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A fusion protein of vimentin with Fc fragment inhibits Japanese encephalitis virus replication
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Japanese encephalitis virus (JEV), a member of the Flaviviridae family and a flavivirus, is known to induce acute encephalitis. Vimentin protein has been identified as a potential receptor for JEV, engaging in interactions with the viral membrane protein. The Fc fragment, an integral constituent of immunoglobulins, plays a crucial role in antigen recognition by dendritic cells (DCs) or phagocytes, leading to subsequent antigen presentation, cytotoxicity, or phagocytosis. In this study, we fused the receptor of JEV vimentin with the Fc fragment of IgG and expressed the resulting vimentin-Fc fusion protein in Escherichia coli. Pull-down experiments demonstrated the binding ability of the vimentin-Fc fusion protein to JEV virion in vitro. Additionally, we conducted inhibition assays at the cellular level, revealing the ability of vimentin-Fc protein suppressing JEV replication, it may be a promising passive immunotherapy agent for JEV. These findings pave the way for potential therapeutic strategies against JEV.
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1 Introduction

Japanese encephalitis virus (JEV) is a member of the Flaviviridae family, specifically classified as a flavivirus. The RNA of JEV consists of a single strand with a length of approximately 11 kb (1). The discovery of JEV occurred in Japan during the 1970s, and it is recognized as an acute and severe infectious disease of the central nervous system. Humans and animals transmit the virus to one another through mosquito vectors (2, 3). The clinical manifestations of this disease primarily include high fever, transient generalized or localized limb convulsions, sensory impairments, and meningeal damage (4–6). In 1924, JEV was first isolated in the laboratory, revealing a spherical shape with an average virus diameter of about 40 nanometers. The virus is composed of viral envelope proteins and nucleic acids, where the outer layer consists of an envelope containing viral hemagglutinins and protrusions of viral glycoprotein (E) (7). The viral inner membrane protein (M), involved in virus assembly, is located inside the envelope. Although substantial progress has been made in understanding the pathogenesis of JEV, including the structure and function of protein nucleic acids, the receptor protein for JEV remains incompletely studied, leaving certain aspects of its pathogenicity still enigmatic. The main infectious source of domestic animals infected with JEV is pigs, which can be infected by both adult and young pigs (8), and the application of vaccine has not reached the expectation, and there are still many defects of fire-extinguishing and attenuated vaccines (9, 10), which bring difficulties in the prevention and treatment of JEV. Therefore, the development of JEV antivirals and research into the pathogenesis of JEV are still the key points.

Vimentin, an important intermediate filament protein in the cellular cytoskeleton (11), serves as a crucial receptor for JEV. It is a cell surface molecule that exhibits extensive interaction with JEV viral particles (12). As one of the most important intermediate filament proteins, vimentin is expressed in certain ectodermal and mesenchymal cells. To maintain cellular integrity, vimentin forms a network of cytoskeletal scaffolding along with microtubules and microfilaments. Vimentin participates in regulating mechanisms of cell–cell interactions, resulting in different phosphorylation patterns across various cellular states (13, 14). In addition to preserving cell integrity, vimentin also influences cell adhesion, migration, apoptosis, and inflammation (15–18). Moreover, vimentin plays an intermediary role in multiple viral infection processes and has been found to be positively correlated with human enterovirus EV7 (19).

The Fc fragment, a crucial region of immunoglobulins, plays a pivotal role in antigen processing upon complex formation with antibodies. Composed of 226 amino acids, it exerts a significant impact on various biological functions of antibodies and participates in immunoglobulin-mediated pathological damage or physiological processes. The Fc fragment can be recognized by dendritic cells (DCs) or phagocytes, facilitating the killing or phagocytosis of the antigen-bearing cells (20, 21). Fusion proteins containing the Fc domain possess both the properties of immunoglobulins and the properties of the protein of interest. Among the proteins found in human blood, IgG is the most abundant, boasting an extended half-life of up to 21 days (22). The Fc fragment, classified as a soluble protein, can also enhance the solubility of other proteins when expressed as fusion constructs.

In this research, a new perspective is presented for the development of therapeutics against JEV. The study involves the fusion of the potential receptor vimentin with the Fc fragment, resulting in the expression and purification of the vimentin-Fc fusion protein. By conducting pull-down experiments, the interaction between the fusion protein and the virus was identified. Moreover, cellular experiments demonstrated the inhibitory effects of the vimentin-Fc fusion protein on JEV replication. These novel findings pave the way for innovative strategies in the development of antiviral drugs against JEV.



2 Materials and methods


2.1 Materials

Vero, BHK-21 and C6/36 were originally purchased from the Chinese Typical Culture Preservation Center and the Kunming Cell Bank of the Chinese Academy of Sciences, corresponding to the numbers GDC0029, GDC0010, and KCB82002YJ, and have been stably stored in our laboratory for many years. SP2/0 cells were preserved by this laboratory.

JEV was isolated from the live attenuated vaccine strain JEV-SA14-14-2 of Wuhan Keqian Animal Biology Co. Hybridoma cell line 3C4 was screened and prepared in this study. BALB/c mice were purchased from the Animal Experiment Centre of Kunming Medical University. The animal experiments was approved by the Animal Care and Use Committee of Kunming University of Science and Technology.



2.2 Preparation of monoclonal antibodies against JEV

The preparation of monoclonal antibodies involved the collection of supernatant from JEV culture supernatants after 3 days of cultivation. The supernatant was then centrifuged at 12,000 rpm/min to remove impurities. Three-days-old BALB/c mice were selected for immunization by intracranial injection of the cultured JEV. After 7 days, the mouse brains were dissected in a biosafety cabinet and ground using a mortar and pestle. The ground brain tissue was suspended in DMEM basal culture medium and subsequently centrifuged at 4°C, 2,500 × g for 15 min using a refrigerated centrifuge. The resulting supernatant was divided into Eppendorf tubes, followed by 15 min of UV irradiation for inactivation. This JEV brain supernatant served as the antigen for immunizing the mice (23).

The prepared JEV brain supernatant was thoroughly mixed with Freund’s adjuvant. Subsequently, 300 μL of the mixture was injected subcutaneously at multiple sites on the backs of 6 weeks-old BALB/c mice. A total of three mice were immunized, with an immunization interval of 14 days and a total of five immunizations.

One mouse demonstrating a favorable immune response was selected for blood collection. The mouse was then euthanized, and the spleen was dissected within a biosafety cabinet. A grinder containing 5 mL of incomplete 1640 medium was used to grind the spleen, and subsequent rinsing of the grinder with 5 mL of incomplete 1640 medium was performed. The resulting cell suspension was transferred to a sterile 50 mL centrifuge tube. This process was repeated 2–3 times, and the cell suspension was supplemented with incomplete 1640 medium to a final volume of 40 mL. The SP2/0 cells in the logarithmic growth phase were collected in a 50 mL centrifuge tube and supplemented with incomplete 1640 medium to a final volume of 40 mL. After washing both types of cells three times with incomplete 1640 medium, cell fusion was performed. After approximately 2 weeks, the formation of cell clusters and the presence of positive hybridoma cells were observed using indirect immunofluorescence. Positive monoclonal clones were subcloned using the limiting dilution method, and the screening process was repeated three times to obtain positive hybridoma cells and subclones.



2.3 Specific validation of monoclonal antibodies against JEV

Vero cells were seeded in a 96 well plate at a density of 8 × 103 cells per well and cultured overnight. When the cells reached 70%–80% confluency, they were infected with JEV at an MOI of 0.1 and incubated for 72 h. The cell morphology was observed during the incubation period, and uninfected cells were used as a negative control. Following fixation, the cells were blocked with 5% skim milk at 4°C overnight. Subsequently, an indirect immunofluorescence assay was performed using the selected monoclonal antibody (Anti-JEV-3C4) against JEV as the primary antibody and FITC-labeled goat anti-mouse IgG as the fluorescent secondary antibody. The unreacted solution was removed by washing with PBST, and the wells were kept moist. The fluorescence signals were visualized using an inverted fluorescence microscope.

BHK-21 cells were plated in a 6-well plate at a density of 1 × 106 cells per well and incubated overnight. After 4 h of JEV virus infection at an MOI of 0.1, the medium was replaced with fresh medium containing 0.5% serum. After 72 h of cell culture, the cells were collected, and 200 μL of cell lysis buffer was added to each well for protein extraction. Uninfected cells were used as a negative control. The specificity of the monoclonal antibody was determined through Western blot analysis. The screened monoclonal antibody (Anti-JEV-3C4) specific to JEV was utilized as the primary antibody, while HRP-conjugated goat anti-mouse IgG was used as the secondary antibody. Visualization of the results was accomplished using the Easysee Western Blot Kit.



2.4 Construction of vimentin-Fc fusion vector

Lymphocytes were isolated from blood using cell separation medium and centrifugation. RNA extraction from the lymphocytes was then carried out using Trizol, followed by reverse transcription to obtain cDNA. Amplification of the vimentin and Fc genes was performed using specific primer sets (vimentin1-F, vimentin1-R, Fc1-F, and Fc1-R) (see Table 1). Subsequently, linker sequences were added to the vimentin and Fc genes using primers vimentin2-F, vimentin2-R, Fc2-F, and Fc2-R. The resulting vimentin-Fc gene was amplified using primers vimentin2-F and Fc2-R. To construct the pET-22b-vimentin-Fc recombinant expression vector, the vimentin-Fc gene was ligated with the pET-22b vector through double enzyme digestion.



TABLE 1 Primers list.
[image: Table1]



2.5 Purification of the vimentin-Fc protein

The pET-22b-vimentin-Fc plasmid was transformed into Escherichia coli Rosetta, and the transformed cells were cultured in LB liquid medium. After that, IPTG was added to a final concentration of 0.1 mM to induce the expression of vimentin-Fc protein at 37°C for 4 h. The bacterial cells were harvested by centrifugation and resuspended in PBS. Cell disruption was achieved by ultrasound treatment, followed by centrifugation for 10 min. The resulting precipitate was denatured and dissolved in 8 M urea. The purified vimentin-Fc protein was then obtained using Ni-NTA affinity chromatography, following the manufacturer’s instructions. Finally, the protein preservation solution was exchanged with PBS solution through dialysis, and the protein was analyzed by SDS-PAGE and western blotting for identification.



2.6 Pull-down experiments

C6/36 cells were cultured in DMEM medium supplemented with 2% fetal bovine serum and then expanded with JEV-SA14-14-2 for 5 days. The culture supernatant from the inoculated cells and the supernatants from normal cells were collected as controls. Ni-NTA and protein A/G agarose beads were incubated and coupled with vimentin-Fc protein overnight at 4°C. Subsequently, the Ni-NTA and protein A/G agarose beads were washed with PBS. After washing, the culture supernatant from the inoculated cells and the normal cells were added and incubated at 25°C for 3 h. The Ni-NTA and protein A/G agarose beads were then washed with PBS again. RNA extraction from the Ni-NTA and protein A/G agarose beads was performed using the Trizol method, and cDNA was obtained through reverse transcription. PCR identification was conducted using JEV (M-E) primers (24):

Forward primer, 5′-TGATGACCATCAACAACACG-3′;

Reverse primer, 5′-CATGCGGACGTCCAATGTTG-3′.

The samples were analyzed by agarose gel electrophoresis for further characterization.



2.7 Cytotoxicity assay

BHK-21 cells were seeded in a 96-well plate at a density of 5 × 103 cells per well. After 24 h of incubation, the cells were treated with vimentin-Fc fusion protein at concentrations ranging from 0.2 μg/mL to 100 μg/mL for 48 h at 37°C. Cells treated with PBS alone were used as the control. The cell toxicity of V + FC was evaluated using the CCK8 assay, incubating with CCK8 for 2 h and measuring the OD450. The experimental wells contained cells, culture medium, CCK8 solution, and fusion protein, while the control wells contained cells, culture medium, and CCK8 solution. The blank wells consisted of culture medium, CCK8 solution, without cells, and fusion protein. The calculation formula was [(experimental wells − blank wells)/(control wells − blank wells)] × 100%.



2.8 Inhibition experiment of vimentin-Fc protein in JEV-infected cells

To investigate the impact of vimentin-Fc protein on the interaction between the JEV and host cells during infection, we incubated BHK cells with wave vimentin-Fc protein or PBS before infection. After 4 h, JEV was added at a dosage of 0.01 MOI, and the cells were incubated for 3 h. Subsequently, the culture medium was replaced with fresh medium, and an equivalent amount of vimentin-Fc protein was added to the experimental wells. Cell culture supernatants were collected at 30 h, 54 h, and 78 h post-infection. RNA was extracted using a viral RNA extraction kit, followed by reverse transcription. The mRNA levels of JEV genes were quantified using SYBR real-time PCR. The PCR experiments were conducted on an ABI 7500 sequence detection system, and the expression levels of JEV genes were determined using the respective standard curve. Cell lysates were also collected for Western blot analysis to assess changes in viral protein.



2.9 Statistical analysis and data presentation

Unless stated otherwise, the raw data were graphed and statistically analyzed using GraphPad Prism 8 software (GraphPad Software). The data are presented as the mean ± standard error of the mean (SEM). For the given dataset, one-way analysis of variance (ANOVA) with multiple t-tests was conducted, and multiple comparisons were adjusted using the Holm-Sidak method to assess the significance of intergroup differences. Statistical significance was denoted by asterisks as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




3 Results


3.1 Predicted anti-JEV mechanism of vimentin-Fc fusion protein

As illustrated in Figure 1, the experimental principle involves cloning the cell wave protein of vimentin and the Fc fragment of human IgG. These two genes are linked using a linker and expressed as vimentin-Fc fusion protein in E. coli. Upon infection of cells with JEV, the vimentin-Fc fusion protein binds to the virus, effectively preventing its attachment to receptor sites on target cell membranes and impeding random virus internalization. In the case of JEV infection in an organism, the vimentin-Fc fusion protein not only binds to the virus but also localizes through the Fc fragment. This localization enables recognition by immune cells such as phagocytes or dendritic cells, leading to their killing or phagocytosis.

[image: Figure 1]

FIGURE 1
 Schematic diagram of the inhibition of JEV by vimentin-Fc fusion protein. Created in Biorender.com.




3.2 Specificity validation of monoclonal antibody against JEV

In this study, we employed a suckling mice brain tissue suspension that had been challenged by the virus as the immunogen to immunize mice and generate multiple monoclonal antibodies targeting the virus. Successful immunization led to the fusion of mouse spleen cells with myeloma cells, followed by three rounds of screening to identify highly potent and stable positive monoclonal antibodies. By employing an indirect immunofluorescence assay, we compared JEV-infected and non-infected cells to assess the specificity of the JEV-3C4 monoclonal antibody, revealing a significant contrast in fluorescence between the two groups (Figure 2A).

[image: Figure 2]

FIGURE 2
 Validation of monoclonal antibody against JEV. (A) Specificity validation of monoclonal antibody 3C4 against JEV using indirect immunofluorescence. Indirect immunofluorescence was employed to determine the specificity of the antibody towards JEV-infected Vero cells compared to uninfected normal Vero cells (control). (B) Specificity validation of monoclonal antibody 3C4 against JEV using western blotting. BHK-21 cells infected with JEV were lysed using RIPA buffer, and the resulting cell lysate was collected for protein analysis. The 3C4 antibody was used as the primary antibody in the protein blotting procedure. Uninfected normal BHK-21 cells were utilized as a negative control. M: 180 kDa; Lane 1: JEV-infected BHK-21 cells; Lane 2: Normal BHK-21 cells.


To ascertain the specificity of JEV-3C4 monoclonal antibody towards JEV viral proteins, BHK-21 cells infected with JEV for 72 h were lysed using RIPA buffer, and total cellular proteins were extracted. Uninfected BHK cells were used as a negative control. The processed cell protein samples were subjected to SDS-PAGE, followed by transfer onto a membrane. For western blot validation, JEV-3C4 monoclonal antibody was employed as the primary antibody, while goat anti-mouse IgG-HRP served as the secondary antibody. Figure 2B illustrates the specific reactivity of JEV-3C4 monoclonal antibody with JEV-infected cells, exhibiting no reactivity with uninfected normal BHK cells. Furthermore, the specific band was observed to be below 55 kDa. The isotype of 3C4 is IgM, and the light chain is κ. Therefore, this monoclonal antibody can be used as a marker monoclonal antibody for NS1 protein in JEV and provide material for subsequent WB detection experiments.



3.3 Construction of the prokaryotic expression vector

After performing RNA extraction and cDNA synthesis, successful amplification of vimentin and Fc genes was achieved (Figure 3, Lanes 3 and 4). These genes were subsequently ligated using seamless cloning to generate the vimentin-Fc fusion gene (Figure 3, Lane 1). The recombinant plasmid pET-22b-vimentin-Fc was constructed by digesting the pET-22b vector with EcoR I and Not I restriction enzymes, followed by ligation. Further confirmation of the recombinant plasmid was obtained through DNA sequencing and broth PCR (Figure 3, Lane 2).

[image: Figure 3]

FIGURE 3
 Identification of vimentin-Fc gene by PCR M: DL5000 DNA Marker. (1) The fragments of vimentin-Fc fusion gene, the sizes of the bands were 2,150 bp, 1,400 bp and 750 bp, which were consistent with the expected sizes. (2) The identification of vimentin-Fc gene by PCR. The sizes of the bands were 2,150 bp, which were consistent with the expected sizes. (3) The vimentin gene was amplified by PCR as the vimentin-Fc fusion protein amplification control with a band of 1,400 bp, which is in accordance with the expected results. (4) PCR amplification of the FC fragment gene was used as a control for the vimentin-Fc fusion protein, and the band size was 750 bp, which was consistent with the expected results.




3.4 Purification of the vimentin-Fc protein

After transfecting the recombinant plasmid pET-22b-vimentin-Fc into E. coli Rosetta (DE3) cells, the expression of the vimentin-Fc fusion protein was induced by the addition of IPTG. The induction with IPTG resulted in a relatively high expression level of the vimentin-Fc protein (Figure 4A, Lane 2), whereas no expression was observed in the absence of IPTG (Figure 4A, Lane 1). The recombinant vimentin-Fc protein displayed an estimated size of 97.4 kDa, and its band position matched the expected size. Subsequently, all bacteria were collected and subjected to PBS washing before being sonicated on ice. After centrifugation at 12,000 × g and 4°C for 20 min, a pellet was obtained. The pellet was then denatured using 8 M urea and subjected to purification using Ni-NTA agarose resin. The purity of the purified vimentin-Fc protein was confirmed through SDS-PAGE analysis (Figure 4A, Lane 3). Western blot results are depicted in Figure 4B.

[image: Figure 4]

FIGURE 4
 Purification of pET-22b-vimentin-Fc protein, protein size is 75 kDa. M: 180 protein Marker. (A) SDS-PAGE analysis of recombinant protein expressed in E. coli Rosetta (DE3). (1) E. coli Rosetta (DE3) bacterial solution containing pET-22b-vimentin-Fc uninduced. (2) E. coli Rosetta (DE3) containing pET-22b-vimentin-Fc was induced with IPTG. (3) pET-22b-vimentin-Fc purified protein. (B) Western blot identification of recombinant protein vimentin-Fc. (1) E. coli Rosetta (DE3) bacterial solution containing pET-22b-vimentin-Fc uninduced. (2) E. coli Rosetta (DE3) containing pET-22b-vimentin-Fc was induced with IPTG. (3) pET-22b-vimentin-Fc purified protein.




3.5 Pull-down experiments

The Ni-NTA agarose beads were employed to capture the vimentin-Fc recombinant protein, which features a His tag. Subsequently, the complex underwent washing and incubation with cell culture supernatant obtained from JEV-infected cells, as well as normal cell culture supernatant. In a similar manner, the protein A/G agarose was coupled to the vimentin-Fc recombinant protein via the Fc fragment, followed by subsequent incubations mirroring the Ni-NTA agarose bead protocol.

Following the completion of incubation, multiple washes were carried out. RNA was extracted using the Trizol method and reverse transcribed into cDNA, which was then subjected to identification via amplification using specific primers for JEV (M-E). Figure 5 demonstrates the in vitro binding capability of the vimentin-Fc protein to JEV. The Ni-NTA-vimentin-Fc complex exhibited binding to JEV (Figure 5, Lane 1), and similarly, the protein A/G-vimentin-Fc captured the JEV virus in vitro (Figure 5, Lane 2).

[image: Figure 5]

FIGURE 5
 Pull-down experiments: Ni-NTA and protein A/G agarose beads were, respectively, conjugated to the fusion protein and then mixed and incubated with JEV virus culture, and the mixture was extracted for RNA and subjected to PCR amplification for detection of the JEV-M gene. The JEV-M gene is 600 bp in size and the following results are consistent with the expected results. Lane: 1 PCR of protein A/G experimental group after pull-down. Lane 2: PCR of the Ni-NTA experimental group after pull-down. Lane 3: positive control (PCR for JEV virus). Lane 4: PCR of the Ni-NTA control group after pull-down. Lane 5: PCR of the protein A/G control group after pull-down. Lane 6: PCR negative control.




3.6 Cytotoxicity assay

To investigate the cytotoxicity of vimentin-Fc protein on BHK-21 cells, which are susceptible to JEV infection, the cells were treated with vimentin-Fc protein at concentrations ranging from 0.2 to 100 μg/mL and incubated for 48 h. Cell toxicity was analyzed using the CCK8 assay, and the cell survival rate was calculated using a specific formula. Figure 6 demonstrates that when the vimentin-Fc protein concentration was maintained at 12.5 μg/mL, the cell survival rate was 99.78%. At this particular protein concentration, vimentin-Fc protein had negligible impact on BHK-21 cells. Therefore, vimentin-Fc protein at or below a concentration of 12.5 μg/mL can be utilized in subsequent experiments to inhibit JEV viral proliferation.

[image: Figure 6]

FIGURE 6
 The cytotoxicity of vimentin-Fc protein. BHK-21 cells were treated with vimentin-Fc protein in the concentration range of 0.2–100 μg/mL and incubated for a period of 48 h. The viability of the cells was evaluated utilizing the CCK8 assay, and the cell survival rate was determined by applying a specific formula.




3.7 Inhibition of JEV replication in cells by vimentin-Fc protein

To investigate the impact of vimentin-Fc protein on the binding of JEV to host cells following infection, vimentin-Fc protein or BSA was added to BHK cells. Culture supernatant and cell lysates from infected cells were collected, and virus loads were determined using real-time fluorescence quantitative PCR and protein blotting. Figure 7A reveals that vimentin-Fc protein exerts a significant inhibitory effect on JEV infection of host cells and subsequent virus replication. Maintaining concentrations of 0.625 μg/mL, 6.25 μg/mL, and 12.5 μg/mL of vimentin-Fc protein during 30 h and 54 h of JEV infection resulted in a remarkable reduction in JEV proliferation. However, with the passage of time, at 72 h, the inhibitory effect of vimentin-Fc protein at concentrations of 0.625 μg/mL and 6.25 μg/mL was not as pronounced as that observed with 12.5 μg/mL. Further confirmation of the inhibitory effect of vimentin-Fc protein on JEV replication was obtained at the viral protein level. Cell lysates from cells treated continuously with 12.5 μg/mL of vimentin-Fc protein after JEV infection were collected and subjected to Western blot analysis alongside the control group. As depicted in Figure 7B, the abundance of viral NS3 protein in vimentin-Fc protein-treated cells (JEV + vimentin-Fc) was significantly lower compared to untreated cells (JEV + PBS) after 72 h of infection.

[image: Figure 7]

FIGURE 7
 Inhibition of JEV replication in cells by vimentin-Fc protein. (A) The RNA copies of JEV virus in the cell culture supernatant at various time points were quantified using qPCR. BHK-21 cells were infected with JEV (MOI = 0.01) and treated with vimentin-Fc fusion protein at concentrations of 0.625 μg/mL, 6.25 μg/mL, and 12.5 μg/mL. The supernatant was collected at 30, 54, and 72 h, and the RNA was extracted for subsequent qPCR analysis to determine the JEV viral copy numbers. (B) BHK-21 cells were infected with JEV (MOI = 0.01) and treated with 12.5 μg/mL of vimentin-Fc protein for 72 h. The cell lysate was collected, and protein immunoblotting was performed using antibodies against JEV-NS1 or β-actin. The protein band intensities were quantified using ImageJ software, and the relative ratio of JEV-NS1 to actin was calculated. The data are presented as the mean ± standard error of the mean (SEM). Statistical significance was determined using student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). Each group was analyzed at least three times.





4 Discussion

JEV and other viruses from the Flaviviridae family have the ability to penetrate the blood-brain barrier and infect the central nervous system, resulting in viral encephalitis. Vimentin proteins and other cytoskeletal filaments play significant roles in many viral replication and infection processes. It has been reported that vimentin protein is involved in the binding and infection of highly virulent strains of JEV, and monoclonal antibodies against wave proteins can inhibit JEV entry. In this study, we capitalized on the interaction between vimentin protein and JEV viral proteins to create a recombinant dimeric protein (vimentin-Fc) by fusing the cDNA of vimentin protein with the Fc region of human IgG1. The vimentin segment of vimentin-Fc corresponds to the Fab region of IgG. The successful fusion of the vimentin-Fc gene with the pET-22b vector led to the construction of the recombinant pET-22b-vimentin-Fc, which was subsequently expressed in E. coli. Purification of the expressed protein yielded the vimentin-Fc fusion protein. Pull-down experiments demonstrated that Ni-NTA agarose beads efficiently captured the His-tagged pET-22b-vimentin-Fc, while coupling with protein A/G and the Fc fragment allowed binding with JEV in vitro. In cell-based assays investigating the inhibitory effects of vimentin-Fc on JEV infection, the presence of 12.5 μg/mL vimentin-Fc protein in the cell culture medium significantly suppressed JEV proliferation at 30 h, 54 h and 72 h, indicating sustained effectiveness. Similarly in the experiment, the low dose of fusion protein (0.625 μg/mL) lost its significance in the later stages of viral infection, probably because as more virus was added, the binding of the fusion protein became saturated and could not stand in the way of inhibiting further viral proliferation.

Vimentin protein is also expressed on the cell surface and can even be secreted into the extracellular environment by activated macrophages. It has been demonstrated to play a role in viral transport to the cell membrane and subsequent release (25, 26). Fc fusion proteins have gained approval as the sole class of fusion protein products in biopharmaceuticals due to their ability to facilitate cell uptake through surface Fc receptors. Examples such as Etanercept (Enbrel) for rheumatoid arthritis and Abatacept (Orencia), a tumor necrosis factor inhibitor, have achieved clinical success (27). Fc fusion proteins are one of the most successful methods of prolonging protein half-life in the clinical setting, and Fc protein mediated prolongation of IgG1 half-life improved the antitumour activity of Fc-engineered antibodies in mice (28), suggesting that, at least in these mouse models of cancer, increasing drug exposure by prolonging half-life improves efficacy and reduces the frequency of drug administration (29). In this experiment, the constructed vimentin-Fc fusion protein, by binding to JEV via vimentin, exhibits potential as a novel antiviral drug against JEV. However, the expression of the vimentin-Fc construct in prokaryotic bacteria lacks the control of expression time and level. Prolonged expression of certain genes can be detrimental to host cells, and maintaining the protein in a prokaryotic environment may cause damage to eukaryotic cells. Therefore, an appropriate dosage needs to be determined to maintain effective inhibition of JEV replication while ensuring maximal cell proliferation and minimizing potential cytotoxicity.

Future research will involve in vivo experiments to investigate the potential significance of vimentin-Fc uptake in inhibiting JEV replication. The preliminary validation of this experiment showed that the fusion protein was able to inhibit JEV in a certain extent, so future research is expected to replace it with the eukaryotic expression system. Eukaryotic cells such as Chinese Hamster Ovary (CHO) cells were chosen to ensure correct translation and folding of the fusion protein and to increase the conformational naturalness of the fusion protein expression. Fusion proteins expressed in eukaryotic systems may show better drug effects in vivo. Previous studies have suggested that vimentin acts as a significant receptor or potential receptor, facilitating viral entry into the blood-brain barrier and exacerbating infection. Further investigations in this area can shed light on the antiviral mechanisms and the feasibility of developing antiviral drugs or therapeutic vaccines for clinical applications.
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