −10 kcal/mol were selected for further analysis. The docking procedure was carried out using internally developed scripts. All visualizations were performed using PyMOL (see text footnote 2) and BIOVIA Discovery Studio Visualizer.



2.5 RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNAs were isolated from infected cells with RNeasy Mini Kit (Cat# AP-MN-MS-RNA, Axygen) following the manufacturer’s instructions. Quantitative reverse transcription PCR (qRT-PCR) was carried out with a two-step procedure. First, total RNAs were reverse-transcribed into cDNA with the HiScript III RT SuperMix kit (Cat# R323-01, Vazyme), and then quantified by using Hieff® qPCR SYBR Green Master Mix (Cat# 11201ES03, Yeasen). In brief, each reaction consisted of a total volume of 20 μl containing 0.4 μl of each designed primer (10 μM), 10 μl of Hieff® qPCR SYBR Green Master Mix, 1 μl of cDNA, and 8.2 μl of RNase-free water. qRT–PCR was performed on a Bio-Rad CFX96 Touch Real-Time Detection System. The thermal cycler conditions were set as follows: initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 60°C for 30 s. Melting curve analysis was subsequently performed at temperature from 65°C to 95°C to verify the assay specificity. The qRT–PCR primers used are listed as follows.

SFTSV-F sense: 5′-CTGGGCAATGGAAACCGGAAG-3′

SFTSV-R anti-sense: 5′-CAATGAGGAAGAAGTGAAC AAGT-3′

GAPDH-F sense: 5′-CAAGAAGGTGGTGAAGCA-3′

GAPDH-R anti-sense: 5′-AAGGTGGAAGAGTGGGTG-3′.



2.6 Cytotoxicity assay

The cytotoxicity of the drugs was assessed using the Cell Counting Kit-8 (CCK-8) assay (Cat# HY-K0301, MCE) on Vero cells. Briefly, 10,000 cells/well were seeded overnight in a 96-well plate. The following day, Vero cells were treated with each drug at concentrations of 5, 10, 20, 40, and 80 μM. An equal concentration of DMSO was incubated as a vehicle control. The cells were then incubated for 48 h (37°C, 5% CO2). After incubation, the culture medium was removed, and the cells were washed with phosphate-buffered saline (PBS) (Cat# PB180327, Procell). Next, 100 μl of fresh medium was added to each well, followed by the addition of 10 μl of CCK-8 reagent. The cells were incubated at 37°C for 2 h. The absorbance at 450 nm was measured using the Thermo Scientific Varioskan LUX multifunctional microplate reader. Cell viability was expressed as a percentage of the compound-treated cells relative to the control cells treated with the same concentration of DMSO. The CC50 value, representing the cytotoxic concentration at which 50% of the cells remain viable, was calculated.



2.7 Calculation of IC50

Vero cells were infected with SFTSV at a multiplicity of infection (MOI) of 0.1, with different concentrations of compounds added to the virus dilution and an equal concentration of DMSO was incubated as a vehicle control. After a 1-h incubation at 37°C, the culture medium was discarded, and the cells were washed three times with PBS. Subsequently, the cells were cultured in DMEM medium supplemented with 2% FBS and containing drugs at various concentrations for 48 h. Immunofluorescence analysis (IFA) was performed using an anti-nucleoprotein (NP) antibody (1:400) and Goat anti-Mouse IgG (H+L) Alexa Fluor 594 secondary antibody (1:800) to detect the infected cells. DAPI was used to stain the total number of cells. The percentage of infected cells was quantified using the ImageXpress Micro Confocal System’s analysis tool. Data were fitted to a sigmoid dose-response curve using Prism GraphPad 9.0. The half-maximal inhibitory concentration (IC50), representing the concentration of each compound at which 50% of the infection is inhibited, was calculated from the curve.



2.8 Immunofluorescence assay (IFA)

Huh-7 and Vero cells were infected with SFTSV simultaneously with drug treatment for a duration of 48 h. An equal concentration of DMSO was incubated as a vehicle control. The cells were washed three times in phosphate-buffered saline (PBS) and fixed with ice-cold methanol (Cat# 1280100101601, Xilong scientific) (−20°C) for 15 min. The cells were then permeabilized with 0.3% Triton X-100 (Cat# BS084, Biosharp) for 20 min, washed with PBS, and blocked in 2% BSA (Cat# 9048-46-8, Solarbio) for 1 h. The cells were subsequently stained with anti-nucleoprotein (NP) antibody (1:400) at 4°C. After washing, the cells were stained with Goat anti-Mouse IgG (H+L) Alexa Fluor 594 secondary antibody (1:800) for 1 h at room temperature. The nuclei were stained with DAPI. Images were examined using a fluorescence microscope Zeiss Axio Observer and the ImageXpress Micro Confocal System (Molecular Devices) to analyze the infection.



2.9 Plaque formation assay

Vero cells were seeded in 6-well plates and cultured to 100% confluence. SFTSV was serially diluted from 102 to 106 and used to infect the cells for 1 h. After infection, the medium was removed, and the cells were washed three times with PBS. Fresh medium containing 5% low melting point agarose (Cat# A600015, Sangon Biotech) and 2% FBS in DMEM (2.5 ml per well) was added and allowed to solidify at room temperature for 20 min. The plates were then transferred to a 37°C incubator with 5% CO2 for incubation. On day 6 post-infection, cells were fixed with 4% Paraformaldehyde (PFA) (Cat# G1101, Servicebio) for 2 h. After removing the fixing solution, the agarose gel was rinsed off with running water. The cells were stained with 1% crystal violet solution (Cat# C0121, Beyotime) on a shaker for 15 min. The staining solution was then rinsed off, and the plates were air-dried before counting the number of plaques.



2.10 SFTSV binding and internalization assays

For the analysis of viral binding, Vero cells were pretreated with lurasidone or DMSO for 1 h at 37°C. The cells were then transferred to ice and infected with a mixture of the drug and virus at a MOI of 5 for 1 h at 4°C. An equal concentration of DMSO was incubated as a vehicle control. After incubation, the inoculum was removed, and the cells were washed three times with pre-chilled PBS. The relative levels of bound viral particles were quantified by qRT-PCR, as described above. For the analysis of viral internalization, Vero cells were pretreated with lurasidone or DMSO at 37°C for 1 h. The cells were then transferred to ice and infected with the virus-drug mixture at a MOI of 5 for 1 h at 4°C. After removing the inoculum, the cells were washed three times with pre-chilled PBS, and 20 mM ammonium chloride was added to prevent viral fusion. The cells were incubated at 37°C for 2 h to allow for internalization. Following incubation, the cells were washed with PBS and treated with trypsin to remove any surface-bound viral particles. The internalized viral particles were quantified by qRT-PCR as described previously.



2.11 SFTSV post-entry assay

Vero cells were seeded into 24-well plates at a density of 1 × 105 cells per well. After 12 h, the cells were incubated with SFTSV at 37°C for 1 h to allow virus entry. The medium was then replaced, and the cells were treated with lurasidone at 37°C for 48 h. An equal concentration of DMSO was incubated as a vehicle control. After 48 h of infection, viral RNA levels were quantified using qRT-PCR, and the viral titer in the supernatant was measured using the plaque formation assay.



2.12 Quantification and statistical analysis

All analyses were performed with GraphPad Prism statistical software. The data are expressed as the means ± SEMs and were statistically analyzed with a two-tailed unpaired Student’s t-test. A P-value of <0.05 was considered to indicate statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant (P ≥ 0.05).




3 Results


3.1 Virtual screening of potential inhibitors targeting SFTSV NP

The RNA-binding cavity of the SFTSV NP is essential for viral transcription and replication (Sun et al., 2018). Small molecules that occupy this cavity can effectively inhibit viral infection by disrupting the interaction between NP and the viral RNA. In this study, a total of 1430 FDA-approved drugs from the ZINC15 database were docked to the prepared protein receptor as described above. AutoDock Vina was employed as docking software. An in-house bash script was used to execute the docking program to screen multiple molecules (Figure 1A). The list of these compounds, along with their database IDs and calculated binding free energy (ΔG), is provided in Supplementary Table 1. As shown in Figure 1B, the docking scores of the total hits against NP ranged from −11.5 to −2.5 kcal/mol. From these compounds, the top 27 molecules were selected based on docking scores below −10 kcal/mol. These candidates are considered to have favorable interactions with SFTSV NP. Subsequently, these candidates were further filtered based on factors such as chemical structure similarity, pharmacological profiles, cytotoxicity, solubility, and potential side effects. Ultimately, 11 FDA-approved drugs were selected for experimental validation. These 11 drugs are used for a range of conditions, including viral infections (HCV/HIV), fungal infections, chronic diseases like cystic fibrosis, benign prostatic hyperplasia, and thrombocytopaenia. Additionally, they treat acute conditions such as migraines, erectile dysfunction, and pulmonary hypertension (Table 1).


[image: image]

FIGURE 1
Structure-based virtual screening of the FDA drug database for anti-SFTSV NP molecular docking. (A) Workflow diagram of the virtual screening cascade protocol. (B) Results of the virtual screening of the FDA drug library using AutoDock Vina targeting the RNA-binding domain of SFTSV NP. The bar graph shows the number of compounds with predicted binding free energies within intervals of 0.5 kcal/mol bins.



TABLE 1 Molecular docking of selected FDA approved drugs against the nucleoproteins of SFTSV.
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3.2 In vitro characterization of anti-SFTSV drug candidates

Following the virtual screening, further in vitro experiments were conducted to validate the antiviral effects of the identified drugs. Vero cells were infected with SFTSV and treated with candidate compounds or the vehicle control (DMSO) for 48 h. The intracellular viral RNA levels were quantified using qRT-PCR (Figure 2A). Among eight clinically approved drugs (eltrombopag, saquinavir, tolvaptan, dutasteride, daclatasvir, lurasidone, tadalafil and lumacaftor) exhibiting potent antiviral activity, eltrombopag and lurasidone demonstrated the most potent antiviral activity, achieving > 10-fold reduction in viral RNA levels compared to the control group (Figure 2B). Subsequently, immunofluorescence analysis was performed to assess the inhibitory effects of the drugs on infection rates. Consistent with the qRT-PCR results, lurasidone and eltrombopag significantly reduced the SFTSV infection rate in Vero cells (Figure 2C). Furthermore, the antiviral effects of lurasidone and eltrombopag were confirmed in Huh-7 cells, consistent with the results observed in Vero cells, showing a significant reduction in the number of infected cells (Figure 2D). These results suggest that both lurasidone and eltrombopag are promising candidates for combating SFTSV infections.
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FIGURE 2
Identification antiviral compounds against SFTSV. (A) Schematic representation of the study design. (B) Compounds (10 μM) were mixed with SFTSV [0.1 multiplicity of infection (MOI)] to infect Vero cells. DMSO was used as a control. Infected cells were collected 48 h post-infection (hpi), and viral genomes were detected by qRT-PCR. (C) Cell-based high-throughput screening to identify inhibitors of SFTSV infection. Compounds (10 μM) were mixed with SFTSV (MOI = 0.1) to infect Vero cells. DMSO was used as a control. After 48 h of SFTSV infection, cells were stained with anti-NP, and nucleus were stained with DAPI. Images were acquired using the ImageXpress Micro Confocal System (Molecular Devices) to analyze the infection. The infection rate of DMSO control was set as 100%, and the infection rate of each drug was calculated by normalizing to DMSO control. (D) Lurasidone (10 μM) and eltrombopag (10 μM) were each mixed with SFTSV (MOI = 0.1) to infect Huh-7 cells. After 48 h of SFTSV infection. Cells were stained with anti-NP, and nucleus were stained with DAPI. Images were acquired by Zeiss Axio Observer microscopy. Scale bars:100 μm. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.




3.3 Acute cytotoxicity and antiviral dose-response analysis of the drug candidates

To further evaluate the antiviral potential of the promising drug candidates, eltrombopag and lurasidone, their cytotoxicity and antiviral efficacy were assessed by determining their half-maximal cytotoxic concentration (CC50) and half-maximal inhibitory concentration (IC50). As shown in Figures 3A, B, the IC50 values for eltrombopag and lurasidone against SFTSV were found to be 9.49 and 4.552 μM, respectively. In parallel, the 50% cytotoxic concentration (CC50) of eltrombopag in Vero cells was 27.46 μM, but lurasidone exhibited a CC50 greater than 80 μM (Figures 3C, D). Furthermore, the selectivity index (SI) for lurasidone was calculated to be greater than 17 (Figure 3E), significantly higher than the SI for eltrombopag. indicating that lurasidone may be a more promising candidate for antiviral therapy. Next, we evaluated the inhibitory effects of lurasidone on SFTSV replication at different time points. The results demonstrated that lurasidone significantly suppressed SFTSV replication at both 48 and 72 h post-infection (Supplementary Figure 1). These results underscore lurasidone’s potential as a candidate for further development in the treatment of SFTSV infections, offering superior antiviral efficacy and a better safety profile compared to eltrombopag.
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FIGURE 3
Dose-dependent inhibitory effects and cell viability analysis of Lurasidone and Eltrombopag in Vero cells. (A,B) Vero cells were treated with each drug at the indicated concentrations and inoculated with SFTSV at a MOI of 0.1. At 48 hpi, cells were fixed, and infected cells were detected by immunofluorescence analysis using antibody against NP. IC50: 50% inhibitory concentration. (C,D) Vero cells were treated with each drug at the indicated concentrations. At 48 hpi, cell viability was measured using the CCK-8 assay. CC50: 50% cytotoxic concentration. (E) Dose-dependent inhibitory effects and SI of lurasidone and eltrombopag are summarized.




3.4 Mechanistic investigation of Lurasidone’s antiviral activity

To further investigate the mechanism by which lurasidone inhibits SFTSV replication, we conducted molecular docking simulations to analyze its interaction with the SFTSV NP. The docking model revealed that lurasidone specifically interacts with the RNA-binding cavity of NP, located in a deep cavity formed at the interface of the protein pentamer (Figures 4A, B). The docking results showed that lurasidone forms stable interactions with NP, primarily through hydrogen bonding and hydrophobic interactions. Specifically, lurasidone forms three hydrogen bonds with residues Tyr 30 and His 202, and four hydrophobic interactions with Ala 203, Glu 31, and Tyr 125 (Figure 4C). The binding free energy of lurasidone with NP was calculated to be −10.2 kcal/mol. Molecular docking simulation results demonstrated that mutation of the interaction sites (Y30A, H202A, A203K) led to an increase in binding free energy, indicating the critical role of these residues in maintaining the interaction between lurasidone and NP (Figure 4D). Next, we analyzed the binding profiles of lurasidone and suramin with NP. Although both lurasidone and suramin bind to the RNA-binding cavity of SFTSV NP, docking results revealed that they occupy different spatial sites within the cavity (Supplementary Figure 2). The binding free energy of lurasidone with NP is lower than that of suramin, suggesting a stronger binding affinity of lurasidone for SFTSV NP (Figure 4E). The results of qRT-PCR showed that both suramin and lurasidone significantly reduced the viral RNA levels in SFTSV-infected cells (Figure 4F), with lurasidone demonstrating a more pronounced inhibitory effect. Furthermore, we analyzed the binding free energy of lurasidone with various human RNA-binding proteins and other viral RNA-binding proteins. The results showed that lurasidone exhibited a significantly lower binding free energy with SFTSV NP compared to other RNA-binding proteins (Supplementary Figure 3), suggesting a high specificity for NP. These findings suggest that lurasidone potentially binds more stably to NP, thereby disrupting its role in the viral replication cycle.


[image: image]

FIGURE 4
Molecular docking interactions of Lurasidone with SFTSV NP. (A) Molecular docking analysis predicts the amino acid residues at the interaction interface between NP and lurasidone. (B) Close-up view of the interaction interface between NP and lurasidone, showing the protein surface. (C) A 2D schematic representation of the interaction profile between NP and lurasidone. (D) ΔG calculation for mutants of NP (Y30A, H202A, A203K) docked with lurasidone by AutoDock Vina. (E) ΔG calculation for NP docked with lurasidone and suramin by AutoDock Vina. (F) Lurasidone or suramin (20 μM) were mixed with SFTSV (MOI = 0.1) to infect Vero cells. DMSO was used as a control. Infected cells were collected at 48 h post-infection (hpi), and viral genomes were detected by qRT-PCR. Statistical significance: **p < 0.01.




3.5 Mechanistic analysis of Lurasidone’s post-entry inhibition

To further elucidate the mechanism by which lurasidone inhibits SFTSV replication, we first tested whether lurasidone could directly disrupt the infectivity of viral particles. Lurasidone was incubated with SFTSV in vitro for 2 h, followed by dilution and analysis of viral infectivity using a plaque formation assay. The results showed that in vitro incubation with lurasidone did not inhibit SFTSV infectivity in Vero cells (Figures 5A, B), indicating that lurasidone does not directly inactivate the virus. Given that viral infection of host cells involves multiple stages, we next assessed whether lurasidone affects virus binding, internalization, or post-entry processes (Shen et al., 2022). For binding analysis, cells were pretreated with lurasidone for 1 h, followed by infection with SFTSV at 4°C for 1 h, after which unbound virus was removed. For internalization analysis, cells were pretreated with lurasidone for 1 h, followed by infection with SFTSV at 4°C for 1 h, following which the cell culture supernatant was replaced with a fresh medium containing ammonium chloride to block viral fusion with the plasma membrane from 4°C to 37°C for 2 h. Then any virus bound to the cell surface was removed. For post-entry analysis, lurasidone was added after the viral binding and entry phases and remained present for the remaining 48 h of infection (Figure 5C). Viral RNA levels were measured to evaluate the inhibitory impact of lurasidone. The results of qRT-PCR showed lurasidone had not significantly decreased viral RNA level during binding or internalization stages (Figures 5D, E), while lurasidone significantly attenuate viral RNA levels during the stage of post-entry (Figure 5F). The results indicated that lurasidone did not affect the binding or internalization stages of SFTSV infection but significantly inhibited the post-entry phase. Furthermore, lurasidone treatment during the post-entry phase reduced the production of infectious viral particles (Figure 5G). These findings signify that lurasidone predominantly hampers intracellular viral replication.
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FIGURE 5
Antiviral mechanism of action of Lurasidone. (A,B) SFTSV inactivation assay. SFTSV were mixed with lurasidone (10 μM) and incubated for 2 h, followed by standard plaque assay from diluting the mixture. (C) Schematic of the time-of-addition analysis to examine the steps in the SFTSV life cycle. Lurasidone was added at different time points during virus infection. For binding analysis, cells were pretreated with lurasidone for 1 h, followed by SFTSV infection at 4°C for 1 h, and unbound virus was removed. For internalization analysis, cells were pretreated with lurasidone for 1 h, infected with SFTSV at 4°C for 1 h, then shifted to 37°C for 2 h with ammonium chloride to block viral fusion, and unbound virus was removed. For post-entry analysis, lurasidone was added after viral binding and entry, and remained for the subsequent 48 h of infection. (D–F) Inhibitory effects of lurasidone under different conditions were assessed by measuring viral genomes by qRT-PCR. (G) Viral titers during the post-entry stage were determined by a plaque-forming assay. Statistical significance: *p < 0.05, ***p < 0.001.





4 Discussion

Virtual screening, leveraging molecular docking simulations to identify potential antiviral candidates, has emerged as a powerful tool for rapid drug discovery (Kumar et al., 2022). For example, DW-D-5, a novel HIV inhibitor, was identified through docking screening of the Maybridge database targeting the p75 binding site of HIV-1 integrase. Notably, combining DW-D-5 with FDA-approved anti-HIV drugs demonstrated additive inhibitory effects on HIV-1 replication, highlighting its potential for combination therapy (Wang et al., 2017). Similarly, computational modeling and experimental validation of 15,220 commercially available small molecules led to the identification of corilagin (RAI-S-37) as a non-nucleoside inhibitor of SARS-CoV-2 RdRp. Corilagin effectively inhibited polymerase activity and potently suppressed viral infection (Li et al., 2021). Additionally, virtual screening of over 527,000 natural compounds using Autodock Vina revealed an active compound as a novel HSV-1 inhibitor (Wu et al., 2022). In this study, we used AutoDock Vina to perform virtual screening, as it is one of the most popular molecular docking tools due to its high docking speed and accuracy. AutoDock Vina employs a scoring function to predict the binding affinity between small molecules and protein targets, making it an efficient tool for large-scale virtual screening and drug discovery (Biesiada et al., 2011; Suhandi et al., 2024). We screened FDA-approved drugs to identify potential candidates for inhibiting SFTSV infection. A total of 11 potential drugs currently used in clinical practice were tested, covering a wide range of therapeutic areas, including psychiatric disorders (Orzelska-Górka et al., 2022), fungal infections (McCormack, 2015), HCV/HIV infections (Figgitt and Plosker, 2000; Smolders et al., 2019), and hematological disorders (Townsley et al., 2017). Among these, lurasidone was identified as an effective inhibitor of SFTSV infection in vitro. Since lurasidone has already been approved by the FDA, this approach circumvents the lengthy and expensive preclinical safety testing, thereby accelerating the development of antiviral therapies (Li et al., 2023).

Previous studies have identified several effective antiviral agents against SFTSV. Ribavirin, a nucleotide analog with broad-spectrum antiviral activity against various viruses, effectively blocks SFTSV replication in vitro (Tani et al., 2016; Lee et al., 2017). However, clinical studies have shown no difference in the case fatality rate between patients treated with ribavirin and those who did not receive the drug (Lu et al., 2015). Calcium channel blockers (CCBs) have also demonstrated the ability to inhibit SFTSV replication in vitro by impairing virus internalization and genome replication (Li et al., 2019). Furthermore, recent findings have shown that elevated levels of the secondary bile acid taurolithocholic acid (TLCA) are associated with reduced fatality rates and suppressed viraemia in SFTSV-infected patients. Treatment with TLCA has also been shown to protect mice from lethal SFTSV infection (Zheng et al., 2024). Another promising candidate, suramin, has been shown to bind to the putative RNA-binding cavity of the SFTSV nucleoprotein (NP), effectively inhibiting SFTSV replication (Jiao et al., 2013). In this study, we found that lurasidone also targets the RNA-binding cavity of SFTSV NP to inhibit infection. Although both lurasidone and suramin bind to the RNA-binding cavity of SFTSV NP, docking results revealed that they occupy different spatial sites within the cavity. Lurasidone exhibits a lower binding free energy of −10.2 kcal/mol, indicating stronger binding affinity. Experimental results further confirmed that lurasidone demonstrates superior inhibitory effects on NP compared to suramin.

Lurasidone is a second-generation antipsychotic classified as an atypical antipsychotic, primarily used in the treatment of schizophrenia and bipolar disorder (Miura et al., 2023). It has been approved for clinical use in many countries worldwide and is associated with fewer side effects compared to other antipsychotic medications, particularly in terms of weight gain and metabolic disturbances (Fiorillo et al., 2022; Miura et al., 2023). Recent studies have also indicated that lurasidone can inhibit SARS-CoV-2 and the human coronavirus HCoV-OC43 (Milani et al., 2021), suggesting its potential as an antiviral agent. Additionally, computational studies have proposed that lurasidone may serve as an inhibitor of the H7N9 neuraminidase protein (Mtambo and Kumalo, 2022). These findings underscore lurasidone’s promise as a therapeutic candidate beyond its current psychiatric applications, opening new avenues for the treatment of various viral infections.

In summary, our research highlights lurasidone’s potential as an antiviral agent against SFTSV, demonstrating its ability to inhibit replication by binding to the NP protein. Lurasidone primarily acts during the post-entry phase, reducing viral replication and the production of infectious particles. Due to the rapid mutation rate of RNA viruses, antiviral therapies targeting viral proteins often lead to the development of drug-resistant mutants (Lingappa et al., 2013; Mottram et al., 2017). To assess the potential for lurasidone-induced resistance, we conducted serial passaging of SFTSV in the presence of lurasidone. Interestingly, no resistant variants emerged after five passages (data not shown). Further passaging may be necessary to fully evaluate the risk of resistance development. These findings position lurasidone as a promising candidate for antiviral development. Additionally, drug repurposing and virtual screening were key strategies in identifying effective treatments for emerging viral diseases. Our work contributes to the growing body of knowledge on antiviral drug development and underscores the importance of innovative approaches like drug repurposing and computational screening in addressing global health challenges.
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Lurasidone —10.2 Dopamine D2 and serotonin 5-HT1 receptor antagonist | Schizophrenia and bipolar depression

Tolvaptan ==10.1 Vasopressin V2-receptor antagonist Autosomal dominant polycystic kidney
disease

Saquinavir —10.1 HIV-1 protease inhibitor HIV infection

Tadalafil —10.1 Phosphodiesterase-5 inhibitor Erectile dysfunction and pulmonary
arterial hypertension

Isavuconazonium —10.1 Lanosterol 14-alpha demethylase inhibitor Invasive aspergillosis and mucormycosis






