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Abstract

:

Japanese encephalitis virus (JEV) belongs to the Flaviviridae family and is a representative mosquito-borne flavivirus responsible for acute encephalitis and meningitis in humans. Despite the availability of vaccines, JEV remains a major public health threat with the potential to spread globally. According to the World Health Organization (WHO), there are an estimated 69,000 cases of JE each year, and this figure is probably an underestimate. The majority of JE victims are children in endemic areas, and almost half of the surviving patients have motor or cognitive sequelae. Thus, the absence of a clinically approved drug for the treatment of JE defines an urgent medical need. Recently, several promising and potential drug candidates were reported through drug repurposing studies, high-throughput drug library screening, and de novo design. This review focuses on the historical aspects of JEV, the biology of JEV replication, targets for therapeutic strategies, a target product profile, and drug development initiatives.
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1. Introduction


JEV is a typical zoonotic, mosquito-borne flavivirus of the Flaviviridade family, which also includes other important mosquito-borne pathogens such as dengue virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), Zika virus (ZIKV), and tick-borne encephalitis virus (TBEV) [1,2]. The virus can be transmitted by the Culex tritaeniorhynchus or Culex vishnui mosquito via waterfowl and pigs, with humans becoming infected when bitten by the infected mosquito vector [3,4]. JEV can cross the blood–brain barrier (BBB) and enter the central nervous system (CNS), resulting in a strong inflammatory response and neuronal death [3,5]. Laboratory diagnosis of JE is achieved via a JEV-specific immunoglobulin M (IgM)-capture enzyme-linked immunosorbent assay (ELISA), which has high levels of specificity and sensitivity [3,6,7]. As a pre-travel precaution in most countries, multiple doses of JEV vaccines are recommended [8]. Vaccination is considered a dependable means of prevention, in addition to avoiding mosquito bites [9]. A live attenuated vaccine (SA14-14-2) and purified formalin-inactivated mouse brain vaccine are available; the former has been shown to be effective, safe, and inexpensive [3]. To date, there is no specific clinically approved treatment for JEV infection; only symptomatic treatments are available, highlighting the urgency and importance of developing effective therapeutics [10,11].




2. Global Distribution of JEV


Until recently, the distribution of JEV was steadily increasing [12,13,14]. The first case of JEV was reported in Japan in 1871, and the first prototype strain, Nakayama, was isolated from the brain of a fatal case in 1935 [11,15]. JEV is documented to have originated from an ancestral virus in the Indonesia–Malaysia area and may have evolved over the past 300 years, diverging into genotypes I-V via nucleotide sequencing of the C/PrM and E genes and spreading throughout Asia and Australia [11,15,16,17]. JE cases have been reported mainly from Southeast Asian countries such as Nepal, India, Burma, Bangladesh, China, Vietnam, Thailand, the Philippines, Indonesia, and Malaysia (Figure 1) [11,14,18,19]. Long-distance mosquito movement can occur through abiotic mechanisms, such as commercial air or sea transport. This may have been the case in the spread of JEV to Angola [20]. Genotypes I and III were mainly distributed in temperate areas of Asia, while genotypes II and IV were mostly associated with epidemic diseases in tropical regions [21,22]. Genotype V was restricted to Malaysia, but isolated cases have recently been reported in China and the Republic of Korea [23,24].




3. Molecular Biology of JEV


JEV is a small, icosahedral enveloped virus with a diameter of 50 nm [26]. It has an approximately 11 kb positive-sense viral RNA genome containing a single open reading frame (ORF) flanked by untranslated regions (UTRs) at both termini (Figure 2) [19]. The ORF encodes a polyprotein that is further cleaved by host and viral proteases into ten proteins, three of which are structural proteins named capsid (C), pre-membrane (PrM), and envelope (E), and the remaining seven are non-structural (NS) proteins named NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [2,10]. The UTRs comprise RNA elements crucial for the efficient translation and replication of the JEV genome [27]. A type-1 cap structure (m7GpppAmp) is present at the 5’end of the genome, while a CUOH (instead of a poly (A) tail) terminates the 3′ end [27].



The C protein is a highly basic protein that has an affinity for viral RNA and lipid membranes and forms part of the viral nucleocapsid [28,29,30]. The E protein is a glycoprotein that forms the shell of flaviviruses and plays a key role in viral attachment and fusion [31,32]. The PrM is a glycoprotein that facilitates E protein folding and regulates the oligomeric state of E proteins to prevent adventitious fusion during the release of virus particles from infected cells [32,33,34]. The maturation of the viral particle occurs through the protease hydrolysis of the PrM, resulting in the formation of the M protein [35]. A near-atomic structure of JEV has confirmed several structural determinants associated with viral neurovirulence and stability [36], and the PrM/E protein is the critical virulence determinant of JEV [37].



The seven non-structural proteins are a critical part of the viral replication complex and interact with host proteins; they participate in viral replication, virion assembly, and virus escape from immune surveillance [38,39,40]. NS1 is a glycoprotein and is generally localised with double-stranded RNA (dsRNA); it may interact with the transmembrane proteins NS4A and NS4B [41,42]. NS1 exists in several oligomeric forms and in membrane-bound forms in the endoplasmic reticulum (ER) as a component of a larger viral replication complex [43,44]. Secreted NS1 serves as a diagnostic marker for the initial phases of human flavivirus infection in the bloodstream, where immune system proteins encounter the sNS1 hexamer as a proteolipid particle [40,45,46]. NS2A is critical for genome synthesis and assembly [47]. NS2B forms a protease complex with NS3 and exhibits N-terminal serine protease activity [48,49]. NS4A is regarded as a crucial “organiser” of the flavivirus replication complex and consists of a C-terminal fragment called 2K, a hydrophilic N-terminal protein located in the cytoplasm, and three internal hydrophobic regions associated with ER membranes (pTMS1–pTMS3) [50,51,52,53]. The role of the JEV NS4B protein is unclear; studies on flaviviruses showed that NS4B is the largest hydrophobic non-structural protein of flaviviruses and contains two hydrophobic segments (pTMD1 and pTMD2) and three C-terminal transmembrane segments (pTMD3–pTMD5) [54].
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Figure 2. JEV structural organisation and genome representation. (A) The nucleocapsid (genomic RNA within a viral capsid protein shell) is surrounded by a lipid bilayer containing viral proteins M and E. (B) The JEV genome is approximately 11 kb in length, is capped at the 5′ end, and has no 3′ poly (A) tail. Viral structural genes (represented by a red rectangle) and non-structural genes (represented by a blue rectangle) encoded in the (+)-strand RNA genome are shown. The viral proteins (C, PrM, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are produced by processing the polyprotein using either a cellular signalase (indicated by black arrows) or the viral NS2A/NS3 protease (represented by red arrows). The PrM protein undergoes further processing by host furin (represented by a blue arrow) to generate glycosylated M protein, a constituent of the flavivirus mature virion. (C) A diagram showing the arrangement of the JEV polyprotein in the ER membrane is presented. The arrangement of JEV’s structural and non-structural proteins in relation to the cytosol and ER lumen is illustrated. The proteins of JEV are distributed in the cytoplasm (NS3 and NS5), in the ER lumen (NS1), and in the ER membrane (C, PrM/M, E, NS2A, NS2B, NS4A, and NS4B). The figure is adapted from Ray et al., 2006 [55], Sharma et al., 2021 [19], Kumar et al., 2022 [56], and Pierson et al., 2020 [39]. 
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Among the proteins, NS3 and NS5 have enzymatic activities required for viral RNA synthesis [57]. NS3 is a multifunctional protein with a proteolytic domain at its N-terminus, and its C-terminal region exhibits helicase activity; therefore, it is significantly involved in the processing of viral polyprotein and replication by controlling the activities of proteases, helicases, and nucleoside 5′-triphosphatase [58,59]. NS5 is the largest and most highly conserved multi-enzymatic flaviviral protein containing a C-terminal RNA-dependent RNA polymerase (RdRp) domain and an N-terminal methyltransferase (MTase) domain [60,61]. Variations in NS5 have been shown to decrease IFN-α and β production more efficiently in different JEV strains due to their advantage in host adaptation [62]. NS5 has also been shown to damage host lipid metabolism to enhance the proinflammatory response, resulting in increased neurovirulence and neuroinvasiveness in vivo [63], and it is the most potent and direct antagonist of the IFN-I-dependent JAK-STAT signalling pathway encoded by all flaviviruses studied to date [60,64]. The importance of NS5′s function in IFN-I antagonism and flavivirus resistance to IFN-1 demonstrate that NS5 is certainly one of the determinants of the potential of flaviviruses to emerge in humans [65,66]. With the availability of high-resolution crystal structures, the NS5 protein domains of flaviviruses are attractive targets for the discovery of direct-acting antiviral agents [60,67].




4. Life Cycle of JEV


Like other known flaviviruses, the life cycle of JEV can be roughly divided into stages of binding, entry, translation, replication, assembly, and release (Figure 3). Upon infection, JEV enters the host cell via receptor-mediated endocytosis [10,68,69]. Subsequently, the E protein binds with the endosomal membrane and releases the viral RNA genome into the cytoplasm [70,71]. The positive-sense viral RNA acts as mRNA and is translated to generate a polyprotein. This polyprotein is cleaved into structural and non-structural proteins by both the viral NS2B-NS3 protease and the host proteases [10]. The NS proteins form a viral replication complex with viral RNA on the ER membrane and synthesise multiple copies of viral RNA and unknown host proteins [21,72]. The C protein binds to viral RNA to form a nucleocapsid, which subsequently acquires a lipid envelope consisting of the membrane and envelope proteins to form immature virion particles [30]. The immature virus particles travel through the trans-Golgi network and undergo a maturation process through furin cleavage [34]. E proteins on the surface of the virus particles rearrange into a herringbone pattern that tiles the surface of the virus particle [34,73]. The mature particles then exit the cell through exocytosis [3,16].




5. Target Product Profile (TPP)


No definitive TPP for the development of therapeutics for JEV infection is currently available from the WHO. Our laboratory provides an overview of possible challenges and requirements for the treatment of JEV infection. A critical primary point to include in the TPP for JEV therapeutics is that drugs for acute infection must cross the BBB to reach the ultimate target cells of viral infection. In addition, any drug used to treat pregnant women should have a high safety profile to avoid the risk of harm to the foetus. A comprehensive description of our hypothetical TPP is shown in Table 1.




6. Drug Development


6.1. Entry Inhibitors


The identification of host and viral factors involved in JEV entry has been an active area of scientific investigation in the literature. Many different molecules have been demonstrated to interact with JEV on the cell surface, and several studies have identified potential receptors such as heat shock protein, glucose-regulated protein 78 (GRP78), C-type lectin member 5A (CLEC5A), T-cell immunoglobulin and mucin domain 1 (TIM-1), dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), vimentin, laminin receptor, and CD4 in different cell types [10,19,74,75,76,77,78,79,80].



The JEV E protein is a class II viral fusion protein that mediates host cell entry, making interference with E protein–host receptor interactions an attractive strategy for JEV drug development [3,31]. Interfering with viral entry into host cells using peptides targeting viral surface proteins has been shown to be an effective strategy for inhibiting viral infection [81]. Phage display is a potent method of identifying special molecules that exhibit specific affinities towards a specific target from a vast range of libraries [82]. Wei et al. demonstrated that that a peptide (designated P1) derived from the Ph.D.-12TM phage display peptide library against the JEV E protein, with an amino acid sequence of TPDCTRWWCPLT, has the potential to inhibit JEV infection in BHK-21 cells, with an 50% inhibitory concentration (IC50) of 35.9 μM and low cytotoxicity (Figure 4). A BiFC assay suggests that P1 directly interacts with the JEV E protein [83]. In a lethal mouse model of JEV infection, the administration of P1 protected 3-week-old female C57BL/6 mice (5 mg/kg of P1 intraperitoneally once daily for 21 days), reduced histopathological damage and viral burden in their brains, and significantly decreased mortality rates. The treatment group showed fewer adverse effects compared to controls. This suggests that optimizing the pharmacokinetic properties of P1 may yield a potential drug candidate.



Recently, the low-density lipoprotein receptor (LDLR), a single-chain transmembrane glycoprotein, was identified as a host factor necessary for JEV entry [84,85]. Berbamine, derived from herbs, is an ATP-competitive inhibitor of Ca2+/calmodulin-dependent protein kinase II (CaMKII) [86,87]. It has been found to block the entry of JEV by inhibiting the level of LDLR at the plasma membrane. The selectivity index (SI) value of berbamine is approximately 78, which suggests its good therapeutic window as an antiviral agent against JEV [84]. Furthermore, the administration of berbamine at a dosage of 15 mg/kg via intraperitoneal injection twice daily for a span of 14 days resulted in the protection of 3–4-week-old BALB/c mice against a lethal JEV challenge, which is evidenced by an improved rate of survival—75% in the group treated with berbamine compared to 12.5% in the control group. This finding suggests that berbamine holds great therapeutic potential as an antiviral agent for JEV.



During cell-based high-throughput screening that utilized dengue reporter viruses, BP34610, a new flavivirus entry inhibitor, was discovered. This inhibitor effectively suppressed both DENV and JEV viral yields without causing detectable cytotoxicity. By utilizing a plaque reduction assay, researchers found that at 5 μM, BP34610 could inhibit 99% of the viral yield of JEV yield [88]. This result suggests that BP34610 is a broad-spectrum flavivirus inhibitor that may target the flavivirus E protein and it also provides valuable insight into the intricate mechanisms governing flavivirus infection.



Retrocyclin is a circular θ-defensin peptide which has been artificially humanised and was previously reported to have broad antimicrobial activity [89,90,91,92]. Recent research has shown that the novel θ-defensin retrocyclin-101 (RC-101) has inhibitory activity against JEV infection. In BHK-21 cells, RC-101 blocks flavivirus entry by targeting the DE loop of the E glycoprotein and has an IC50 of 10.67 μM [38]. This study provides a basis for the development of RC-101 as a potential strategy for treating JEV infection.



The ubiquitin–proteasome system (UPS), which is responsible for intracellular protein degradation, plays a pivotal role in numerous cellular processes, including apoptosis, the cell cycle, endocytosis, the host immune response, and signal transduction [93,94]. Wang et al. discovered that UPS facilitates JEV entry and identified two proteasome inhibitors (MG132 and lactacystin) that hindered JEV’s intracellular fate, from cell membrane penetration to initial translation. These findings establish the role of UPS in productive JEV internalization and provide a better understanding of the interaction between the virus and the host during the early stages of infection, which may lead to the discovery of new therapeutic targets [95].



The antiviral and anti-inflammatory compound curcumin (Cur), which originates from the roots of Curcuma longa, faces limitations in biomedical research due to its elevated cytotoxicity and extremely low solubility [96,97]. Chen et al. produced low-cytotoxicity carbon-based nanomaterials, cur carbon quantum dots (Cur-CQDs), via mild pyrolysis-induced polymerisation and carbonisation [98]. The researchers discovered that the Cur-CQDs (IC50 = 0.9 μg/mL) strongly suppress JEV infection in BHK-21 cells in a concentration-dependent manner. The findings indicate that Cur-CQDs can effectively attach to the JEV surface and prevent its attachment and/or entry into the host cell by binding to the E-S123/K312 sites of the E protein. Furthermore, the antiviral effect of Cur-CQDs on DENV-2 and enterovirus 71 (EV71) suggests the potential to use Cur-based carbon nanomaterials to inhibit a variety of viral infections [98,99].



Due to the limited scientific understanding of JEV entry mechanisms, including molecular requirements and pathways, it is necessary to identify additional targets to validate the anti-infective mechanisms of the compounds mentioned above. Moreover, animal studies should be thoroughly evaluated for these potential leads. Furthermore, a deeper understanding of the mechanism of action of the above drugs will help us to understand the biological events of JEV entry into cells.




6.2. RdRp Inhibitors


As human cells do not possess RNA-dependent DNA or RNA polymerases, this specific enzyme class presents an enticing target for antiviral medications against viruses that utilize polymerases for replication. Nucleoside analogues could be utilized to target viral polymerase activity [100,101]. Several nucleosides and/or their prodrugs have demonstrated potent antiviral effects against diverse virus families in cell-based assays and animal models of infection. Examples include emtricitabine and tenofovir disoproxil fumarate for human immunodeficiency virus (HIV) [102], sofosbuvir for the hepatitis C virus (HCV) [103] and ZIKV [104], and aciclovir and penciclovir for herpes simplex virus (HSV) [105]. These compounds are promising candidates for the clinical treatment of viral infections due to their efficacy and safety. They serve as a useful reference and direction for the development of JEV antiviral drugs.



The RdRps of the flaviviruses are similar, with JEV and WNV sharing 70% identity with ZIKV, whereas DENV-2 and DENV-3 share 76% and 81% identity, respectively [106,107]. Zandi and colleagues have developed a molecular model of the RdRp replication complex for JEV and DENV. They found that two nucleoside analogues, namely 2′-C-methyl-cytidine (2′-C-MeC) and 7-deaza-7-fluoro-2′-C-methyl-adenosine (DFMA), demonstrated potent and selective anti-JEV and anti-DENV properties with low toxicity in a cell-based assay system (Figure 5) [108]. A replicon assay was conducted to objectively evaluate the inhibitory effects of 2′-C-MeC and DFMA on JEV replication in Vero cells. The 50% effective concentration (EC50) values for 2′-C-MeC and DFMA were approximately 0.66 μM and 0.85 μM, respectively. The findings offer a logical structure and rationale for discovering direct-acting antiviral compounds capable of dual activity against JEV and DENV infections.



Recently, a study employed natural products from E. angustifolia as ligand libraries for a structure-based virtual screening against the nucleotide GTP-binding pocket in the JEV RdRp’s crystal structure (PDB ID: 4HDG) [109]. Based on a significant docking energy (>−10 kcal/Mol) and a pharmacokinetic analysis, they identified six top-docked poses of compounds: echinacoside, echinacin, rutin, cynaroside, quercetagetin 7-glucoside, and kaempferol-3-glucoside. The redocking analysis showed that these poses each had a significant binding score, which helped to determine their similarity properties and ideal docking conformation. Thus, the six compounds derived from E. angustifolia demonstrate the potential to inhibit the JEV RdRp, indicating the possibility of developing highly effective antiviral drugs against Japanese encephalitis (JE).



Dwivedi et al. employed the MTiOpenScreen server to conduct a structure-based virtual screening [110]. Their results predicted the antiviral activity of gedunin, nimbolide, ohchinin acetate, and kulactone against the JEV RdRp. Of these tested compounds, four had noteworthy docking scores and druglikeness. However, their low BBB penetration may impact their efficacy. Additional in vitro and in vivo experiments are required to identify potential treatments for JEV.




6.3. Protease Inhibitors


Of all the viral targets, the flavivirus NS2B-NS3 protease has been one of the most actively studied due to its critical role in viral replication and maturation [111]. The JEV NS2B-NS3 serine protease plays a key role in the cytoplasmic cleavage events that occur during viral polyprotein maturation [49,54]. In view of that, NS3 protease inhibition of functionally equivalent proteins in HCV has been demonstrated to serve as an effective antiviral treatment approach during the clinical management of the infection [112]. Currently available crystal structures of free or inhibitor-bound flavivirus NS2B-NS3 protease could be utilized for drug design and development [113,114]. Peptidomimetic compounds and substrate mimic peptides are potential drug categories for creating new blockers against the JEV NS2B-NS3 protease, taking into account the triumph of protease inhibitors in treating HCV and HIV.



One novel compound is CW-33 (ethyl 2-(3′,5′-dimethylanilino)-4-oxo-4,5-dihydrofuran-3-carboxylate), which acts as an inhibitor displaying inhibitory activity against JEV. With IC50 values ranging from 12.7 to 38.5 μM, this compound was tested using the supernatant virus yield assay [115]. Chen et al. conducted a study on the JEV NS2B-NS3 protease and CW-33 through a molecular docking simulation, which revealed that ligand–protein interactions were linked to the antiviral properties of CW-33 (Figure 6). The study utilized multiple linear regression (MLR) and support vector machine (SVM) models to obtain the experimental and predicted pIC50 value of CW-33, which was 5.09. The findings illustrate the necessary structural features for CW-33 to bind with the JEV NS2B-NS3 protease and have potential applications in therapeutic development for JEV [116].



Recently, molecular docking has emerged as a prevalent computational method for forecasting a ligand’s preferred configuration in a target’s active site. Shailesh and colleagues utilised Schrodinger suite 2019-3 to ascertain that andrographolide reacted favourably with the NS3 protease of JEV by having a good binding affinity through hydrogen bonding with LYS 73 and ASN 152 [117]. The testing of the compound in an in vitro target-based assay indicated that the molecule inhibited the NS3 protease in a concentration-dependent manner, with an IC50 value of 2 μg/mL. These findings suggest that andrographolide has the potential to become a potent anti-JEV agent.



A study assessed abscisic acid and aloe-emodin’s antiviral potential against the JEV NS2B-NS3 protease using a computational and target-based assay in a concentration-dependent manner [48]. The IC50 values for abscisic acid and aloe-emodin were found to be 100 μg/mL and 7.3 μg/mL, respectively. In addition, abscisic acid exhibited non-hepatotoxic, non-carcinogenic, non-mutagenic, non-immunogenic, and non-cytotoxic properties according to the toxicity prediction results. However, aloe-emodin was forecasted to have an inferior safety profile compared to abscisic acid, as it was anticipated to exhibit cytotoxic and mutagenic properties. As a result, additional adequate experimental studies are required to confirm the inhibitory effect of aloe-emodin against JEV, along with its safety profile. Importantly, aloe-emodin is a natural anthraquinone derivative found in the rhizome and root of Rheum palmatum [118]. It has demonstrated inhibition of the replication of EV71 [119], human cytomegalovirus (HCMV) [120], HSV [120], and influenza virus (IAV) [121]. These findings suggest a potential starting point for the development of novel broad-spectrum antivirals based on anthraquinone [118].



Novel chemical entities and the exploration of existing molecules are necessary. Computational techniques are highly beneficial during the early stages of development, aiding in the prediction of pharmacokinetics and safety parameters. Computer-aided drug design could improve the odds of identifying suitable candidates by identifying critical compound features required for the drug development process and accelerating drug research. However, this approach has limitations as the docking simulation assay was inappropriate for investigating the antiviral activities of compounds. Currently, this remains at the theoretical design and analysis stage, and it is crucial to conduct in vivo and in vitro experiments to determine the antiviral activities of compounds in future studies.




6.4. Bioactive Natural Products and Their Derivatives


Bioactive natural products are invaluable offerings from nature to humanity, providing inspiration for novel concepts, techniques, and remedies to combat pathogens, owing to their extensive history of use in the treatment of both epidemic and endemic diseases [122,123]. Bioactive natural products and their derivatives are crucial resources for antiviral drug discovery. Here, we draw attention to natural products with various structural backbones which have demonstrated significant antiviral properties against JEV infection.



Eight natural products were discovered to considerably inhibit JEV infection, with ouabain, a cardiac glycoside, proving to be the most promising candidate (Figure 7) [124]. Ouabain exhibited an IC50 of 52.16 nM in the inhibition of JEV. The antiviral effect of ouabain on JEV is positively correlated with extracellular NaCl but inversely correlated with KCl, suggesting that it exerts its antiviral effect via Na+/K+-ATPase. Furthermore, in a JEV-infected BALB/c mouse model, ouabain was observed to alleviate histopathological changes and reduce viral burden in the brain, resulting in protection against JEV-induced lethality in mice.



Enanderinanin J, a kaurane dimer, was extracted from Isodon xerophilus [125]. It significantly impeded JEV infection with an IC50 value of 16.3 μM and raised the levels of LC3-II and p62 in HeLa cells in both time- and concentration-dependent manners. Additionally, further research indicated that enanderinanin J restrained JEV infection by targeting autophagosome–lysosome fusion and alkalizing lysosome pH [126]. Furthermore, enanderinanin J demonstrated significant inhibition of DENV, ZIKV, and EV71 infections in host cells, with SI values of 6.9, 5.6, and 5.5, respectively. This indicates that the autophagy inhibitory activity of enanderinanin J protects host cells from these RNA viruses. Considering the promising anti-JEV activity of enanderinanin J, further studies could optimize its structure to enhance safety.



A study has presented proof that baicalein, a bioflavonoid, demonstrated remarkable antiviral effectiveness with an IC50 of around 5.8 μg/mL in Vero cells that were infected with JEV [127]. It was established that baicalein displayed potent direct virucidal activity (SI = 33.4) and anti-adsorption activity (SI = 15.8). Nevertheless, the mechanisms that underpin the antiviral influence of baicalein against JEV have not been defined due to research objectives being constricted. The virucidal activity of baicalein against extracellular JEV virions is potentially one of the mechanisms that explains the antiviral effects of this compound.



Rosmarinic acid is a phenolic compound found in Labiatae herbs and has anti-inflammatory properties [128]. In a study evaluating the efficacy of rosmarinic acid as a therapy against murine JE in 4- to 5-week-old BALB/c mice, it was found that rosmarinic acid treatment (25 mg/kg body weight for twice daily) had a significant effect on increasing the survival of JEV-infected mice, reducing the mortality rate to 20% [129]. In addition, rosmarinic acid abolished the increased expression of pro-inflammatory mediators. Both the antiviral and anti-inflammatory effects of rosmarinic acid were critical in reducing the severity of JEV-induced disease, suggesting that rosmarinic acid acts as an attractive antiviral agent against JE. This could lead to effective inhibitors with the potential for administration to JE patients.



Importantly, natural products and their derivatives provide significant benefits for treating viral infectious diseases. However, several obstacles must be overcome to develop a natural product [130]. The primary challenge is the fact that natural products can be used as drugs. Furthermore, hindrances may arise in sourcing and validating natural resources, enhancing the efficiency of functional natural substances and simplifying purification procedures. Consequently, the development of natural anti-JEV substances as medicinal drugs still requires substantial advancement.




6.5. Host-Directed Antiviral Agents


Antiviral drugs have generally been developed by directly targeting key viral components, but these strategies often fail due to the rapid emergence of drug-resistant viruses. Therefore, alternative antiviral approaches should be explored. As virus–host interactions play a critical role in viral life cycle and pathogenesis, host cell components are being considered as potential targets for antiviral therapeutic programmes [29,131].



JEV replicates in the cytoplasm and matures on the intracellular membranes of infected cells, budding from the ER and Golgi apparatus to secrete mature virions [3,132]. N-nonyl-deoxynojirimycin (NN-DNJ), a 9-carbon alkyl iminosugar derivative and an inhibitor of ER α-glucosidases [133], prevents the production of ER-budding JEV by blocking the trimming step of N-linked glycosylation. In a mouse model of JEV infection, the daily oral administration of NN-DNJ (200 mg/kg/day) decreased mortality in comparison to an untreated group. Moreover, it significantly elevated the survival rate up to 47%, and no evidence of sublethal illness was detected in the surviving mice (Figure 8) [132]. These findings indicate that NN-DNJ has the potential to suppress JEV infection both in vitro and in vivo. This proposed mechanism is probably the interference of JEV replication at the post-translational modification stage, leading to an indirect impact on the ER microenvironment. This study is a precursor for the development of alluring and innovative JEV inhibitors.



Wang et al. developed recombinant viral particles (RVPs) of JEV to select inhibitors via high-throughput screening and identified five blockades from the FDA-approved drug library. These hits encompass manidipine, cilnidipine, benidipine hydrochloride, pimecrolimus, and nelfinavir mesylate, all of which demonstrated inhibitory effects against JEV replication [134]. Among these, manidipine, a calcium channel inhibitor, has been utilised as a treatment for hypertension for an extended period [135]. Manidipine exhibited dose-dependent suppression of JEV RNA synthesis and a strong inhibition of JEV infection in multiple cells. The in vivo efficacy of this treatment was evaluated using a JEV-infected BALB/c mouse model, which showed that manidipine reduced the mortality rate to 20% and significantly decreased the viral load in infected mice compared to those treated with the vehicle. These results identified cytoplasmic calcium as a novel antiviral target for combating JEV infection, offering therapeutic opportunities for treating viral encephalitis induced by JEV.



Tumour necrosis factor alpha (TNF-α) has a decisive role in immunopathology within the central nervous system (CNS). An increased concentration of TNF-α in the serum and cerebrospinal fluid of JE patients poses a serious mortality risk [136]. The inhibition of TNF-α by competitive etanercept has proven to be an effective CNS injury treatment [137]. Ye et al. conducted an in vitro assay with neuron/glia cultures and observed that etanercept significantly reduced the inflammatory response caused by JEV infection. Furthermore, in vivo experiments demonstrated the effectiveness of etanercept treatment in reducing proinflammatory cytokine secretion, glial activation, and neuronal damage in JEV-infected mice. Etanercept treatment reduced the viral load in mouse brains and restored the impaired BBB, ultimately protecting the mice from JEV-induced lethality. The researchers demonstrated that the administration of etanercept rescued 50% of mice with a well-established JEV infection [138]. Considering the safety and antiviral activity of etanercept [138,139], it could be considered a therapeutic measure against neurotropic virus-induced viral encephalitis. Furthermore, there is potential for treating acute, established viral encephalitis with other clinically approved drugs, such as adalimumab and infliximab, which are commonly used to inhibit TNF-α [140,141].



Minocycline is a second-generation tetracycline that has been in use for over 30 years. It is a small molecule (495 kDa) that is highly lipophilic and capable of crossing the BBB [142,143]. Minocycline is a safe medication commonly prescribed for the prolonged treatment of infections, rheumatoid arthritis, and acne vulgaris [144]. An investigation into the antiviral effectiveness of minocycline utilised adult BALB/c mice (4–6 weeks) and a model of lethal challenge with the JEV strain GP78 [145]. Minocycline offered protection to JEV-infected mice when administered on day six following infection and after the onset of encephalitic symptoms. The treatment, given at a dose of 45 mg/kg body weight, effectively rescued 70% of the mice from JEV-induced death. Neuronal cell death, caspase enzyme activity, the activation of microglial cells, the production of pro-inflammatory molecules, and viral replication were significantly decreased following the administration of minocycline to mice infected with JEV on day nine after infection. Due to its antiviral properties, minocycline may be considered a potential treatment option for JE patients in human clinical trials.



The SP600125 compound is a potent c-Jun N-terminal kinase1 (JNK1) inhibitor, competing with adenosine triphosphate in a reversible manner. It demonstrates exceptional selectivity compared to a range of kinases and enzymes, exceeding them by over 20-fold. In addition, SP600125 can penetrate cell membranes [146]. SP600125 was found to decrease the neuroinflammatory response and provide protection against encephalitis in a JEV-infected mouse model [147], demonstrating the crucial function of JNK1 signalling in JEV pathogenesis and proposing a potential aim for therapeutic intervention in JEV infection.



Histone deacetylases (HDACs) and histone acetyltransferases (HATs) modify the acetylation of lysine residues in both histones and non-histone proteins [148]. HDACA6 is primarily located in the cytoplasm and has been shown to remove the acetylation from retinoic acid-inducible gene-I (RIG-I) during acute RNA virus infections. It is also involved in the RIG-I-dependent innate antiviral immune response [149]. Tubacin is a selective inhibitor of HDAC6, which shows concentration-dependent inhibitory effects on JEV-induced cytopathic and apoptotic processes. It causes a reduction in the Hsp90-NS5 interaction and viral proteins as well as antisense RNA genomes in infected cells. Additionally, it exhibits high potency in inhibiting JEV yield (IC50 = 0.26 μM) and significantly blocks the production of intracellular infectious virus particles [150]. Thus, tubacin exhibits significant potential as a host-targeting agent against JEV, demonstrating both preventive and therapeutic effects against JEV infection.



In addition to the above-mentioned inhibitors of JEV, a study found that the ablation of Toll-like receptor 4 (TLR4) leads to a significant induction of systemic type I IFN innate responses and type I IFN expression and production from myeloid-derived cells during JEV infection. Knocking out TLR4 reduces the mortality rate of JE in mice [151]. Thus, it is worthwhile to investigate whether blocking the TLR4 pathway with antagonists like eritoran (an inhibitor that reduces inflammation and fibrosis in the livers of mice with chronic injury) [152] impacts the progression of JE by inducing innate type I IFN responses. This could potentially offer valuable insights into the advancement of treatment options for JEV-induced viral encephalitis.





7. Conclusions and Future Directions


JEV is a neurotropic virus that causes severe encephalitis in Southeast Asia and the Western Pacific; approximately 1.15 billion people are at risk of infection, and 10–15 thousand patients die each year [153,154]. JE remains a devastating disease, causing symptoms ranging from fever to severe encephalitis and death, with no specific treatment other than considerate, supportive care [155,156]. Current guidelines from the Centers for Disease Control and Prevention (CDC) suggest symptomatic and supportive measures as well as preventive strategies for the management of JEV infection. Control over JE suggests the important role of socio-economic parameters such as hygiene and education, but measures such as environmental manipulation, vector control, and changes in agricultural practices are difficult to achieve [3,157,158].



Various approaches are being employed to investigate potential antiviral agents against JEV infection. These include (i) a deliberate design based on the crystal structures of viral proteins; (ii) screening antiviral agent libraries approved by the FDA; (iii) the evaluation of recognised inhibitors of other human viruses; (iv) the chemical modification of viral inhibitors to enhance their therapeutic efficacy; and (v) intravenous treatment based on nucleic acids and immunoglobulins [55,158].



The amount of scientific literature published in recent years on JEV pathogenesis and therapeutic development is truly remarkable, and major advancements have been made in our knowledge of the pathology of JEV infection [3,14,19,35,55,158]. Novel therapeutic targets could offer additional opportunities for treating JE, while scientific advances in JEV research may promote treatment strategies for other flaviviruses. Table 2 outlines the antiviral strategies currently in development for JEV. However, only a limited number of JEV inhibitors in animal models have progressed to clinical trials, and the findings cannot be easily extrapolated to humans. Additionally, completing the entire drug development pipeline is challenging for many experimental antivirals. To ensure progress in scientific research, in vivo studies and clinical trials must be conducted promptly when appropriate.



Recently, peptide drugs have garnered significant attention due to their lower development costs and higher safety compared to small-molecule- and antibody-based antiviral drugs. However, peptides are burdened with certain drawbacks, such as relatively short half-lives and immunogenicity. To enable the clinical use of peptides as antiviral drugs, these drawbacks must be addressed in future studies [83]. Additionally, the immune system has been found to have both pathological and protective elements in relation to JE, indicating its paradoxical role. As a result, combination therapy trials incorporating both anti-inflammatory and antiviral drugs should be given due consideration. It is imperative to continue the search for and development of cost-effective therapies and immunisation strategies.



Successful trials of potential treatments, such as the JEV-specific monoclonal antibody, could provide clinical proof-of-concept for the development of treatments for other medically important arboviral encephalitides. Furthermore, this may also promote the development of treatments for emerging flaviviruses in the future, leading to more comprehensive treatment coverage during potential flavivirus epidemics [55,159].



Medicinal plants are an increasingly significant source of diverse natural compounds for drug discovery pipelines targeting viral infections. High-throughput drug screening at the cellular level is now a crucial tool in antiviral drug development. Various compound libraries provide access to hundreds of thousands of natural compounds, and through automated cell manipulation techniques and viral labelling, the identification of natural product candidates is rapid and efficient [123,124]. Initially, there are concerns regarding natural products, including absorption profiles, standardisation, uniformity, and stability, which should be considered. During the primary stages of drug discovery, it is critical to investigate the ADMET (absorption, distribution, metabolism, excretion, and toxicity) of compounds, which is essential in identifying those with poor absorption profiles [160].



Furthermore, recent developments in structural and molecular virology, as well as scientific methods for screening and studying inhibitors that target critical viral or host elements involved in the JEV life cycle, have been significant. Viral proteases are potential targets for therapeutic intervention due to their essential roles in viral life cycles. They are one of the earliest and most compelling examples of the effectiveness of structure-assisted drug design. Therefore, protease inhibitors should be given more prominence [161,162]. The path to host-directed antivirals for the treatment of JEV infection is promising, and investment in a deep understanding of the JEV life cycle, from viral attachment and entry to replication, maturation, and release at the molecular level, could also contribute to novel and effective treatment strategies. For example, the JEV NS3 and NS5 crystal structures’ availability has enabled the identification of possible inhibitor-binding locations to create the most effective drugs by using target-based drug development guided by structure [163,164]. Moreover, conducting in-depth analyses of the sequences and functions of JEV E proteins and NS proteins to identify the key sequences that affect viral protein function, as well as the recombinant expression of antiviral short peptide blockers based on these sequences, is a convenient method for the development of antiviral agents [165].



Importantly, other flaviviruses aside from JEV also pose a threat to populations, especially in areas with no prior infections. Recently, due to climate change and increased human mobility, these viruses have caused sudden outbreaks outside of their endemic areas [55]. Unfortunately, there is no specific therapy available for flavivirus infections, and, currently, there are only commercially available vaccines for three flaviviruses that are suitable for human use. Controlling mosquito and tick populations has proved arduous; the viruses they transmit are becoming increasingly important to human health, with few viable treatment options available [166]. Consequently, developing direct antivirals is challenging. Predicting which virus within the large flavivirus family will be responsible for the next epidemic is challenging. Therefore, host-directed antiviral agents may serve as a potential approach for pan-flavivirus agents [29]. This can be achieved by blocking host cell pathways that are essential for virus replication or for stimulating intrinsic antiviral programs that are shared among members of the virus family.







Author Contributions


J.G.: conceptualisation, funding acquisition, investigation, project administration, validation, visualisation, writing—original draft, and writing—review and editing; Y.M.: conceptualisation, investigation, validation, visualisation, writing—original draft, and writing—review and editing; Y.G.: investigation, validation, visualisation, writing—original draft, and writing—review and editing; Y.B.: investigation and validation; M.W.: investigation and validation; W.W.: conceptualisation and writing—review and editing; Y.W.: conceptualisation, funding acquisition, investigation, project administration, supervision, validation, visualisation, writing—original draft, and writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Health Research Project of Shaanxi Province (2022D040 to J.G.), the Science and Technology Planning Project of the Shaanxi Provincial Education Department (22JK0545 to J.G.), the Foundation for Starting Scientific Research of the Doctor of Xi’an Medical University (2021DOC04 to J.G.), the National Science Foundation of China (32070069 to Y.W.), Xi’an Medical University’s Innovation and Entrepreneurship Training Program for College Students (121523026 to Y.M.), Shaanxi Province’s Innovation and Entrepreneurship Training Program for College Students (202311840026 to Y.M.), China’s Innovation and Entrepreneurship Training Program for College Students (202311840026 to Y.M.), and Xi’an Medical University’s Discipline Construction Fund. J.G. is a recipient of a start-up postdoctoral fellowship from Xi’an Medical University.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Solomon, T. Flavivirus encephalitis. N. Engl. J. Med. 2004, 351, 370–378. [Google Scholar] [CrossRef]

	



Simmonds, P.; Becher, P.; Bukh, J.; Gould, E.A.; Meyers, G.; Monath, T.; Muerhoff, S.; Pletnev, A.; Rico-Hesse, R.; Smith, D.B.; et al. ICTV Virus Taxonomy Profile: Flaviviridae. J. Gen. Virol. 2017, 98, 2–3. [Google Scholar] [CrossRef]

	



Misra, U.K.; Kalita, J. Overview: Japanese encephalitis. Prog. Neurobiol. 2010, 91, 108–120. [Google Scholar] [CrossRef]

	



Ghosh, D.; Basu, A.; Brooker, S. Japanese Encephalitis—A Pathological and Clinical Perspective. PLoS Negl. Trop. Dis. 2009, 3, e437. [Google Scholar] [CrossRef] [PubMed]

	



Maximova, O.A.; Pletnev, A.G. Flaviviruses and the Central Nervous System: Revisiting Neuropathological Concepts. Annu. Rev. Virol. 2018, 5, 255–272. [Google Scholar] [CrossRef]

	



Solomon, T.; Dung, N.M.; Kneen, R.; Gainsborough, M.; Vaughn, D.W.; Khanh, V.T. Japanese encephalitis. J. Neurol. Neurosurg. Psychiatry 2000, 68, 405–415. [Google Scholar] [CrossRef] [PubMed]

	



Burke, D.S.; Nisalak, A. Detection of Japanese encephalitis virus immunoglobulin M antibodies in serum by antibody capture radioimmunoassay. J. Clin. Microbiol. 1982, 15, 353–361. [Google Scholar] [CrossRef]

	



Batchelor, P.; Petersen, K. Japanese encephalitis: A review of clinical guidelines and vaccine availability in Asia. Trop. Dis. Travel Med. Vaccines 2015, 1, 11. [Google Scholar] [CrossRef]

	



Hills, S.L.; Walter, E.B.; Atmar, R.L.; Fischer, M. Japanese Encephalitis Vaccine: Recommendations of the Advisory Committee on Immunization Practices. MMWR. Recomm. Rep. Morb. Mortal. Wkly. Rep. Recomm. Rep. 2019, 68, 1–33. [Google Scholar] [CrossRef]

	



Endy, T.P.; Nisalak, A. Japanese Encephalitis Virus: Ecology and Epidemiology. Jpn. Enceph. West Nile Viruses 2002, 267, 11–48. [Google Scholar]

	



Mackenzie, J.S.; Williams, D.T.; van den Hurk, A.F.; Smith, D.W.; Currie, B.J. Japanese Encephalitis Virus: The Emergence of Genotype IV in Australia and Its Potential Endemicity. Viruses 2022, 14, 2480. [Google Scholar] [CrossRef] [PubMed]

	



van den Hurk, A.F.; Ritchie, S.A.; Mackenzie, J.S. Ecology and geographical expansion of Japanese encephalitis virus. Annu. Rev. Entomol. 2009, 54, 17–35. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Liu, H.; Li, X.; Fu, S.; Cao, L.; Shao, N.; Zhang, W.; Wang, Q.; Lu, Z.; Lei, W.; et al. Changing Geographic Distribution of Japanese Encephalitis Virus Genotypes, 1935-2017. Vector Borne Zoonotic Dis. 2019, 19, 35–44. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, K.S.; Jeswani, V.; Pal, N.; Bohra, B.; Vishwakarma, V.; Bapat, A.A.; Patnaik, Y.P.; Khanna, N.; Shukla, R. Japanese Encephalitis Virus: An Update on the Potential Antivirals and Vaccines. Vaccines 2023, 11, 742. [Google Scholar] [CrossRef]

	



Solomon, T.; Ni, H.; Beasley, D.W.; Ekkelenkamp, M.; Cardosa, M.J.; Barrett, A.D. Origin and evolution of Japanese encephalitis virus in southeast Asia. J. Virol. 2003, 77, 3091–3098. [Google Scholar] [CrossRef]

	



Mackenzie, J.S.; Gubler, D.J.; Petersen, L.R. Emerging flaviviruses: The spread and resurgence of Japanese encephalitis, West Nile and dengue viruses. Nat. Med. 2004, 10, S98–S109. [Google Scholar] [CrossRef]

	



Chen, W.R.; Tesh, R.B.; Rico-Hesse, R. Genetic variation of Japanese encephalitis virus in nature. J. Gen. Virol. 1990, 71 Pt 12, 2915–2922. [Google Scholar] [CrossRef]

	



Tiwari, S.; Singh, R.K.; Tiwari, R.; Dhole, T.N. Japanese encephalitis: A review of the Indian perspective. Braz. J. Infect. Dis. Off. Publ. Braz. Soc. Infect. Dis. 2012, 16, 564–573. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, K.B.; Vrati, S.; Kalia, M. Pathobiology of Japanese encephalitis virus infection. Mol. Asp. Med. 2021, 81, 100994. [Google Scholar] [CrossRef]

	



Simon-Loriere, E.; Faye, O.; Prot, M.; Casademont, I.; Fall, G.; Fernandez-Garcia, M.D.; Diagne, M.M.; Kipela, J.M.; Fall, I.S.; Holmes, E.C.; et al. Autochthonous Japanese Encephalitis with Yellow Fever Coinfection in Africa. N. Engl. J. Med. 2017, 376, 1483–1485. [Google Scholar] [CrossRef]

	



Le Flohic, G.; Porphyre, V.; Barbazan, P.; Gonzalez, J.P. Review of climate, landscape, and viral genetics as drivers of the Japanese encephalitis virus ecology. PLoS Negl. Trop. Dis. 2013, 7, e2208. [Google Scholar] [CrossRef]

	



Pan, X.L.; Liu, H.; Wang, H.Y.; Fu, S.H.; Liu, H.Z.; Zhang, H.L.; Li, M.H.; Gao, X.Y.; Wang, J.L.; Sun, X.H.; et al. Emergence of genotype I of Japanese encephalitis virus as the dominant genotype in Asia. J. Virol. 2011, 85, 9847–9853. [Google Scholar] [CrossRef]

	



Li, Y.X.; Li, M.H.; Fu, S.H.; Chen, W.X.; Liu, Q.Y.; Zhang, H.L.; Da, W.; Hu, S.L.; Mu, S.D.; Bai, J.; et al. Japanese encephalitis, Tibet, China. Emerg. Infect. Dis. 2011, 17, 934–936. [Google Scholar] [CrossRef]

	



Takhampunya, R.; Kim, H.C.; Tippayachai, B.; Kengluecha, A.; Klein, T.A.; Lee, W.J.; Grieco, J.; Evans, B.P. Emergence of Japanese encephalitis virus genotype V in the Republic of Korea. Virol. J. 2011, 8, 449. [Google Scholar] [CrossRef]

	



Mulvey, P.; Duong, V. The Ecology and Evolution of Japanese Encephalitis Virus. Pathogens 2021, 10, 1534. [Google Scholar] [CrossRef]

	



Chambers, T.J.; Hahn, C.S.; Galler, R.; Rice, C.M. Flavivirus genome organization, expression, and replication. Annu. Rev. Microbiol. 1990, 44, 649–688. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, J.; Niu, Y.; Liang, G. The 5’ and 3’ Untranslated Regions of the Japanese Encephalitis Virus (JEV): Molecular Genetics and Higher Order Structures. Front. Microbiol. 2021, 12, 730045. [Google Scholar] [CrossRef]

	



Poonsiri, T.; Wright, G.S.A. Crystal Structure of the Japanese Encephalitis Virus Capsid Protein. Viruses 2019, 11, 623. [Google Scholar] [CrossRef] [PubMed]

	



Zakaria, M.K.; Carletti, T.; Marcello, A. Cellular Targets for the Treatment of Flavivirus Infections. Front. Cell. Infect. Microbiol. 2018, 8, 398. [Google Scholar] [CrossRef]

	



Ivanyi-Nagy, R.; Lavergne, J.P.; Gabus, C.; Ficheux, D.; Darlix, J.L. RNA chaperoning and intrinsic disorder in the core proteins of Flaviviridae. Nucleic Acids Res. 2008, 36, 712–725. [Google Scholar] [CrossRef]

	



Luca, V.C.; AbiMansour, J.; Nelson, C.A.; Fremont, D.H. Crystal structure of the Japanese encephalitis virus envelope protein. J. Virol. 2012, 86, 2337–2346. [Google Scholar] [CrossRef] [PubMed]

	



Mukhopadhyay, S.; Kuhn, R.J.; Rossmann, M.G. A structural perspective of the flavivirus life cycle. Nat. Rev. Microbiol. 2005, 3, 13–22. [Google Scholar] [CrossRef]

	



Pierson, T.C.; Diamond, M.S. Degrees of maturity: The complex structure and biology of flaviviruses. Curr. Opin. Virol. 2012, 2, 168–175. [Google Scholar] [CrossRef]

	



Li, L.; Lok, S.M.; Yu, I.M.; Zhang, Y.; Kuhn, R.J.; Chen, J.; Rossmann, M.G. The flavivirus precursor membrane-envelope protein complex: Structure and maturation. Science 2008, 319, 1830–1834. [Google Scholar] [CrossRef]

	



Joe, S.; Salam, A.A.A.; Neogi, U.; N, N.B.; Mudgal, P.P. Antiviral drug research for Japanese encephalitis: An updated review. Pharmacol. Rep. 2022, 74, 273–296. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Li, S.H.; Zhu, L.; Nian, Q.G.; Yuan, S.; Gao, Q.; Hu, Z.; Ye, Q.; Li, X.F.; Xie, D.Y.; et al. Near-atomic structure of Japanese encephalitis virus reveals critical determinants of virulence and stability. Nat. Commun. 2017, 8, 14. [Google Scholar] [CrossRef]

	



Leng, S.L.; Huang, R.; Feng, Y.N.; Peng, L.J.; Yang, J.; Li, Y.H. The pre membrane and envelope protein is the crucial virulence determinant of Japanese encephalitis virus. Microb. Pathog. 2020, 148, 104492. [Google Scholar] [CrossRef]

	



Jia, X.; Guo, J.; Yuan, W.; Sun, L.; Liu, Y.; Zhou, M.; Xiao, G.; Lu, W.; Garzino-Demo, A.; Wang, W. Mechanism through Which Retrocyclin Targets Flavivirus Multiplication. J. Virol. 2021, 95, e0056021. [Google Scholar] [CrossRef]

	



Pierson, T.C.; Diamond, M.S. The continued threat of emerging flaviviruses. Nat. Microbiol. 2020, 5, 796–812. [Google Scholar] [CrossRef] [PubMed]

	



Alcon-LePoder, S.; Sivard, P.; Drouet, M.T.; Talarmin, A.; Rice, C.; Flamand, M. Secretion of flaviviral non-structural protein NS1: From diagnosis to pathogenesis. Novartis Found. Symp. 2006, 277, 233–247. [Google Scholar] [CrossRef]

	



Lindenbach, B.D.; Rice, C.M. Genetic interaction of flavivirus nonstructural proteins NS1 and NS4A as a determinant of replicase function. J. Virol. 1999, 73, 4611–4621. [Google Scholar] [CrossRef]

	



Youn, S.; Li, T.; McCune, B.T.; Edeling, M.A.; Fremont, D.H.; Cristea, I.M.; Diamond, M.S. Evidence for a genetic and physical interaction between nonstructural proteins NS1 and NS4B that modulates replication of West Nile virus. J. Virol. 2012, 86, 7360–7371. [Google Scholar] [CrossRef]

	



Akey, D.L.; Brown, W.C.; Dutta, S.; Konwerski, J.; Jose, J.; Jurkiw, T.J.; DelProposto, J.; Ogata, C.M.; Skiniotis, G.; Kuhn, R.J.; et al. Flavivirus NS1 structures reveal surfaces for associations with membranes and the immune system. Science 2014, 343, 881–885. [Google Scholar] [CrossRef]

	



Khromykh, A.A.; Sedlak, P.L.; Westaway, E.G. cis- and trans-acting elements in flavivirus RNA replication. J. Virol. 2000, 74, 3253–3263. [Google Scholar] [CrossRef]

	



Liao, C.L.; Lin, Y.L.; Shen, S.C.; Shen, J.Y.; Su, H.L.; Huang, Y.L.; Ma, S.H.; Sun, Y.C.; Chen, K.P.; Chen, L.K. Antiapoptotic but not antiviral function of human bcl-2 assists establishment of Japanese encephalitis virus persistence in cultured cells. J. Virol. 1998, 72, 9844–9854. [Google Scholar] [CrossRef]

	



Halstead, S.B.; Thomas, S.J. New Japanese encephalitis vaccines: Alternatives to production in mouse brain. Expert Rev. Vaccines 2011, 10, 355–364. [Google Scholar] [CrossRef]

	



Leung, J.Y.; Pijlman, G.P.; Kondratieva, N.; Hyde, J.; Mackenzie, J.M.; Khromykh, A.A. Role of nonstructural protein NS2A in flavivirus assembly. J. Virol. 2008, 82, 4731–4741. [Google Scholar] [CrossRef] [PubMed]

	



Bhimaneni, S.; Kumar, A. Abscisic acid and aloe-emodin against NS2B-NS3A protease of Japanese encephalitis virus. Environ. Sci. Pollut. Res. 2022, 29, 8759–8766. [Google Scholar] [CrossRef]

	



Bera, A.K.; Kuhn, R.J.; Smith, J.L. Functional characterization of cis and trans activity of the Flavivirus NS2B-NS3 protease. J. Biol. Chem. 2007, 282, 12883–12892. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.D.; Li, X.F.; Ye, H.Q.; Deng, C.L.; Ye, Q.; Shan, C.; Shang, B.D.; Xu, L.L.; Li, S.H.; Cao, S.B.; et al. Recovery of a chemically synthesized Japanese encephalitis virus reveals two critical adaptive mutations in NS2B and NS4A. J. Gen. Virol. 2014, 95, 806–815. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.W.; Cheng, C.W.; Yang, T.C.; Li, S.W.; Cheng, M.H.; Wan, L.; Lin, Y.J.; Lai, C.H.; Lin, W.Y.; Kao, M.C. Interferon antagonist function of Japanese encephalitis virus NS4A and its interaction with DEAD-box RNA helicase DDX42. Virus Res. 2008, 137, 49–55. [Google Scholar] [CrossRef]

	



Miller, S.; Kastner, S.; Krijnse-Locker, J.; Bühler, S.; Bartenschlager, R. The non-structural protein 4A of dengue virus is an integral membrane protein inducing membrane alterations in a 2K-regulated manner. J. Biol. Chem. 2007, 282, 8873–8882. [Google Scholar] [CrossRef]

	



Stern, O.; Hung, Y.F.; Valdau, O.; Yaffe, Y.; Harris, E.; Hoffmann, S.; Willbold, D.; Sklan, E.H. An N-terminal amphipathic helix in dengue virus nonstructural protein 4A mediates oligomerization and is essential for replication. J. Virol. 2013, 87, 4080–4085. [Google Scholar] [CrossRef] [PubMed]

	



Cahour, A.; Falgout, B.; Lai, C.J. Cleavage of the dengue virus polyprotein at the NS3/NS4A and NS4B/NS5 junctions is mediated by viral protease NS2B-NS3, whereas NS4A/NS4B may be processed by a cellular protease. J. Virol. 1992, 66, 1535–1542. [Google Scholar] [CrossRef] [PubMed]

	



Ray, D.; Shi, P.Y. Recent advances in flavivirus antiviral drug discovery and vaccine development. Recent Pat. Anti-Infect. Drug Discov. 2006, 1, 45–55. [Google Scholar] [CrossRef]

	



Kumar, S.; Verma, A.; Yadav, P.; Dubey, S.K.; Azhar, E.I.; Maitra, S.S.; Dwivedi, V.D. Molecular pathogenesis of Japanese encephalitis and possible therapeutic strategies. Arch. Virol. 2022, 167, 1739–1762. [Google Scholar] [CrossRef]

	



Knyazhanskaya, E.; Morais, M.C.; Choi, K.H. Flavivirus enzymes and their inhibitors. Enzymes 2021, 49, 265–303. [Google Scholar] [CrossRef] [PubMed]

	



Utama, A.; Shimizu, H.; Morikawa, S.; Hasebe, F.; Morita, K.; Igarashi, A.; Hatsu, M.; Takamizawa, K.; Miyamura, T. Identification and characterization of the RNA helicase activity of Japanese encephalitis virus NS3 protein. FEBS Lett. 2000, 465, 74–78. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Phoo, W.W.; Luo, D. Functional interplay among the flavivirus NS3 protease, helicase, and cofactors. Virol. Sin. 2014, 29, 74–85. [Google Scholar] [CrossRef]

	



Lin, R.J.; Chang, B.L.; Yu, H.P.; Liao, C.L.; Lin, Y.L. Blocking of interferon-induced Jak-Stat signaling by Japanese encephalitis virus NS5 through a protein tyrosine phosphatase-mediated mechanism. J. Virol. 2006, 80, 5908–5918. [Google Scholar] [CrossRef]

	



Zhao, Y.; Soh, T.S.; Lim, S.P.; Chung, K.Y.; Swaminathan, K.; Vasudevan, S.G.; Shi, P.Y.; Lescar, J.; Luo, D. Molecular basis for specific viral RNA recognition and 2′-O-ribose methylation by the dengue virus nonstructural protein 5 (NS5). Proc. Natl. Acad. Sci. USA 2015, 112, 14834–14839. [Google Scholar] [CrossRef]

	



Li, C.; Di, D.; Huang, H.; Wang, X.; Xia, Q.; Ma, X.; Liu, K.; Li, B.; Shao, D.; Qiu, Y.; et al. NS5-V372A and NS5-H386Y variations are responsible for differences in interferon α/β induction and co-contribute to the replication advantage of Japanese encephalitis virus genotype I over genotype III in ducklings. PLoS Pathog. 2020, 16, e1008773. [Google Scholar] [CrossRef]

	



Kao, Y.T.; Chang, B.L.; Liang, J.J.; Tsai, H.J.; Lee, Y.L.; Lin, R.J.; Lin, Y.L. Japanese encephalitis virus nonstructural protein NS5 interacts with mitochondrial trifunctional protein and impairs fatty acid β-oxidation. PLoS Pathog. 2015, 11, e1004750. [Google Scholar] [CrossRef]

	



Lubick, K.J.; Robertson, S.J.; McNally, K.L.; Freedman, B.A.; Rasmussen, A.L.; Taylor, R.T.; Walts, A.D.; Tsuruda, S.; Sakai, M.; Ishizuka, M.; et al. Flavivirus Antagonism of Type I Interferon Signaling Reveals Prolidase as a Regulator of IFNAR1 Surface Expression. Cell Host Microbe 2015, 18, 61–74. [Google Scholar] [CrossRef]

	



Best, S.M. The Many Faces of the Flavivirus NS5 Protein in Antagonism of Type I Interferon Signaling. J. Virol. 2017, 91, e01970-16. [Google Scholar] [CrossRef]

	



Latanova, A.; Starodubova, E. Flaviviridae Nonstructural Proteins: The Role in Molecular Mechanisms of Triggering Inflammation. Viruses 2022, 14, 1808. [Google Scholar] [CrossRef]

	



Upadhyay, A.K.; Cyr, M.; Longenecker, K.; Tripathi, R.; Sun, C.; Kempf, D.J. Crystal structure of full-length Zika virus NS5 protein reveals a conformation similar to Japanese encephalitis virus NS5. Acta Crystallogr. Sect. F Struct. Biol. Commun. 2017, 73, 116–122. [Google Scholar] [CrossRef]

	



Turtle, L.; Solomon, T. Japanese encephalitis—The prospects for new treatments. Nat. Rev. Neurol. 2018, 14, 298–313. [Google Scholar] [CrossRef]

	



Lee, C.J.; Lin, H.R.; Liao, C.L.; Lin, Y.L. Cholesterol effectively blocks entry of flavivirus. J. Virol. 2008, 82, 6470–6480. [Google Scholar] [CrossRef]

	



Bressanelli, S.; Stiasny, K.; Allison, S.L.; Stura, E.A.; Duquerroy, S.; Lescar, J.; Heinz, F.X.; Rey, F.A. Structure of a flavivirus envelope glycoprotein in its low-pH-induced membrane fusion conformation. EMBO J. 2004, 23, 728–738. [Google Scholar] [CrossRef] [PubMed]

	



Stiasny, K.; Kössl, C.; Lepault, J.; Rey, F.A.; Heinz, F.X. Characterization of a structural intermediate of flavivirus membrane fusion. PLoS Pathog. 2007, 3, e20. [Google Scholar] [CrossRef]

	



Villordo, S.M.; Gamarnik, A.V. Genome cyclization as strategy for flavivirus RNA replication. Virus Res. 2009, 139, 230–239. [Google Scholar] [CrossRef] [PubMed]

	



Yu, I.M.; Zhang, W.; Holdaway, H.A.; Li, L.; Kostyuchenko, V.A.; Chipman, P.R.; Kuhn, R.J.; Rossmann, M.G.; Chen, J. Structure of the immature dengue virus at low pH primes proteolytic maturation. Science 2008, 319, 1834–1837. [Google Scholar] [CrossRef] [PubMed]

	



Nain, M.; Mukherjee, S.; Karmakar, S.P.; Paton, A.W.; Paton, J.C.; Abdin, M.Z.; Basu, A.; Kalia, M.; Vrati, S. GRP78 Is an Important Host Factor for Japanese Encephalitis Virus Entry and Replication in Mammalian Cells. J. Virol. 2017, 91, e02274-16. [Google Scholar] [CrossRef]

	



Chen, S.T.; Liu, R.S.; Wu, M.F.; Lin, Y.L.; Chen, S.Y.; Tan, D.T.; Chou, T.Y.; Tsai, I.S.; Li, L.; Hsieh, S.L. CLEC5A regulates Japanese encephalitis virus-induced neuroinflammation and lethality. PLoS Pathog. 2012, 8, e1002655. [Google Scholar] [CrossRef] [PubMed]

	



Chien, Y.J.; Chen, W.J.; Hsu, W.L.; Chiou, S.S. Bovine lactoferrin inhibits Japanese encephalitis virus by binding to heparan sulfate and receptor for low density lipoprotein. Virology 2008, 379, 143–151. [Google Scholar] [CrossRef]

	



Liang, Z.; Pan, J.; Xie, S.; Yang, X.; Cao, R. Interaction between hTIM-1 and Envelope Protein Is Important for JEV Infection. Viruses 2023, 15, 1589. [Google Scholar] [CrossRef]

	



Wang, P.; Hu, K.; Luo, S.; Zhang, M.; Deng, X.; Li, C.; Jin, W.; Hu, B.; He, S.; Li, M.; et al. DC-SIGN as an attachment factor mediates Japanese encephalitis virus infection of human dendritic cells via interaction with a single high-mannose residue of viral E glycoprotein. Virology 2016, 488, 108–119. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.J.; Yu, C.Y.; Liao, C.L.; Lin, Y.L. Vimentin binding is critical for infection by the virulent strain of Japanese encephalitis virus. Cell. Microbiol. 2011, 13, 1358–1370. [Google Scholar] [CrossRef]

	



Thongtan, T.; Wikan, N.; Wintachai, P.; Rattanarungsan, C.; Srisomsap, C.; Cheepsunthorn, P.; Smith, D.R. Characterization of putative Japanese encephalitis virus receptor molecules on microglial cells. J. Med. Virol. 2012, 84, 615–623. [Google Scholar] [CrossRef]

	



Altmeyer, R. Virus attachment and entry offer numerous targets for antiviral therapy. Curr. Pharm. Des. 2004, 10, 3701–3712. [Google Scholar] [CrossRef]

	



Castel, G.; Chtéoui, M.; Heyd, B.; Tordo, N. Phage display of combinatorial peptide libraries: Application to antiviral research. Molecules 2011, 16, 3499–3518. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Hameed, M.; Wang, X.; Zhang, J.; Guo, S.; Anwar, M.N.; Pang, L.; Liu, K.; Li, B.; Shao, D.; et al. Antiviral activity of phage display-selected peptides against Japanese encephalitis virus infection in vitro and in vivo. Antivir. Res. 2020, 174, 104673. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Li, H.; Ye, Z.; Xu, Q.; Fu, Q.; Sun, W.; Qi, W.; Yue, J. Berbamine inhibits Japanese encephalitis virus (JEV) infection by compromising TPRMLs-mediated endolysosomal trafficking of low-density lipoprotein receptor (LDLR). Emerg. Microbes Infect. 2021, 10, 1257–1271. [Google Scholar] [CrossRef]

	



Go, G.W.; Mani, A. Low-density lipoprotein receptor (LDLR) family orchestrates cholesterol homeostasis. Yale J. Biol. Med. 2012, 85, 19–28. [Google Scholar] [PubMed]

	



Mokhber-Dezfuli, N.; Saeidnia, S.; Gohari, A.R.; Kurepaz-Mahmoodabadi, M. Phytochemistry and pharmacology of berberis species. Pharmacogn. Rev. 2014, 8, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Y.; Chen, T.; Meng, Z.; Gan, Y.; Xu, X.; Lou, G.; Li, H.; Gan, X.; Zhou, H.; Tang, J.; et al. CaMKII γ, a critical regulator of CML stem/progenitor cells, is a target of the natural product berbamine. Blood 2012, 120, 4829–4839. [Google Scholar] [CrossRef]

	



Yang, C.C.; Hu, H.S.; Lin, H.M.; Wu, P.S.; Wu, R.H.; Tian, J.N.; Wu, S.H.; Tsou, L.K.; Song, J.S.; Chen, H.W.; et al. A novel flavivirus entry inhibitor, BP34610, discovered through high-throughput screening with dengue reporter viruses. Antivir. Res. 2019, 172, 104636. [Google Scholar] [CrossRef]

	



Arnett, E.; Lehrer, R.I.; Pratikhya, P.; Lu, W.; Seveau, S. Defensins enable macrophages to inhibit the intracellular proliferation of Listeria monocytogenes. Cell. Microbiol. 2011, 13, 635–651. [Google Scholar] [CrossRef]

	



Leonova, L.; Kokryakov, V.N.; Aleshina, G.; Hong, T.; Nguyen, T.; Zhao, C.; Waring, A.J.; Lehrer, R.I. Circular minidefensins and posttranslational generation of molecular diversity. J. Leukoc. Biol. 2001, 70, 461–464. [Google Scholar] [CrossRef]

	



Tran, D.; Tran, P.A.; Tang, Y.Q.; Yuan, J.; Cole, T.; Selsted, M.E. Homodimeric theta-defensins from rhesus macaque leukocytes: Isolation, synthesis, antimicrobial activities, and bacterial binding properties of the cyclic peptides. J. Biol. Chem. 2002, 277, 3079–3084. [Google Scholar] [CrossRef] [PubMed]

	



Prantner, D.; Shirey, K.A.; Lai, W.; Lu, W.; Cole, A.M.; Vogel, S.N.; Garzino-Demo, A. The θ-defensin retrocyclin 101 inhibits TLR4- and TLR2-dependent signaling and protects mice against influenza infection. J. Leukoc. Biol. 2017, 102, 1103–1113. [Google Scholar] [CrossRef]

	



Glickman, M.H.; Ciechanover, A. The ubiquitin-proteasome proteolytic pathway: Destruction for the sake of construction. Physiol. Rev. 2002, 82, 373–428. [Google Scholar] [CrossRef]

	



Pickart, C.M. Ubiquitin enters the new millennium. Mol. Cell 2001, 8, 499–504. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, H.; Zu, X.; Liu, Y.; Chen, L.; Zhu, X.; Zhang, L.; Zhou, Z.; Xiao, G.; Wang, W. The ubiquitin-proteasome system is essential for the productive entry of Japanese encephalitis virus. Virology 2016, 498, 116–127. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.F. The Essential Medicinal Chemistry of Curcumin. J. Med. Chem. 2017, 60, 1620–1637. [Google Scholar] [CrossRef]

	



Anand, P.; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and promises. Mol. Pharm. 2007, 4, 807–818. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.H.; Lin, C.J.; Anand, A.; Lin, H.J.; Lin, H.Y.; Mao, J.Y.; Wang, P.H.; Tseng, Y.J.; Tzou, W.S.; Huang, C.C.; et al. Development of antiviral carbon quantum dots that target the Japanese encephalitis virus envelope protein. J. Biol. Chem. 2022, 298, 101957. [Google Scholar] [CrossRef]

	



Lin, C.J.; Chang, L.; Chu, H.W.; Lin, H.J.; Chang, P.C.; Wang, R.Y.L.; Unnikrishnan, B.; Mao, J.Y.; Chen, S.Y.; Huang, C.C. High Amplification of the Antiviral Activity of Curcumin through Transformation into Carbon Quantum Dots. Small 2019, 15, e1902641. [Google Scholar] [CrossRef]

	



Rawlinson, S.M.; Pryor, M.J.; Wright, P.J.; Jans, D.A. Dengue virus RNA polymerase NS5: A potential therapeutic target? Curr. Drug Targets 2006, 7, 1623–1638. [Google Scholar] [CrossRef] [PubMed]

	



Lim, S.P.; Noble, C.G.; Shi, P.Y. The dengue virus NS5 protein as a target for drug discovery. Antivir. Res. 2015, 119, 57–67. [Google Scholar] [CrossRef] [PubMed]

	



Chauveau, M.; Raffi, F.; Allavena, C. Tenofovir DF/emtricitabine/rilpivirine as HIV post-exposure prophylaxis: Results from a multicentre prospective study-authors’ response. J. Antimicrob. Chemother. 2019, 74, 3403–3404. [Google Scholar] [CrossRef]

	



Bhatia, H.K.; Singh, H.; Grewal, N.; Natt, N.K. Sofosbuvir: A novel treatment option for chronic hepatitis C infection. J. Pharmacol. Pharmacother. 2014, 5, 278–284. [Google Scholar] [CrossRef]

	



Bullard-Feibelman, K.M.; Govero, J.; Zhu, Z.; Salazar, V.; Veselinovic, M.; Diamond, M.S.; Geiss, B.J. The FDA-approved drug sofosbuvir inhibits Zika virus infection. Antivir. Res. 2017, 137, 134–140. [Google Scholar] [CrossRef]

	



Meerbach, A.; Klöcking, R.; Meier, C.; Lomp, A.; Helbig, B.; Wutzler, P. Inhibitory effect of cycloSaligenyl-nucleoside monophosphates (cycloSal-NMP) of acyclic nucleoside analogues on HSV-1 and EBV. Antivir. Res. 2000, 45, 69–77. [Google Scholar] [CrossRef] [PubMed]

	



Lu, G.; Gong, P. A structural view of the RNA-dependent RNA polymerases from the Flavivirus genus. Virus Res. 2017, 234, 34–43. [Google Scholar] [CrossRef] [PubMed]

	



El Sahili, A.; Soh, T.S.; Schiltz, J.; Gharbi-Ayachi, A.; Seh, C.C.; Shi, P.Y.; Lim, S.P.; Lescar, J. NS5 from Dengue Virus Serotype 2 Can Adopt a Conformation Analogous to That of Its Zika Virus and Japanese Encephalitis Virus Homologues. J. Virol. 2019, 94, e01294-19. [Google Scholar] [CrossRef]

	



Zandi, K.; Bassit, L.; Amblard, F.; Cox, B.D.; Hassandarvish, P.; Moghaddam, E.; Yueh, A.; Libanio Rodrigues, G.O.; Passos, I.; Costa, V.V.; et al. Nucleoside Analogs with Selective Antiviral Activity against Dengue Fever and Japanese Encephalitis Viruses. Antimicrob. Agents Chemother. 2019, 63, 10–1128. [Google Scholar] [CrossRef]

	



Yadav, P.; El-Kafrawy, S.A. Discovery of Small Molecules from Echinacea angustifolia Targeting RNA-Dependent RNA Polymerase of Japanese Encephalitis Virus. Life 2022, 12, 952. [Google Scholar] [CrossRef] [PubMed]

	



Dwivedi, V.D.; Singh, A.; El-Kafraway, S.A.; Alandijany, T.A.; Faizo, A.A.; Bajrai, L.H.; Kamal, M.A.; Azhar, E.I. Mechanistic insights into the Japanese encephalitis virus RNA dependent RNA polymerase protein inhibition by bioflavonoids from Azadirachta indica. Sci. Rep. 2021, 11, 18125. [Google Scholar] [CrossRef] [PubMed]

	



Wahaab, A.; Mustafa, B.E.; Hameed, M.; Stevenson, N.J. Potential Role of Flavivirus NS2B-NS3 Proteases in Viral Pathogenesis and Anti-flavivirus Drug Discovery Employing Animal Cells and Models: A Review. Viruses 2021, 14, 44. [Google Scholar] [CrossRef]

	



de Leuw, P.; Stephan, C. Protease inhibitor therapy for hepatitis C virus-infection. Expert Opin. Pharmacother. 2018, 19, 577–587. [Google Scholar] [CrossRef]

	



Yuan, S.; Chan, J.F.; den-Haan, H.; Chik, K.K.; Zhang, A.J.; Chan, C.C.; Poon, V.K.; Yip, C.C.; Mak, W.W.; Zhu, Z.; et al. Structure-based discovery of clinically approved drugs as Zika virus NS2B-NS3 protease inhibitors that potently inhibit Zika virus infection in vitro and in vivo. Antivir. Res. 2017, 145, 33–43. [Google Scholar] [CrossRef]

	



Pinkham, A.M.; Yu, Z.; Cowan, J.A. Broad-spectrum catalytic metallopeptide inactivators of Zika and West Nile virus NS2B/NS3 proteases. Chem. Commun. 2018, 54, 12357–12360. [Google Scholar] [CrossRef]

	



Huang, S.H.; Lien, J.C.; Chen, C.J.; Liu, Y.C.; Wang, C.Y.; Ping, C.F.; Lin, Y.F.; Huang, A.C.; Lin, C.W. Antiviral Activity of a Novel Compound CW-33 against Japanese Encephalitis Virus through Inhibiting Intracellular Calcium Overload. Int. J. Mol. Sci. 2016, 17, 1386. [Google Scholar] [CrossRef]

	



Chen, K.C.; Lin, Y.F.; Huang, A.C.; Gao, J.Y.; Lin, C.W.; Lien, J.C. Molecular interaction of the antiviral compound CW-33 and its analogues with the NS2B-NS3 protease of the Japanese encephalitis virus. Int. J. Mol. Med. 2019, 43, 2024–2032. [Google Scholar] [CrossRef] [PubMed]

	



Bhosale, S.; Kumar, A. Screening of phytoconstituents of Andrographis paniculata against various targets of Japanese encephalitis virus: An in-silico and in-vitro target-based approach. Curr. Res. Pharmacol. Drug Discov. 2021, 2, 100043. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Y.; Chen, L.J.; Huang, T.; Ying, J.Q.; Li, J. The pharmacology, toxicology and therapeutic potential of anthraquinone derivative emodin. Chin. J. Nat. Med. 2020, 18, 425–435. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.W.; Wu, C.F.; Hsiao, N.W.; Chang, C.Y.; Li, S.W.; Wan, L.; Lin, Y.J.; Lin, W.Y. Aloe-emodin is an interferon-inducing agent with antiviral activity against Japanese encephalitis virus and enterovirus 71. Int. J. Antimicrob. Agents 2008, 32, 355–359. [Google Scholar] [CrossRef] [PubMed]

	



Sydiskis, R.J.; Owen, D.G.; Lohr, J.L.; Rosler, K.H.; Blomster, R.N. Inactivation of enveloped viruses by anthraquinones extracted from plants. Antimicrob. Agents Chemother. 1991, 35, 2463–2466. [Google Scholar] [CrossRef] [PubMed]

	



Barnard, D.L.; Huffman, J.H.; Morris, J.L.; Wood, S.G.; Hughes, B.G.; Sidwell, R.W. Evaluation of the antiviral activity of anthraquinones, anthrones and anthraquinone derivatives against human cytomegalovirus. Antivir. Res. 1992, 17, 63–77. [Google Scholar] [CrossRef] [PubMed]

	



Ali, S.I.; Sheikh, W.M.; Rather, M.A.; Venkatesalu, V. Medicinal plants: Treasure for antiviral drug discovery. Phytotherapy Res. 2021, 35, 3447–3483. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.H.; Wang, Y.W.; Yang, J.; Tong, Z.J.; Wu, J.Z.; Wang, Y.B.; Wang, Q.X.; Li, Q.Q.; Yu, Y.C.; Leng, X.J.; et al. Natural products as potential lead compounds to develop new antiviral drugs over the past decade. Eur. J. Med. Chem. 2023, 260, 115726. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Jia, X.; Liu, Y.; Wang, S.; Cao, J.; Zhang, B.; Xiao, G.; Wang, W. Screening of Natural Extracts for Inhibitors against Japanese Encephalitis Virus Infection. Antimicrob. Agents Chemother. 2020, 64, e02373-19. [Google Scholar] [CrossRef]

	



Liu, M.; Wang, W.G.; Sun, H.D.; Pu, J.X. Diterpenoids from Isodon species: An update. Nat. Prod. Rep. 2017, 34, 1090–1140. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Fu, Q.; Dai, J.M.; Yan, B.C.; Wang, D.; Puno, P.T.; Yue, J. High-content screening of diterpenoids from Isodon species as autophagy modulators and the functional study of their antiviral activities. Cell Biol. Toxicol. 2021, 37, 695–713. [Google Scholar] [CrossRef]

	



Johari, J.; Kianmehr, A.; Mustafa, M.R.; Abubakar, S.; Zandi, K. Antiviral activity of baicalein and quercetin against the Japanese encephalitis virus. Int. J. Mol. Sci. 2012, 13, 16785–16795. [Google Scholar] [CrossRef]

	



Peake, P.W.; Pussell, B.A.; Martyn, P.; Timmermans, V.; Charlesworth, J.A. The inhibitory effect of rosmarinic acid on complement involves the C5 convertase. Int. J. Immunopharmacol. 1991, 13, 853–857. [Google Scholar] [CrossRef] [PubMed]

	



Swarup, V.; Ghosh, J.; Ghosh, S.; Saxena, A.; Basu, A. Antiviral and anti-inflammatory effects of rosmarinic acid in an experimental murine model of Japanese encephalitis. Antimicrob. Agents Chemother. 2007, 51, 3367–3370. [Google Scholar] [CrossRef]

	



Sharma, R.; Bhattu, M.; Tripathi, A.; Verma, M.; Acevedo, R.; Kumar, P.; Rajput, V.D.; Singh, J. Potential medicinal plants to combat viral infections: A way forward to environmental biotechnology. Environ. Res. 2023, 227, 115725. [Google Scholar] [CrossRef]

	



Gould, E.A.; de Lamballerie, X.; Zanotto, P.M.; Holmes, E.C. Origins, evolution, and vector/host coadaptations within the genus Flavivirus. Adv. Virus Res. 2003, 59, 277–314. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.F.; Lee, C.J.; Liao, C.L.; Dwek, R.A.; Zitzmann, N.; Lin, Y.L. Antiviral effects of an iminosugar derivative on flavivirus infections. J. Virol. 2002, 76, 3596–3604. [Google Scholar] [CrossRef]

	



Thirumal Kumar, D.; Iyer, S.; Christy, J.P.; Siva, R.; Tayubi, I.A.; George Priya Doss, C.; Zayed, H. A comparative computational approach toward pharmacological chaperones (NN-DNJ and ambroxol) on N370S and L444P mutations causing Gaucher’s disease. Adv. Protein Chem. Struct. Biol. 2019, 114, 315–339. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, Y.; Guo, J.; Wang, P.; Zhang, L.; Xiao, G.; Wang, W. Screening of FDA-Approved Drugs for Inhibitors of Japanese Encephalitis Virus Infection. J. Virol. 2017, 91, e01055-17. [Google Scholar] [CrossRef]

	



Mizuno, K.; Haga, H.; Takahashi, M.; Watanabe, Y.; Fukuchi, S. Clinical evaluation of the efficacy and safety of manidipine in hypertensive patients with renal disorders. Blood Press. Suppl. 1992, 3, 119–123. [Google Scholar]

	



Ravi, V.; Parida, S.; Desai, A.; Chandramuki, A.; Gourie-Devi, M.; Grau, G.E. Correlation of tumor necrosis factor levels in the serum and cerebrospinal fluid with clinical outcome in Japanese encephalitis patients. J. Med. Virol. 1997, 51, 132–136. [Google Scholar] [CrossRef]

	



Genovese, T.; Mazzon, E.; Crisafulli, C.; Di Paola, R.; Muià, C.; Bramanti, P.; Cuzzocrea, S. Immunomodulatory effects of etanercept in an experimental model of spinal cord injury. J. Pharmacol. Exp. Ther. 2006, 316, 1006–1016. [Google Scholar] [CrossRef] [PubMed]

	



Ye, J.; Jiang, R.; Cui, M.; Zhu, B.; Sun, L.; Wang, Y.; Zohaib, A.; Dong, Q.; Ruan, X.; Song, Y.; et al. Etanercept reduces neuroinflammation and lethality in mouse model of Japanese encephalitis. J. Infect. Dis. 2014, 210, 875–889. [Google Scholar] [CrossRef] [PubMed]

	



Giannini, E.H.; Ilowite, N.T.; Lovell, D.J.; Wallace, C.A.; Rabinovich, C.E.; Reiff, A.; Higgins, G.; Gottlieb, B.; Singer, N.G.; Chon, Y.; et al. Long-term safety and effectiveness of etanercept in children with selected categories of juvenile idiopathic arthritis. Arthritis Rheum. 2009, 60, 2794–2804. [Google Scholar] [CrossRef]

	



Elliott, M.J.; Maini, R.N.; Feldmann, M.; Long-Fox, A.; Charles, P.; Bijl, H.; Woody, J.N. Repeated therapy with monoclonal antibody to tumour necrosis factor alpha (cA2) in patients with rheumatoid arthritis. Lancet 1994, 344, 1125–1127. [Google Scholar] [CrossRef]

	



Zou, J.X.; Braun, J.; Sieper, J. Immunological basis for the use of TNFalpha-blocking agents in ankylosing spondylitis and immunological changes during treatment. Clin. Exp. Rheumatol. 2002, 20, S34–S37. [Google Scholar] [PubMed]

	



Yong, V.W.; Wells, J.; Giuliani, F.; Casha, S.; Power, C.; Metz, L.M. The promise of minocycline in neurology. Lancet Neurol. 2004, 3, 744–751. [Google Scholar] [CrossRef] [PubMed]

	



Carney, S.; Butcher, R.A.; Dawborn, J.K.; Pattison, G. Minocycline excretion and distribution in relation to renal function in man. Clin. Exp. Pharmacol. Physiol. 1974, 1, 299–308. [Google Scholar] [CrossRef] [PubMed]

	



Chopra, I. Glycylcyclines: Third-generation tetracycline antibiotics. Curr. Opin. Pharmacol. 2001, 1, 464–469. [Google Scholar] [CrossRef]

	



Mishra, M.K.; Basu, A. Minocycline neuroprotects, reduces microglial activation, inhibits caspase 3 induction, and viral replication following Japanese encephalitis. J. Neurochem. 2008, 105, 1582–1595. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, B.L.; Sasaki, D.T.; Murray, B.W.; O’Leary, E.C.; Sakata, S.T.; Xu, W.; Leisten, J.C.; Motiwala, A.; Pierce, S.; Satoh, Y.; et al. SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc. Natl. Acad. Sci. USA 2001, 98, 13681–13686. [Google Scholar] [CrossRef]

	



Ye, J.; Zhang, H.; He, W.; Zhu, B.; Zhou, D.; Chen, Z.; Ashraf, U.; Wei, Y.; Liu, Z.; Fu, Z.F.; et al. Quantitative phosphoproteomic analysis identifies the critical role of JNK1 in neuroinflammation induced by Japanese encephalitis virus. Sci. Signal. 2016, 9, ra98. [Google Scholar] [CrossRef]

	



Yang, X.J.; Seto, E. Lysine acetylation: Codified crosstalk with other posttranslational modifications. Mol. Cell 2008, 31, 449–461. [Google Scholar] [CrossRef]

	



Liu, H.M.; Jiang, F.; Loo, Y.M.; Hsu, S.; Hsiang, T.Y.; Marcotrigiano, J.; Gale, M., Jr. Regulation of Retinoic Acid Inducible Gene-I (RIG-I) Activation by the Histone Deacetylase 6. EBioMedicine 2016, 9, 195–206. [Google Scholar] [CrossRef]

	



Lu, C.Y.; Chang, Y.C.; Hua, C.H.; Chuang, C.; Huang, S.H.; Kung, S.H.; Hour, M.J.; Lin, C.W. Tubacin, an HDAC6 Selective Inhibitor, Reduces the Replication of the Japanese Encephalitis Virus via the Decrease of Viral RNA Synthesis. Int. J. Mol. Sci. 2017, 18, 954. [Google Scholar] [CrossRef]

	



Han, Y.W.; Choi, J.Y.; Uyangaa, E.; Kim, S.B.; Kim, J.H.; Kim, B.S.; Kim, K.; Eo, S.K. Distinct dictation of Japanese encephalitis virus-induced neuroinflammation and lethality via triggering TLR3 and TLR4 signal pathways. PLoS Pathog. 2014, 10, e1004319. [Google Scholar] [CrossRef]

	



Hsieh, Y.C.; Lee, K.C.; Wu, P.S.; Huo, T.I.; Huang, Y.H. Eritoran Attenuates Hepatic Inflammation and Fibrosis in Mice with Chronic Liver Injury. Cells 2021, 10, 1562. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, P.; Chakraborty, P. Molecular Mechanism and Role of Japanese Encephalitis Virus Infection in Central Nervous System-Mediated Diseases. Viruses 2022, 14, 2686. [Google Scholar] [CrossRef] [PubMed]

	



Erlanger, T.E.; Weiss, S.; Keiser, J.; Utzinger, J.; Wiedenmayer, K. Past, present, and future of Japanese encephalitis. Emerg. Infect. Dis. 2009, 15, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Tiroumourougane, S.V.; Raghava, P.; Srinivasana, S.; Badrinath. Management parameters affecting the outcome of Japanese encephalitis. J. Trop. Pediatr. 2003, 49, 153–156. [Google Scholar] [CrossRef]

	



Campbell, G.L.; Hills, S.L.; Fischer, M.; Jacobson, J.A.; Hoke, C.H.; Hombach, J.M.; Marfin, A.A.; Solomon, T.; Tsai, T.F.; Tsu, V.D.; et al. Estimated global incidence of Japanese encephalitis: A systematic review. Bull. World Health Organ. 2011, 89, 766–774. [Google Scholar] [CrossRef]

	



Weaver, S.C.; Reisen, W.K. Present and future arboviral threats. Antivir. Res. 2010, 85, 328–345. [Google Scholar] [CrossRef]

	



Zhu, Y.; Chen, S.; Lurong, Q.; Qi, Z. Recent Advances in Antivirals for Japanese Encephalitis Virus. Viruses 2023, 15, 1033. [Google Scholar] [CrossRef]

	



Calvert, A.E.; Bennett, S.L.; Dixon, K.L.; Blair, C.D.; Roehrig, J.T. A Monoclonal Antibody Specific for Japanese Encephalitis Virus with High Neutralizing Capability for Inclusion as a Positive Control in Diagnostic Neutralization Tests. Am. J. Trop. Med. Hyg. 2019, 101, 233–236. [Google Scholar] [CrossRef]

	



Kant, K.; Lal, U.R.; Kumar, A.; Ghosh, M. A merged molecular docking, ADME-T and dynamics approaches towards the genus of Arisaema as herpes simplex virus type 1 and type 2 inhibitors. Comput. Biol. Chem. 2019, 78, 217–226. [Google Scholar] [CrossRef]

	



Majerová, T.; Konvalinka, J. Viral proteases as therapeutic targets. Mol. Asp. Med. 2022, 88, 101159. [Google Scholar] [CrossRef] [PubMed]

	



Brecher, M.; Zhang, J.; Li, H. The flavivirus protease as a target for drug discovery. Virol. Sin. 2013, 28, 326–336. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Li, H.; Kong, D.; Cao, S.; Peng, G.; Zhou, R.; Chen, H.; Song, Y. Structure-based discovery of two antiviral inhibitors targeting the NS3 helicase of Japanese encephalitis virus. Sci. Rep. 2016, 6, 34550. [Google Scholar] [CrossRef]

	



Kim, Y.G.; Yoo, J.S.; Kim, J.H.; Kim, C.M.; Oh, J.W. Biochemical characterization of a recombinant Japanese encephalitis virus RNA-dependent RNA polymerase. BMC Mol. Biol. 2007, 8, 59. [Google Scholar] [CrossRef] [PubMed]

	



Ye, C.; Bian, P.; Zhang, J.; Xiao, H.; Zhang, L.; Ye, W.; Dong, Y.; Zhou, Y.; Jia, Z.; Lei, Y. Structure-based discovery of antiviral inhibitors targeting the E dimer interface of Japanese encephalitis virus. Biochem. Biophys. Res. Commun. 2019, 515, 366–371. [Google Scholar] [CrossRef] [PubMed]

	



Hombach, J.; Barrett, A.D.; Cardosa, M.J.; Deubel, V.; Guzman, M.; Kurane, I.; Roehrig, J.T.; Sabchareon, A.; Kieny, M.P. Review on flavivirus vaccine development. Proceedings of a meeting jointly organised by the World Health Organization and the Thai Ministry of Public Health, 26-27 April 2004, Bangkok, Thailand. Vaccine 2005, 23, 2689–2695. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 16 00202 g001] 





Figure 1. Geographical distribution of JEV infection. Map reproduced from Srivastava et al., 2023 [14], Sharma et al., 2021 [19], Mackenzie et al., 2022 [11], van den Hurk et al., 2009 [12], and Mulvey et al., 2021 [25]. 
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Figure 3. JEV life cycle. Virions are adsorbed onto the host cellular membrane and then enter the cell via receptor-mediated endocytosis. A low-pH environment in the endosome initiates the rearrangement of the viral envelope, culminating in membrane fusion and the release of the genome into the cytoplasm. The positive-sense viral RNA is translated, resulting in a single polyprotein that is cleaved into structural and non-structural proteins. Viral replication is facilitated by a specialized compartment (comprising NS5, the RdRp, and other viral non-structural proteins and multiple host factors). This compartment transcribes the positive-strand genomic RNA into a negative-strand RNA, which is then employed as a template to produce progeny (+)-strand genomes. After replication, the genome of the virus is encapsidated by C protein and transported to the ER, where the nucleocapsid is enveloped by a lipid bilayer in which the PrM and E proteins are embedded. Immature virions, consisting of genomic RNA, PrM-E heterodimers, and C, travel through the trans-Golgi network and mature via furin cleavage. This figure was originally created using BioRender.com, accessed on 20 October 2023. 
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Figure 4. JEV entry inhibitors. This figure was originally created using KingDraw software 3.1.0.20. 
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Figure 5. JEV RdRp inhibitors. This figure was originally created using KingDraw software 3.1.0.20. 
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Figure 6. JEV protease inhibitors. This figure was originally created using KingDraw software 3.1.0.20. 
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Figure 7. JEV inhibitors derived from natural products. This figure was originally created using KingDraw software 3.1.0.20. 
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Figure 8. Host-directed JEV antivirals. This figure was originally created using KingDraw software 3.1.0.20. 
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Table 1. Target product profile (TPP) for a potential JEV drug.
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	Optimum/Ideal
	Minimum/Acceptable





	Target population
	Population presenting clinical symptoms of JEV infection in endemic areas
	Population that recently visited an endemic area and presented a clinical manifestation of JEV infection



	Efficacy
	No circulating JEV in the bloodstream, as assessed by specific quantitative PCR assays
	Eliminates or reduces the risks of the neurological impairment of patients



	Administration and dosage
	Single oral dose
	The duration of treatment is extended throughout pregnancy; oral dose



	Pharmacokinetic profile
	Permeable to the blood–brain barrier
	Repair of damaged blood–brain barrier



	Safety and tolerability
	Safe to be taken during pregnancy (category A a)
	Safe to be taken during pregnancy (category B b)



	Adverse reactions
	No observed adverse reaction
	Reversible and mild adverse reactions



	Drug interactions
	No drug interactions
	No interaction with common drugs against depression, diabetes, and high blood pressure during pregnancy



	Contraindications
	No contraindications
	/



	Precautions and warnings
	No precautions or warnings
	No teratogenicity and genotoxicity



	Storage and handling
	Stable for 1 year at room temperature
	Require refrigeration (−20 °C) for stability



	Cost of goods
	Less than USD 5 per treatment course
	Less than USD 100 per treatment course







a Category A: well-controlled and solid studies have failed to reveal a risk to the foetus in the first trimester of pregnancy, and there is no definite evidence of risk in later trimesters. b Category B: animal reproduction studies have failed to reveal a risk to the foetus, and there are no well-controlled and solid studies in pregnant women.













 





Table 2. Summary of antiviral strategies developed for JEV.
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	Drug Target
	Compound/

Drug Name
	Mechanism of Action
	In Vitro Activity: IC50 or EC50 and CC50 or LD50 (Utilised Cell Line)
	In Vivo Efficacy: % Survival (Explored Animal Model)
	References





	Entry

Inhibitors
	P1
	Interacts with the JEV E protein
	IC50: 35.9 μM (BHK-21 cells)

CC50: >100 μM
	70% (C57/BL6)
	[83]



	
	Berbamine
	Decreases LDLR levels at the cell surface
	IC50: 1.62 μM (A549 cells)

CC50: ~126 μM
	75% (BALB/c)
	[84]



	
	BP34610
	A broad-spectrum flavivirus inhibitor

that may target the flavivirus E protein
	ND *

CC50: ~94.55 μM
	ND
	[88]



	
	RC-101
	Targets the DE loop of the E protein
	IC50: 10.67 μM (BHK-21 cells)

CC50: >100 μM
	ND
	[38]



	
	MG132
	Interferes with JEV intracellular trafficking
	ND *

CC50: >3.2 μM
	ND
	[95]



	
	Lactacystin
	Interferes with JEV intracellular trafficking
	ND *

CC50: >25.6 μM
	ND
	[95]



	
	Cur-CQDs
	Binds to the JEV E protein
	IC50: 0.9 μg/mL (BHK-21 cells)

CC50: >144 μM
	ND
	[98]



	RdRp

Inhibitors
	2′-C-MeC
	Inhibits JEV replication
	EC50: ~0.66 μM (Vero cells)

CC50: >200 μM
	ND
	[108]



	
	DMFA
	Inhibits JEV replication
	EC50: ~0.85 μM (Vero cells)

CC50: >200 μM
	ND
	[108]



	Protease

Inhibitors
	CW-33
	Targets JEV NS2B-NS3
	pIC50: 5.09
	ND
	[116]



	
	Andrographolide
	Inhibits JEV NS3 protease
	IC50: 2 μg/mL
	ND
	[117]



	
	Abscisic acid
	Binds with JEV NS2B-NS3 protease
	IC50: 100 μg/mL

LD50: 4260 mg/kg
	ND
	[48]



	
	Aloe-emodin
	Binds with JEV NS2B-NS3 protease
	IC50: 7.3 μg/mL

LD50: 435 mg/kg
	ND
	[48]



	Bioactive Natural Products and Their Derivatives
	Ouabain
	Targeting the Na+/K+-ATPase
	IC50: 52.16 nM (Vero cells)

CC50: >100 μM
	67% (BALB/c)
	[124]



	
	Enanderinanin J
	Inhibits autophagosome–lysosome fusion
	IC50: 16.3 μM (Hela cells)

CC50: ~99.06 μM
	ND
	[126]



	
	Baicalein
	Virucidal activity; inhibits adsorption activity
	IC50: ~5.8 μg/mL (Hela cells)

CC50: ~115.2 μg/mL
	ND
	[127]



	
	Rosmarinic acid
	Anti-inflammatory effect
	ND *
	80% (BALB/c)
	[129]



	Host-Directed Antiviral Agent
	NN-DNJ
	Inhibits α-glucosidases enzymes
	ND *
	54% (ICR)
	[132]



	
	Manidipine
	Targets NS4B and calcium channel
	IC50: 1.6 μM (Vero cells)

CC50: >100 μM
	80% (BALB/c)
	[134]



	
	Cilnidipine
	Inhibits calcium channel
	IC50: 3.5 μM (Vero cells)

CC50: >100 μM
	ND
	[134]



	
	Benidipine hydrochloride
	Inhibits L-, N-, and T-type calcium channels
	IC50: 3.7 μM (Vero cells)

CC50: 55.9 μM
	ND
	[134]



	
	Pimecrolimus
	Inhibits inflammatory cytokine secretion
	IC50: 3.1 μM (Vero cells)

CC50: >100 μM
	ND
	[134]



	
	Etanercept
	Inhibits the downstream signalling pathways of TNF-α
	ND *
	50% (BALB/c)
	[138]



	
	Minocycline
	Inhibits inflammatory cytokines and active caspase 3 activity
	ND *
	70% (BALB/c)
	[145]



	
	SP600125
	Inhibits JNK signalling
	ND *
	40% (BALB/c)
	[147]



	
	Tubacin
	Inhibits histone deacetylases
	IC50: 0.26 μM (TE671 cells)
	ND
	[150]







ND *: in vitro efficacy was assessed via a viral inhibition assay, although IC50 and EC50 were not measured; ND: efficacy in vivo was not evaluated; CC50: 50% cytotoxic concentration; LD50: semilethal concentration.
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