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Background: Viral hemorrhagic septicemia virus or VHSV, is a single-stranded negative-sense RNA virus that is a member of the Rhabdoviridae family’s genus Novirhabdovirus. Its major host is rainbow trout. Severe clinical symptoms and a higher mortality rate in fish populations are caused by this virus. Regretfully, there is currently no medication or vaccination available to treat it. Recently, there has been a lot of interest in developing antiviral therapies employing interfering RNA (RNAi), particularly shRNA. This study used shRNAs targeting the NV gene of VHSV to test its effectiveness in preventing VHSV proliferation in cell culture. Using the VHSV-Fil3 strain, the appropriate oligonucleotide sequence for NV gene coding was chosen for this purpose. Subsequently, shRNA molecules were designed and synthesized with the aid of shRNA design tools. The shRNAs were transfected into HEK293T cells after being cloned into the suitable vectors using the third generation of lentiviral packaging system. The CS2-2 cell line was subsequently transduced with these shRNA-expressing lentiviruses in order to challenge the VHS virus. Finally, TCID50 was employed to calculate the viral infectious titer in order to assess the effectiveness of shRNAs.

Results: According to the final calculations, all shRNAs exhibited antiviral activity. When compared to the control groups, the shRNAs 1, 2, and 3 considerably lowered VHSV output in the TCID50 test (nearly 99.99, 99.99, and 99.99%, respectively, compared to cells with VHSV inoculation and nearly 99.98, 99.98, and 99.97%, respectively, compared to cells with VHSV and scrambled vector inoculation).

Conclusion: Thus, it can be declared that RNA interference (RNAi) has the potential to be an exceptionally effective therapeutic option against viruses like VHSV.
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1 Introduction

The viral hemorrhagic septicemia virus (VHSV) is one of the biggest threats and problematic factors in the aquaculture industry. This virus belongs to the Novirhabdovirus genus of the Rhabdoviridae family and is considered an important source of mortality among farmed and free-living freshwater and marine fish worldwide. This virus is epidemic in most of the European continent and is transmitted by direct contact with sick fish or contaminated water. Symptoms of the disease include red bleeding spots around the eyes and gills, swelling, and blood clots in body fat, viscera, and muscles (1, 2). So far, four main genotypes of this virus have been identified, and the differences in the nucleotide sequence and the genes coding for the nucleocapsid and glycoproteins distinguish the genotypes phylogenetically (3). The symptoms of this disease have three states: acute, chronic, and nervous. In the acute form, severe mortality occurs among lethargic and anorexic fish. Additionally, extensive bleeding is observed in the eyes, fins, and internal organs. In the chronic state, the mortality rate is lower, and the fish become dark in color and suffer from minor degrees of bleeding. Exophthalmia is a symptom of the chronic condition of this disease. In the nervous state, unusual swimming and convulsions are observed, but the mortality rate is very low (4).

VHSV, like other rhabdoviruses, has a single-stranded and negative-sense RNA genome. The genome of all rhabdoviruses contains 5 genes: nucleoprotein (N), polymerase-associated phosphoprotein (P), matrix protein (M), glycoprotein (G), and RNA-dependent RNA polymerase (L) (5). The VHS virus also has a non-virion (NV) gene located between the G and L genes in the genome. The NV gene is specific to novirhabdoviruses and encodes a non-structural protein that is not present in the VHS virion but is only seen in infected cells. The presence of the NV gene is necessary for pathogenicity in some strains, especially in rainbow trout. This gene is responsible for suppressing apoptosis and innate immune responses and is also required for efficient replication (6).

So far, various types of vaccines have been tested as a common strategy against viruses to deal with the hemorrhagic septicemia virus. For example, whole-virus inactivated vaccines, attenuated vaccines, DNA vaccines, and recombinant G protein-based vaccines have been developed in vitro. However, challenges such as production difficulty, safety, and high production costs are barriers to commercializing these vaccines. Additionally, several studies focused on compounds and drugs with antiviral activity against VHSV have been conducted, but none of these agents are completely effective. Therefore, the need for preventive strategies and strong, specific treatments against the infection of this virus is felt (7, 8).

RNA interference (RNAi) is a silencing mechanism that suppresses gene expression in various biological systems in the post-transcriptional stage with high specificity and efficiency. Suppression of the gene will cause the termination of its essential functions. For this reason, RNAi is considered an effective protection method against viral and bacterial pathogens. Based on previous studies, RNAi as a strategy with high potential can act against various diseases, including viral diseases (9). The RNA interference approach, which can target almost all viral genes, is considered a flexible and effective strategy to control viral infections. Specific suppression of the main cause of the disease in both prophylactic and curative phases is the special advantage of this treatment strategy. Also, some of the benefits of the RNAi strategy compared to conventional antiviral drugs are rapidity, ease of use, and specificity (10).

Two important RNAi molecules with functions in post-transcriptional gene regulation are genome-derived miRNAs and exogenous siRNAs. The mechanisms of action of siRNA and microRNA are largely similar through incorporation into the RNA-induced silencing complex (RISC). SiRISC usually exerts its function by targeting a specific mRNA, thereby degrading it. miRISC, on the other hand, targets several specific mRNAs, leading to mRNA degradation, translational inhibition, and rarely translational activation (11).

shRNA, as an RNA molecule with a short hairpin secondary structure, is one of the most important functional molecules for RNA interference. In recent years, this molecule has been considered an attractive therapeutic tool through the targeting of disease-specific genes. Delivery of this molecule through pcDNA or viral vectors to host cells, followed by its stable expression in the nucleus, leads to long-term gene silencing. shRNA has a potential advantage over siRNA by integrating into the host cell genome and creating a stable RNAi (12, 13).

In recent years, lentiviral vectors have been used as a very effective vector class for the delivery of shRNA molecules. These vectors are derived from viruses that lead to the stable expression of shRNA molecules in a wide range of cells through integration into the DNA of the host cell. Advantages such as high-efficiency infection of dividing and non-dividing cells, high titer vector stock, large insertion capacity, and low immunogenicity make lentiviral vectors an efficient delivery tool for therapeutic purposes (14, 15).

In the present study, considering the special role of the NV gene in VHS virus replication and pathogenicity, shRNAs designed against the NV gene were used to inhibit virus infection. After that, the production of lentivectors expressing shRNA molecules was done in the HEK293T cell line. Finally, the effect of these shRNA molecules on reducing the virus titer in the CS2-2 cell line was evaluated using the TCID50 test.



2 Materials and methods


2.1 Designing shRNA molecules against the VHSV-NV gene

At first, the NV gene sequence related to the VHSV Fil 3 strain was taken from the NCBI database. Then this sequence was aligned with the NV gene sequence belonging to other VHS virus strains. This step was done to obtain the conserved regions of the NV gene with the help of Clustal omega. Three online software including BLOCK-iT™ RNAi Designer, WI siRNA Selection Program, and siRNA Wizard1 were used to design the proposed shRNA sequences. shRNA molecules matching conserved regions were selected for further analysis by aligning all proposed molecules to these regions. Each of these software evaluates various aspects such as efficiency, potential off-target effects, and the risk of potential immune responses. One of the steps to select the most efficient shRNA sequences was to examine the secondary structure of the NV mRNA to ensure access to its target sites. For this purpose, we used http://www.unafold.org/ to obtain the secondary structure of the target mRNA and then selected only shRNAs that were complementary to the loop regions for further selection. Those that targeted the stem regions were eliminated due to steric hindrance. Since non-targeting of the host genome is a key and important consideration when designing shRNA sequences, the proposed shRNAs were also blasted with fish mRNAs. The shRNAs that had 15 nucleotides or more homology to the host genome were eliminated. Finally, a final ranking was performed based on several key criteria including optimized GC content (40–60%), location of target sites in mRNA (desirable regions with minimal spatial interference), and the number of off-target interactions predicted by the design tools (16). Finally, three shRNA molecules with the highest score as the best candidate for gene targeting were finalized and synthesized by Bioneer Co.



2.2 Production of lentiviral plasmids expressing anti-VHSV-NV shRNAs

The pCDH-CMV-MCS-EF1-cGFP-T2A-Puro lentiviral plasmid (provided by Bonbiotech) was used as a transfer plasmid in the third-generation lentiviral packaging system. This 8,220 bp plasmid contains a puromycin resistance cassette and a CopGFP gene to ensure the efficiency of the transfection process. During the cloning process, the lentiviral plasmid was double-digested by EcoRI and BamHI enzymes, and then the ligation of the proposed shRNA sequences was done separately using the T4 DNA Ligase enzyme. Before the ligation step, shRNA fragments were prepared by annealing the sense and antisense strands of the synthesized single-stranded oligomers. In the next step, the Escherichia coli DH5α strain was applied to transform plasmids carrying shRNAs. The heat shock method was used for transforming ligation products in DH5α bacteria. Following the transformation, the precision of the cloning was confirmed by a colony PCR reaction and subsequent sequencing. Eventually, recombinant lentiviral plasmids were extracted from DH5α bacteria. It should be noted that in this study, another vector named “pEZX-MR03” was used, which possesses an EGFP gene controlled by the CMV promoter. Since the structure of this plasmid lacks shRNA sequences, it was used as a mock in the transfection process (17).



2.3 Cell line propagation

In this study, the HEK293T cell line (ATCC number: CRL-1573) was used for transfecting and packaging of third-generation lentiviral plasmids. Another cell line that was used is the CS2-2 cell line (ATCC Number: IBRC C10190-3), which was employed to investigate the lentivirus and VHSV challenge as well as the TCID50 test. The origin of this cell line is the epithelial cells from the fin tissue of salmon in the Caspian Sea.



2.4 Virus propagation

In order to investigate the inhibitory effect of designed shRNA molecules on the proliferation of hemorrhagic septicemia virus, the VHSV-Fil3 standard strain (French National Institute for Agricultural Research, France) was utilized. The titer of the viral stock was determined to be 5/555×10+1.5.



2.5 Production of the third-generation lentiviral packaging system

Initially, HEK293T cells were cultured in 6 cm plates and then transfected with one transfer vector and two other vectors using the calcium phosphate method. Following the guidelines from Bonbiotech company, a DNA mixture containing 8 μg of pCDH recombinant plasmid (or pEZX-MR03 as a mock), 5 μg of pMD2G -(a VSV-G envelope expressing vector), and 8 μg of psPAX2- (a packaging vector) was co-transfected into HEK293T cells with a confluency of approximately 80%. Fluorescent microscopy was then performed on the cells to evaluate the expression of the GFP gene in the transfer plasmid. For this purpose, the transfected cells were observed and photographed by a fluorescent microscope 48 and 72 h after transfection. If sufficient GFP was observed, the supernatants containing the lentivectors were collected from the plates. The supernatants were then centrifuged at 1000 g for 15 min to remove the cell debris. These lentivectors were subsequently stored at −70°C for the challenge with VHSV (18).



2.6 Infection of CS2-2 cells with lentiviruses and VHSV inoculation

At first, a monolayer culture of CS2-2 cells was prepared, then 200,000 trypsinized cells were seeded in 6 cm plates. After adding fresh and warm DMEM medium (Gibco, America, Catalog No. 116–12800) +1x penicillin–streptomycin (Sigma, America Catalog No. 116–12,800) + 10٪ FBS (Gibco, America, Catalog No. 106–10270) to the cells, the plates were incubated overnight at 37°C and 5% CO2. Since the transduction process requires approximately 70% confluence, the level of cell confluency in each plate was checked. The following day, the culture medium of the plates was removed, and 2.25 mL of medium containing lentiviruses expressing shRNAs and scrambled lentivirus were added to the plates with an MOI of 2. The cells were infected once again with lentiviruses 24 h after the initial infection. Observing and photographing the cells using a fluorescent microscope was performed 48 and 72 h after infection with lentiviruses. If sufficient GFP was observed, the challenge with VHSV was performed by inoculating 123 μL of VHSV into each 6 cm plate. Seventy two hours after infection with VHSV, the cells’ phenotype was examined in terms of the development of cytopathic effects (CPE). In this assay, cells infected only with VHSV were considered the positive control. Additionally, cells infected with the scrambled lentivector, as well as those without any viral infection, were used as negative controls (19). For statistical analysis, differences in mean TCID50 values between groups were assessed using an independent t-test in SPSS software (version 22), with statistical significance set at p < 0.05.



2.7 Calculation of VHSV titer after challenge

In order to prepare the viral dilutions required for the TCID50 test, the supernatants of the test and control plates obtained from the previous step were centrifuged (15 min, 1,000 g). 10,000 CS2-2 cells were seeded in the wells of the 96-well plate, then 100 μL of Lebovitz’s L15 medium (Gibco, America, Catalog No. 11415049) +10% FBS (Gibco, America, Catalog No. 106–10270) +1X penicillin–streptomycin (Sigma, America Catalog No. 116–12800) +1 mM sodium pyruvate (DENA zist Assia, Iran, Catalog No. S-5039) +1 mM L-glutamine (DENA zist Assia, Iran, Catalog No. S-8061) +10 μL/μg epidermal growth factor (Thermo Fisher Scientific, United States, Catalog No. PHG0314) and 1 μΜ non-essential amino acid (Gibco, America, Lot No. 2055325) were added to each well. A 1:10−5 dilution series of the virus was prepared using Lebowitz medium and inoculated into the wells. Morphological changes and cytopathic effects on cells were investigated for 1 week. The titer of the virus was then determined using the Reed-Muench method. In addition to four replicates for each viral dilution, positive control (cells infected only with VHSV), negative control (cells infected with scrambled lentivector), and cells without any inoculation were included (20). SPSS version 22 software and t-test and ANOVA were used to analyze the data and determine the statistical significance of the differences between the groups.




3 Results


3.1 Selecting and screening the shRNA molecules

All the shRNA molecules designed by the mentioned software were screened to select effective shRNAs. After removing a series of undesirable shRNAs during the investigations, the remaining shRNAs were scored based on sequence specificity, GC percentage, binding site to target mRNA secondary structure, number of off-targets, probability of inducing an immune response, and the software’s own rank. Allocating points to them based on their performance in each of these fields made it possible to select the three final shRNA molecules with the highest score and the best characteristics. The sequence of three final shRNA molecules selected for synthesis, named VHS-ShRNA 1, VHS-ShRNA 2, and VHS-ShRNA 3, are shown in Table 1. Preparation of lentivectors expressing shRNAs.



TABLE 1 The anti-NV shRNA oligonucleotides sequences.
[image: Table1]

Fluorescent microscopy confirmed the successful production of shRNA-expressing lentivectors by observing GFP in HEK 293 T cells transfected with the pCDH plasmids carrying VHS-ShRNA 1, VHS-ShRNA 2, VHS-ShRNA 3, and the mock vector. Since the GFP gene is located downstream of the cloned shRNAs in the pCDH plasmid, the expression of this gene indicates the expression of shRNAs in the cells (Figure 1).

[image: Figure 1]

FIGURE 1
 (A) GFP observed by fluorescent microscope after transfection of HEK293T cells with psPAX and PMD2.G as packaging vectors and pEZX-MR03 (as a mock), pCDH carrying VHS-ShRNA1, pCDH carrying VHS-ShRNA2, and pCDH carrying VHS-ShRNA3, respectively. (B) Identical images obtained using a light microscope.




3.2 The challenge of lentivectors expressing shRNAs with VHSV

The efficiency of shRNA expression was demonstrated through fluorescent microscopy and evaluation of GFP expression in CS2_2 cells infected with lentivectors expressing shRNA and the scrambled lentivector (Figure 2). Examining CS2_2 cells in terms of phenotypic changes 72 h after the VHSV challenge showed that in cells infected with anti-VHSV shRNAs, the development of cytopathic effects was significantly reduced. Conversely, cells infected with only VHSV and cells infected with scrambled lentivector and VHSV showed a high degree of morphological changes due to viral infection (Figure 3).

[image: Figure 2]

FIGURE 2
 (A1,B1,C1,D1) GFP expression by infected CS2-2 cells with scrambled lentivector, lentivector expressing VHS-ShRNA1, VHS- ShRNA2, and VHS-SHRNA 3, respectively, (A2,B2,C2,D2) identical images obtained using a light microscope.


[image: Figure 3]

FIGURE 3
 Development of cytopathic effects in CS2-2 cells after VHSV challenge and lentivectors: The presence of cytopathic effects in cells infected with VHSV and cells infected with scrambled lentivector and VHSV. Lack of cytopathic effects in cells infected with VHSV and lentivectors expressing VHS-ShRNA1, VHS-ShRNA2, and VHS-ShRNA3, respectively.




3.3 TCID50 test

A TCID50 test was performed to calculate the VHSV titer after the challenge, and the results indicated the beneficial effect of shRNAs in reducing the viral yield. VHS_shRNA1, VHS_shRNA2, and VHS_shRNA3 reduced the virus titer by 99.99, 99.99, and 99.98%, respectively, compared to cells infected with VHSV. This decrease in titer was approximately 99.98, 99.98, and 99.97%, respectively, compared to cells infected with scrambled lentivector and VHSV (Figure 4). Between the samples treated with ShRNAs and the control groups, the difference in Log TCID50/mL was statistically significant, but no statistically significant difference was found within the groups treated with ShRNAs.

[image: Figure 4]

FIGURE 4
 Reduction of Log TCID50 of VHS virus due to the inoculation of lentivectors expressing shRNA molecules. *p < 0.05, **p < 0.001.





4 Discussion

Viral Hemorrhagic Septicemia Virus (VHSV) is the cause of a highly fatal systemic disease that results in widespread losses among fish and other aquatic species. Introduction of pathogen-free water to farms, quarantine of potential carrier fishes, disinfection of used tools, continuous health checks of fish, following the biosecurity guidelines by farm workers, and administration of immune system stimulants are some of the strategies used to control the spread of VHSV in fish farms. Developing effective vaccines against VHSV, such as inactivated vaccines, is challenging due to its weak immunogenicity. It can be mentioned that despite continuous efforts in recent years, vaccines and antiviral compounds designed to combat VHSV have not been commercialized or used on a large scale (21). A commercial vaccine has been in use in Korea since 2019, but it is not effective for all olive flounders and only immunizes fish larger than 15 cm (22).

The science of genetics has the potential to suppress viral replication and, as a result, inhibit harmful viruses with a relatively ideal method through gene inhibition. In recent years, there has been a growing interest in using short hairpin RNAs (shRNAs) instead of siRNA and miRNA for therapeutic purposes and to create stable RNA interference (RNAi) (23). While RNA interference by siRNA has a temporary function, shRNA-based RNAi is a more suitable option for long-term gene silencing of pathogens. The integration of shRNAs into the genome of the host cell and their subsequent transfer to daughter cells maintains the stability of their function in several generations (24). Therefore, considering the significant advantages of shRNAs, we utilized these molecules to increase the efficiency of gene silencing and inhibit VHS virus replication.

The use of RNA interference strategy as an inhibitory tool to control aquatic viruses has been investigated in various studies. For example, Dang et al. proved that siRNAs designed against the major capsid protein (MCP) gene in Red sea bream iridovirus (RSIV) can successfully reduce viral particle production. In cells treated with siRNAs, the level of MCP gene expression decreased by 55.2 and 97.1% at 48 and 72 h after infection, respectively. This study suggested that nucleic acid-based drugs can effectively manage viral infections in the aquaculture industry (25). Targeting major capsid protein (MCP) to inhibit Rock bream iridovirus (RBIV) showed promising results in a study by Zenke et al. In this study, the synthesis and transfection of siRNA expression vectors into grunt fin cells (GF cells) led to a decrease in the mRNA levels of MCP, subsequently increasing the resistance of cells to the virus (26). In another study, in order to inhibit in vitro a lethal virus in carp farming called Cyprinid herpesvirus 3, Gotesman et al. used designed siRNAs against thymidine kinase and DNA polymerase genes. The measurement of viral replication by qPCR showed the greater effect of siRNAs targeting the DNA polymerase gene in reducing the viral titer (27). The study conducted by Fouad et al. on the use of siRNAs targeting the RdRp gene of the spring viremia of carp virus (SVCV) yielded successful results. Transfection of three different siRNAs for gene targeting in EPC cells led to a reduction in SVCV replication (28).

In addition to the fish farming industry, viral infections have posed threats to the shrimp farming industry, and because shrimp do not have an adaptive immune system, the use of protein vaccines does not have enough effect against shrimp virus infections. Therefore, shrimp health managers have been exploring the potential of RNAi molecules such as dsRNA and siRNA to inhibit the proliferation of these viruses (29). By inhibiting the White spot syndrome virus (WSSV) as one of the most harmful shrimp pathogens in vivo, Xu et al. demonstrated that RNAi can be developed as a therapeutic strategy against this pathogen through gene targeting. They treated Penaeus japonicus shrimp with vp27_siRNA to knock out the main envelope protein gene, and the final result indicated a reduction in mortality in the treated shrimp (30). Inhibition of another fetal shrimp virus called Yellow head virus (YHV) was confirmed in a study by Saksmerprome et al. The Development of a hairpin expression vector to produce long dsRNAs inhibited RdRP and successfully induced protection in infected shrimp (31). The silencing of the vp9 gene of the WSSV in the study conducted by Alenton et al. proved that sequence-specific dsRNAs can be considered an effective tool to inhibit this virus. In this in vivo study, the survival of three infected shrimp species increased after treatment with vp9_dsRNA (32).

In the case of VHSV, the application of RNA interference-based strategies to inhibit viral infection by knocking down key genes has attracted attention. It should be noted that there are several researches focused on designing and applying interfering molecules such as siRNA, dsRNA, and miRs in vitro, and sometimes in vivo, to suppress VHSV. For example, Bohle et al. used DsiRNAs to target the VHSV nucleocapsid N in salmonid fish CHSE_214 cells. The DsiRNAs designed in this study successfully reduced the mRNA level and replication of VHSV (33). In another study, Kim et al. evaluated the inhibition of VHSV replication by a vector producing long double-stranded RNA. This study demonstrated the inhibitory effect of dsRNA-based RNAi by targeting the VHSV G gene in EPC and CHSE 214 cells (34). In another study, inhibition of VHSV proliferation in EPC cells using three different siRNAs was performed by Schyth et al. The results indicated specific interference by siRNAs that targeted the viral glycoprotein gene (35). In another study by Au et al., they investigated the knockdown of VHSV-IVa and several other viral models by long dsRNAs and an RNAi-like mechanism. They explored the potential of dsRNAs to induce antiviral responses through a mechanism unrelated to the interferon-dependent response and successfully demonstrated this (36). The antiviral activity of miR-155 against VHSV infection was investigated in vivo by Liyanage et al. They encapsulated the dre-miR-155 mimic in chitosan nanoparticles, and the final results showed a decrease in virus copy number. The high expression of miR-155, along with the regulation of immune system responses, led to the protection of zebrafish against this virus infection (37).

In this study, we designed specific shRNA molecules as a gene knockdown tool in VHSV and used a third-generation lentiviral vector to effectively deliver these molecules to fish cell lines. Unfortunately, we did not find any research on the use of lentivector-based shRNAs to inhibit VHSV, but there have been studies focused on the induction of RNAi with the help of shRNA expression constructs. For example, Kim et al. inhibited this virus in EPC cells using a shRNA-producing construct. In their study, shRNA expressed by the fugo_U6 promoter knocked down the glycoprotein gene in VHSV (38). Vector-based shRNA succeeded in inhibiting VHSV replication in vitro as reported by Clarke et al. The simultaneous targeting of G and L genes by the designed shRNAs showed more effect of shRNAs targeting viral glycoprotein than shRNAs targeting viral polymerase. In this study, some of the shRNAs used led to a decrease in VHSV titer by 2–4 logs (39).

Because choosing the right vector is a very important issue that impacts the entire research process, it is necessary to consider various factors when selecting an efficient vector. The vector used in this research is a third-generation lentiviral vector with a capacity of approximately 8 kb. These vectors infect a wide range of hosts and are considered safer for therapeutic use due to containing only 10% of the viral genome sequence (40). Another crucial aspect of vectors is their ability to not induce disease or immune responses in the host, which lentivectors possess this characteristic. Another advantage of these vectors is their ability to remove the U3 region from 3’LTR, which leads to the creation of the SIN lentivector. As soon as lentiviral plasmids enter the cell, they lose their transcription ability. Thus, the probability of promoter interference and activation of genes adjacent to the integration site is very low (41).

The reason for choosing the NV gene for targeting is its main role in viral pathogenicity and replication. When designing shRNA for gene targeting, the first thing to consider is the selection of appropriate target transcripts. It is important to note that the target transcript is conserved among the different strains reported for a particular virus (16). Therefore, in this study, we obtained the highly conserved regions of the NV gene in VHSV before designing the shRNA sequences.

The current study’s use of RNA interference was restricted to the cell culture system. However, we anticipate that RNA interference (RNAi) treatments will demonstrate promising results for in vivo investigations based on previous studies. For example, several studies have been published related to the creation of transgenic animals with the ability to express short hairpin RNA (shRNA) against various animal viruses. The successful generation of transgenic pigs using shRNAs targeting the viral polymerase 3D protein and nonstructural protein 2B in Foot-and-Mouth Disease Virus (FMDV) (42), the production of FMDV-resistant transgenic goats in a similar manner through inhibition of the 3D pol gene (43), the development of a genetically engineered mouse resistant to FMDV through shRNA expression, the creation of a goat expressing shRNA directly against the prion protein responsible for transmissible spongiform encephalopathies, and the development of a calf capable of expressing an anti-prion shRNA are some of the illustrations of the potential uses for interfering RNAs in vivo (44).

The current study’s findings validated its further implementation in in vivo and field situations. It is crucial to note that even with the proof of RNAi’s efficiency and positive results of related studies, the application of this method in vivo will require more research and investigation to fully determine its side effects on the treated organism. Despite facing numerous challenges, the deeper understanding of RNAi mechanisms, thorough examination of regulatory processes in animals and disease progression, and advancements in synthetic chemistry and genome engineering have presented promising prospects for utilizing RNAi to improve animal welfare.



5 Conclusion

The study targets the non-structural NV gene of VHSV, essential for viral replication and pathogenesis, which has not been extensively addressed in previous RNAi strategies. By focusing on this gene, it presents a novel therapeutic target. The research employs third-generation lentiviral vectors to introduce new short hairpin RNAs (shRNAs), allowing for permanent integration into the host genome and extended gene silencing, significantly improving upon traditional transfection methods. The shRNA constructs were rigorously validated through bioinformatics to ensure specificity and minimize off-target effects, setting this work apart from earlier studies. The current study’s findings indicate that anti-VHSV-NV shRNAs exhibited strong antiviral properties and prevented VHSV multiplication in CS2_2 cells; hence, lentivirus-mediated RNA interference (RNAi) can be utilized as an advantageous approach to avoid VHSV infection. Ultimately, the findings enhance the understanding of RNAi techniques for treating VHSV and pave the way for future research on RNAi applications against other viral diseases in aquatic animals, potentially leading to transgenic organisms or innovative vaccine strategies.
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