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Designing a modified virus that can be controlled to replicate will facilitate the study of pathogenic mechanisms of virus and virus–host interactions. Here, we report a universal switch element that enables precise control of virus replication after exposure to a small molecule. Inteins mediate a traceless protein splicing–ligation process, and we generate a series of modified vesicular stomatitis virus (VSV) with intein insertion into the nucleocapsid, phosphoprotein, or large RNA-dependent RNA polymerase of VSV. Two recombinant VSV, LC599 and LY1744, were screened for intein insertion in the large RNA-dependent RNA polymerase of VSV, and their replication was regulated in a dose-dependent manner with the small molecule 4-hydroxytamoxifen, which induces intein splicing to restore the VSV replication. Furthermore, in the presence of 4-hydroxytamoxifen, the intein-modified VSV LC599 replicated efficiently in an animal model like a prototype of VSV. Thus, we present a simple and highly adaptable tool for regulating virus replication.
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1. Introduction

Naturally occurring viruses can be artificially modified for different purposes using a variety of methods. For example, a series of Adeno-associated viruses have been modified for a variety of gene therapies, and Adenoviruses have been modified to become replication-deficient, carrying antigens that can be used as vaccines (Tatsis and Ertl, 2004). Attenuated recombinant vesicular stomatitis virus (rVSV) can be generated by combining the deletion of the cytoplasmic tail of the G protein, gene translocation, and noncytopathic M gene mutations (Clarke and Nasar, 2007; Cooper and Wright, 2008). Live but replication-incompetent influenza A virus can be generated by applying genetic code expansion to the influenza virus genome, which maintains the reproductive potential of the progeny viruses in a special cell line but is replication-incompetent in vivo (Si and Xu, 2016). Those methods can attenuate viruses with varying degrees or totally remove the replication capacity of the viruses, and these modified viruses are different from prototype viruses in virulence and protein expression, especially in vivo.

We aim to develop a molecular switch that enables precise control of virus replication and manipulates the replication of viruses in an improved way, which can be achieved by intein splicing. Inteins are protein domains found in nature with the capability to carry out the process of protein splicing (Shah and Muir, 2014). Protein splicing is a post-translation biochemical modification that results in the cleavage and formation of peptide bonds between precursor polypeptide segments flanking the intein (Romero-Casanas and Gordo, 2020). Protein splicing excises the internal region of the precursor protein, which is then followed by the ligation of the N-extein and C-extein fragments, resulting in two polypeptides, the excised intein and the new polypeptide produced by joining the C-extein and N-extein (Perler and Davis, 1994). In many inteins, this biochemical reaction is spontaneous and not requiring any external factor or energy source to work (Myscofski and Dutton, 2001). Liu David’group previously evolved inteins that undergo protein splicing only in the presence of 4-hydroxytamoxifen (4-HT) (Buskirk and Ong, 2004). These inteins were developed by inserting the human estrogen receptor ligand-binding domain into the Mycobacterium tuberculosis RecA intein and evolving the resulting inactive fusion protein into a conditionally active intein that requires the presence of 4-HT. The modified intein has 413 amino acids, and its splicing leaves behind a single cysteine residue (Davis and Pattanayak, 2015). It is well confirmed that the 4-HT-dependent intein splicing is a post-translational process and rapidly regulates protein function in mammalian cells. However, the applications of this molecular switch focus on the protein level (Buskirk and Ong, 2004; Yuen and Rodda, 2006; Peck and Chen, 2011), and few attempts have been made to regulate the replication of the virus through this switch.

Vesicular stomatitis virus (VSV) belongs to the family Rhabdoviridae in the genus Vesiculovirus, and it is an enveloped, bullet-shaped virus with a negative, single-stranded, 11 kbp RNA genome encoding five structural proteins: nucleocapsid (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large RNA-dependent RNA polymerase (L) (Rodriguez and Pauszek, 2002; Walker and Firth, 2015). Since VSV was recovered from a full-length cDNA clone (Lawson and Stillman, 1995; Whelan and Ball, 1995), it is well developed as a widely used research tool, as well as a vaccine platform (Garbutt and Liebscher, 2004; Jones and Feldmann, 2005; Mire and Geisbert, 2013; Case and Rothlauf, 2020; Yahalom-Ronen and Tamir, 2020) and oncolytic vector (Barber, 2005; Durham and Mulgrew, 2017). The genome of VSV is small and easy to manipulate (Haglund and Forman, 2000), and VSV replicates quickly to high titers in most mammalian cell lines (Liu and Cao, 2021). In this study, we used VSV as a model virus to explore whether 4-HT-dependent intein could regulate the replication of the virus in vitro and in vivo.



2. Methods


2.1. Cell culture

BHK-21 and Vero E6 cells were obtained from the ATCC. BHK-T7 cells were constructed by stably transfecting the T7 RNA polymerase gene into BHK-21 cells, and the detailed procedure is presented in the Supplementary materials. All cells were cultured at 37°C in a 5% CO2 incubator and maintained in Dulbecco’s modified Eagle’s medium (Thermo Scientific, United States) supplemented with 10% fetal bovine serum (Thermo Scientific, United States), penicillin (100 units/mL), and streptomycin (100 μg/mL). Furthermore, no mycoplasma was contained in all cell lines, which had been tested recently.



2.2. Plasmid construction

The sequences of 4-HT-dependent intein were synthesized (Genscript, CN) and amplified by PCR using the following primers: forward, 5′- TGCCTTGCCGAGGGTAC -3′ and reverse, 5′- GTTGTGCACGACAACCC -3′. The vector pMD-eGFP or pMD-luciferase was linearized by inverse PCR with 5′ homology region: 5′- GGGTTGTCGTGCACAAC -3′ and 3′ homology region: 5′- GTACCCTCGGCAAGGCA −3′ at different primer pairs for each intein insertion site. Homologous recombination of the linearized vector and intein fragment yielded intact plasmids pMD-eGFP-Intein and pMD-Luciferase-Intein. The recombinant VSV intein plasmids were constructed in the same way with a longer extension period (8 min for 72°C). All newly constructed plasmids were verified by DNA sequencing. The construction of recombinant VSV plasmids and support plasmids is described in Supplementary materials.



2.3. Recombinant VSV recovery

Recombinant VSV was recovered as described previously (Lawson and Stillman, 1995). In brief, BHK-T7 cells in a 6-well plate were infected with recombinant vaccinia virus vTF7-3 expressing T7 RNA polymerase. Each recombinant VSV plasmid (5 μg), together with support plasmids pBlu-N (3 μg), pBlu-P (5 μg), pBlu-G (4 μg), and pBlu-L (1 μg) containing T7 promoters, was transfected into vaccinia virus-infected cells, and the 4-HT was added to the transfection media to a final concentration of 10 μM. After 48 h, the supernatants were collected and filtered through a 0.2 μm pore diameter filter two times to remove vTF7-3, and it was defined as P1 generation virus and passaged onto fresh BHK-T7 cells for G complete VSV. As for delta-G viruses, Vero E6 cells in a 6-well plate were transfected with a plasmid (pCAG-G, 2 μg) that expresses VSV G protein for 12 h, then the delta-G viruses passaged onto the cells.



2.4. Microscopy and luciferase assay

Brightfield images and GFP images were captured on the Cytation 5 (Biotek, United States), according to the manufacturer’s specifications. As for the luciferase assay, taking the detection of 4-HT regulation capacity on the P1 generation virus as an example, cells were seeded at 2.5 × 105 cells/well of a 24-well plate, cultured for 12–16 h, and grown to 95–100% confluence. The culture medium was removed, and 100 μL P1 virus plus 200 μL DMEM was added to the cells. After infection for 2 h, the supernatant was removed, cells were washed, and 500 μL of DMEM containing 5% FBS with or without 10 μM 4-HT was added to each well. In the second-round infection, cells were seeded at 5 × 104 cells/well of a 96-well plate, cultured for 12–16 h, and grown to 95–100% confluence. Then 10-fold serial dilutions (from 101 to 106) of progeny viruses would be performed using culture media with or without 10 μM 4-HT. Moreover, 100 μL virus stocks of each dilution were added to infect BHK-T7 cells in the presence or absence of 4-HT. The status of the cell was observed before lysing, and the lowest dilution (101) for which no broken cells were observed was selected. Cells of the selected dilution were lysed with a cell lysis buffer (Promega), and the lysates were transferred to a 96-well white plate. Luciferase activities were determined with a luciferase assay reagent (Promega) and a GloMax luminometer (Promega).



2.5. Flow cytometry

After being infected with VSV (dG)-GFP/VSV (dG)-GFP-intein for 24 h, cells were collected and washed successively with PBS and resuspended in PBS, and data were acquired on a FACSCanto Plus (BD Biosciences, United States). At least 200,000 events were collected for each sample, and the data were analyzed with FlowJo 10 software.



2.6. TCID50 assay

Vero E6 cells were seeded at 1×105 cells/well of a 96-well plate, cultured for 12-16 h and grown to 95%-100% confluence. Cells were infected with 10-fold serial dilutions of the virus suspension (four replicates of each dilution were used), and incubated at 37°C for 72 h. Cell monolayers were observed microscopically for the presence of CPE. The TCID50 endpoint dilution was calculated by the Reed–Muench method (Reed and Muench, 1938).



2.7. Virus growth curve analysis

Virus replication kinetics was evaluated with a one-step growth curve. Confluent monolayers of BHK-T7 cells grown in a 12-well plate were inoculated with the virus at an MOI of 1 for 1 h, followed by washing and then incubation with Dulbecco’s modified Eagle’s medium supplemented with 5% fetal bovine serum at 37°C for 72 h. Culture medium from a different well of infected cells was collected at 12, 24, 48, and 72 h after infection and stored at −80°C for titration by TCID50 assay.



2.8. Animal experiments

Animal experiments were performed according to the guidelines of the Institutional Experimental Animal Welfare and Ethics Committee. BALB/c mice aged 42–56 days were purchased from SPF Biotechnology (Beijing, CN) and used for all experimental groups. 100 TCID50 of virus in 10 μL volume was injected intracerebrally into mice under anesthetic conditions (Mishra and Byrareddy, 2020). Mice in the 4-HT+ group and PBS group were administered (intraperitoneal) daily of 0.4 μg 4-HT/g weight of the animal. All mice from each group were sacrificed on day 5 post-inoculation, and their brains were harvested, homogenized, and titered by TCID50 assay or qPCR.



2.9. In vivo imaging

Noninvasive in vivo multispectral fluorescence imaging was performed using the In vivo imaging system (IVIS) Spectrum (PerkinElmer) with Living Image software (version 4.4). D-Luciferin Firefly (PerkinElmer, dissolved in PBS at a concentration of 15 mg/mL) was intraperitoneally injected into each mouse at a working dose of 150 mg/kg, and then mice were anesthetized using 3% isoflurane (RWD, CN) in O2 at a flow rate of 3–5 μL/min for 10 min before being transferred to the imaging chamber for in vivo imaging. Luminescence was measured for 5 min (Zhang and Zhao, 2022). All measurements were performed in bioluminescence mode. For the quantification of the total radiant efficiency, a region of interest (ROI) was drawn around the brain, and radiant efficiency was measured.



2.10. Quantitative reverse transcription-polymerase chain reaction

To detect the VSV N mRNA levels in the brain of mice infected with VSV, total RNA was isolated from tissue cells using TRIzol (Invitrogen, United States). The reverse transcription reactions were carried out by Hiscript III Reverse Transcriptase (Vazyme, CN), according to the manufacturer’s specifications. Quantitative real-time PCR was carried out according to the Taq Pro Universal SYBR qPCR Master Mix (Vazyme, CN), with 20 μL of a reaction mixture containing primers specific for the VSV N gene: (forward: 5′-GATAGTACCGGAGGATTGACGACTA-3′ and reverse: 5′-TCAAACCATCCGAGCCATTC-3′) or GAPDH RNA (forward: 5′- GGTTGTCTCCTGCGACTTCA −3′ and reverse: 5′- TGGTCCAGGGTTTCTTACTCC -3′). The results were calculated using the 2−△△CT (two-delta delta CT) method according to the manufacturer’s specifications.



2.11. Hematoxylin and eosin staining

Hematoxylin and eosin (HE) staining was conducted according to routine protocols. In brief, after deparaffinization and rehydration, tissue sections were stained with hematoxylin solution for 5 min followed by 5 dips in 1% acid ethanol (1% HCl in 75% ethanol) and then rinsed in distilled water. Then, the sections were stained with eosin solution for 3 min and followed by dehydration with graded alcohol and clearing in xylene. The mounted slides were then examined and photographed using a DS-FI2 (NIKON, JP).



2.12. Statistical analysis

Statistical analysis and graphs were made by GraphPad Prism8 software. The significance of the results was evaluated by the Mann–Whitney test between the two groups. A value of p of less than 0.05 was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. All results are expressed as means ± SDs of the means. Error bars indicated N > 2.




3. Results


3.1. Screening effective intein insertion sites on VSV

First, we wanted to probe whether 4-HT-dependent intein could act as a molecular switch to moderate the replication of the VSV. The intein gene was inserted into different sites on VSV (dG)-GFP to construct recombinant VSV plasmids, which were cotransfected with other four support plasmids to package recombinant VSV (Passage 1, P1). Then, the Vero E6 cells transfected with VSV G protein expression plasmids were infected by the recombinant VSV virus (P1) in 4-HT+/4-HT− media. The supernatant was collected to reinfect the Vero E6 cells. In addition, the difference in the GFP expression level between the 4-HT+ and 4-HT− groups was measured to assay the replication capacity (Figure 1A).
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FIGURE 1
 Experimental design and plasmids construction. (A) Schematic representation of the generation of recombinant 4-HT-regulated VSV that are characterized by high reproduction in 4-HT+ media but replication incompetence in 4-HT− media. Moreover, the replication capacity was assayed by measuring the GFP expression of VSV (P2). (B) Virus genome schemes of VSV: wild type VSV, VSV (dG)-GFP, VSV (dG)-GFP-N-intein, VSV (dG)-GFP-P-intein, and VSV (dG)-GFP-L-intein.


The VSV genome which is present in the virion core is tightly encapsidated by the nucleocapsid protein (N) to form the ribonucleoprotein complex (Blumberg and Leppert, 1981). Moreover, the viral ribonucleoprotein serves as the template for transcription and replication by the viral RNA-dependent RNA polymerase, which is a complex of the large polymerase protein (L) and phosphoprotein (P) (Das and Pattnaik, 2005). Therefore, we selected N, P, and L proteins as the target-protein to insert intein. The recombinant VSV plasmids containing the intein gene were constructed based on the VSV (dG)-GFP (Figure 1B).



3.2. Two intein insertion sites in VSV L protein regulating the replication of VSV

We selected 7/10/21 intein insertion sites across the structure of these three proteins (Figures 2A–C). The 38 recombinant VSV plasmids were used for VSV packaging, and 18 recombinant VSV plasmids could be rescued from the plasmids with three sites on N protein, six sites on P protein, and nine sites on L protein (Supplementary Figure S1).

[image: Figure 2]

FIGURE 2
 Screening regulation of intein insertion sites in viral proteins of VSV. (A–C) The structures and function domains of VSV nucleoprotein (A), phosphoprotein (B), the large RNA polymerase (C), and the intein insertion sites selected on the structures. N protein domains (Green and Zhang, 2006): N-terminal domain (NNTD); C-terminal domain (NCTD); and RNA-binding sites are shown in red vertical lines. P protein domains (Jenni and Bloyet, 2020): N-terminal domain (PNTD); L protein-binding domain (PL); oligomerization (POD); and C-terminal domain (PCTD). L protein domains (Jenni and Bloyet, 2020): RNA-dependent RNA polymerase domain (RdRp); capping domain (Cap); connector domain (CD); methyltransferase (MT); and C-terminal domain (CTD). (D) The GFP expression level of the recombinant 4-HT-regulated VSV and the percentages of GFP-positive cells were analyzed by FACS (E). Significance of results were evaluated by Mann Whitney test between two groups. p value less than 0.05 was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.


Next, we tested the 4-HT regulating activity on these 18 recombinant VSV plasmids. More than half (10) of the rescued viruses could not generate progeny virions, no matter with or without 4-HT. The recombinant VSV with intein insertion site LC599/LS1001/LY1744 had the strongest replication capacity, and their progeny virions expressed the strongest green fluorescence when infected with Vero E6 cells (Figure 2D). The LS1001 site, however, escaped from 4-HT regulation to a certain degree, resulting in partly restored replication competence under 4-HT− conditions (Figure 2E). The Vero E6 cells were infected by VSV (P2) for 36 h, and the proportion of GFP-positive cells was measured by flow cytometry. The results showed good conformity between the fluorescence and the flow cytometric analysis, with the best regulation activity on LC599 and LY1744 sites.

Comprehensively, considering the packaging efficacy, regulation activity, and replication capacity, we chose the intein insertion sites LC599 and LY1744 to explore the characteristic of recombinant 4-HT-regulated VSV.



3.3. In vitro replication regulation of the intern-modified VSV via 4-HT

We examined the characteristics of 4-HT-regulated VSV replication in vitro. We inserted the intein gene into the genome of VSV-Luc at the selected sites LC599 and LY1744, respectively (Figure 3A), and rescued the 4-HT-regulated VSV to passage on BHK-T7 cells. From the perspective of BHK-T7 cell morphology, we observed a significant formation of syncytia in cells infected by culture supernatants of LC599 (4-HT+) and LY1744 (4-HT+) (Figure 3B). Since the formation of syncytia was mediated by the expression of VSV G protein, it meant that the 4-HT-regulated VSV LC599 and LY1744 were replication-competent in the 4-HT+ media. While under the 4-HT− conditions, LC599 (P2) and LY1744 (P2) could not express G protein (Figure 3B). As for VSV-Luc, it could infect BHK-T7 and form syncytia with or without 4-HT. As expected, the expression level of the exogenous gene luciferase was the same as the G protein and only expressed in the 4-HT+ groups in the secondary infection (Figure 3C).
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FIGURE 3
 Characterization of the replication of the intein-inserted VSV in cells. (A) Virus genome schemes of VSVs: wild type VSV, VSV-Luc, LC599, and LY1744. (B) Cell morphology of BHK-T7 cells infected by LC599 (P2) and LY1744 (P2). The 4-HT+ group could form syncytia mediated by the expression of VSV G protein (red arrow). (C) 4-HT regulated the replication of LC599 (P2) and LY1744 (P2) in a dose-dependent manner. (D) The replication of LC599 (P2) and LY1744 (P2) with or without 4-HT. (E) The growth curve of VSV-Luc, LC599, and LY1744. (F) BHK-T7 cells were infected with P1 generation recombinant virus (4-HT+), and the culture supernatant harvested post-infection was defined as P2 generation. The culture supernatant harvested post-infection with P2 generation (4-HT+) was defined as P3 generation and so on. The 4-HT-regulated capacity on different passages of LC599 and LY1744 was detected. Significance of results were evaluated by Mann Whitney test between two groups. p value less than 0.05 was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.


We next explored the effect of different concentrations of 4-HT on virus replication. BHK-T7 cells were infected by LC599 and LY1744, with 4-HT at a series of concentrations, and the luciferase expression of LC599 (P2) and LY1744 (P2) was detected. The replication of both LC599 (P2) and LY1744 (P2) was 4-HT dose-dependent (Figure 3D). Two recombinant VSVs could replicate normally with a high concentration of 4-HT, but their replication capacity reduced as the concentration of 4-HT decreased, and finally totally lost. LC599 and LY1744 reached the highest replication capacity when the 4-HT concentration was above 0.1 and 1 μM relatively.

BHK-T7 cells were inoculated with virus VSV-Luc/LC599/LY1744 at an MOI of 1, and the culture medium from different times post-infection were collected to calculate and plot the growth curve (Figure 3E). At 12 h post-infection, progeny viruses could be detected in all three viruses, and the titer of VSV-Luc was higher than that of LC599 and LY1744, at this time point. The process of the intein splicing caused the delayed functioning of L protein and that may be the reason for the differences. Moreover, the peak virus titers were achieved at 24 h post-infection, which was approximately 3.2 × 108 TCID50/mL for VSV-Luc and LC599 and 3.2 × 107 TCID50/mL for LY1744. The peak titer of LY1744 was lower than that of VSV-Luc and LC599, which showed that the insertion of intein weakened its replication ability. After 48 h, the virus titers decreased as the cytopathic effect aggravated.

The regulation capacity of 4-HT on the LC599/LY1744 during serial passaging in cultured cells was detected (Figure 3F). LC599 and LY1744 were well regulated for at least five generations, and the progeny virus could not be detected in the culture supernatant for cells infected with the first or second passage of LC599/LY1744. The titers of the progeny virus of the fifth passage of LC599/LY1744 cultured with the 4-HT were 11.4-fold/59.4-fold higher than that of the titers of the progeny virus cultured without the 4-HT (Supplementary Figure S3).



3.4. In vivo replication regulation of the intern-modified VSV via 4-HT

Finally, we tested the in vivo regulation of the 4-HT-dependent VSV. Since intranasal (i.n.) infection of mice with VSV triggers the production of type I interferon in the Olfactory Bulb, which would constrain intracerebral virus to replicate and spread (Detje and Lienenklaus, 2015), we challenged the adult BALB/c mice intracerebrally with a dose of 100 TCID50. Infected mice were monitored for body weight changes and development of classic neurological symptoms, such as convulsion and limb paralysis, and death kinetics was plotted using the Kaplan–Meier survival curve (Figure 4A). The mice injected with VSV-Luc showed a significant decrease in body weight, and the mortality rate was 40% at day 5 post-challenge. The trend of body weight changes in the LC599 (4-HT+) group was similar to that of the VSV-Luc group, and these two groups had the same mortality rate. Mice infected with LY1744 (4-HT+) also showed a decrease in body weight, but the decrease was less significant than in the other two groups. The body weight of the LC599 (4-HT−) and LY1744 (4-HT−) groups decreased slightly and no mice died until day 5 post-infection. The luciferase expression in the brain could be detected in 7 out of 10 mice in the LC599 (4-HT+) group and 3 out of 10 mice in the LY1744 (4-HT+) group by live imaging at day 3 post-infection (Figure 4B), and only one mouse in the LC599 (4-HT−) group had detectable luciferase expression and none of the mice in LY1744 (4-HT−) group could detect luciferase expression. Then, the total luminescence intensity in the brain was calculated (Figure 4C; Supplementary Figure S4), which in the LC599 (4-HT+) group was significantly higher (p < 0.01) than the corresponding 4-HT− group for day 2 and day 3 post-infection. At day 5, the expression of luciferase in the LC599 (4-HT+) group decreased, which may be due to the brain lesions caused by VSV infection.
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FIGURE 4
 Characterization of the replication of the intern-modified VSV in mice. (A) Effect of intracranial (i.c.) virus infection with the indicated viruses on the survival rates and body weights of BALB/c mice (n = 10). (B) Luminescence imaging in challenged mice on day 3. Luminescence intensity (photons/s/cm2/sr) was represented in false colors. (C) Changes of the whole-brain luminescence signals. (D) Detection of the virus titers in the brain tissues of a mouse (n = 10) on day 5. (E) Viral RNA transcripts of N genes in the brain (5 dpi) were measured by quantitative real-time PCR. Data were plotted for individual mice (n = 10). (F) Representative brain sections were isolated on day 5 after the challenge of mice. Brain sections were stained with hematoxylin and eosin (HE), original magnification 10×. Lymphocyte infiltration (blue arrow), perivascular cuffing (red arrow), and lymphocyte aggregation (blue arrow). Significance of results were evaluated by Mann Whitney test between two groups. p value less than 0.05 was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.


The mice were sacrificed on day 5, and virus titers in the brain tissue were measured (Figure 4D). The virus could be detected in each mouse of the LC599 (4-HT+) group, and the titer was significantly higher than that of the LC599 (4-HT−) group, in which only half of the mice could detect the virus. Meanwhile, the relative expression level of VSV N protein mRNA was quantified (Figure 4E), and the virus gene copies of the LC599 (4-HT+) group were also higher than those of the LC599 (4-HT−) group, as expected. However, there were no significant differences between the LY1744 (4-HT+) and LY1744 (4-HT−) groups, both in the virus titers and the gene copies.

The results of the brain section showed the same trend (Figure 4F). In the LC599 (4-HT+) and VSV-Luc groups, the pathological response caused by VSV infection could be observed, including lymphocyte infiltration, perivascular cuffing, and lymphocyte aggregation. In the LC599 (4-HT−) and LY1744 (4-HT+) groups, only a small amount of lymphocyte aggregation was observed, and no obvious pathological changes in tissues could be detected. The section results of the LY1744 (4-HT−) group had no difference from the control group.




4. Discussion

Substantial improvements have been made toward the modification of virus replication, and normally the replication capacity of the virus is completely removed for the viral vectors. The development of an efficient switch that could regulate the viral replication will broaden the application of virus vector in gene therapy or vaccine experiments. We utilized 4-HT-dependent intein splicing to regulate the replication of VSV and constructed a recombinant 4-HT-regulated VSV LC599 that can be regulated by 4-HT in a post-translational way both in vitro and in vivo.

First, we screened the intein insertion sites on the VSV, and we found that the selection of intein insertion sites was a key factor affecting the efficiency of 4-HT regulation. The insertion of intein at different sites would lead to differences in the packaging efficiency of VSV, and the fluorescence intensity of cells infected by VSV (P1) with intein insertion sites on the L protein was higher than that of sites on the N or P protein. We compared the GFP expression level of the progeny viruses produced with or without 4-HT, and the two sites, LC599 and LY1744, had the best regulation activity, both were located on the L protein. While VSVs with intein inserted in the N protein could not produce progeny viruses.

The difference in the regulation activity of intein between VSV proteins may be due to the characteristics of VSV gene expression. VSV relies on RdRp for gene transcription. When polymerase moves along with RNA during VSV genome transcription, its efficiency decreases by 20–30% after each gene is transcribed (Iverson and Rose, 1981). Inserting intein into N or P protein, on the one hand, will reduce the expression of the downstream GFP gene. On the other hand, the unspliced intein may hinder the normal function of N or P protein. The N protein is the most abundant protein in VSV particles and plays an impotent role in the transcription and replication of VSV (Rainsford and Harouaka, 2010). Therefore, the possible incorrect structure or decreased expression level of N protein caused by inserting and incomplete splicing of intein greatly affects the replication of VSV. As for the insertion sites on the L protein, they have little impact on the expression of upstream genes. In addition to that, the expression level of L protein is excessive for VSV replication (Schnell and Buonocore, 1996), and the partial loss of its expression has little impact on virus replication.

We, then, explored the in vitro replication regulation of the intern-modified VSV LC599 and LY1744, and 4-HT showed strong regulation on both viruses. The replication ability and protein expression level of LC599 were largely restored with the existence of 4-HT, while they were significantly decreased without 4-HT. The result is different from the regulation on the protein level. This may be because the L protein of VSV is an RNA polymerase protein as well as a structural protein of VSV. LC599 is located in the polymerase functional area of the L protein, while LY1744 is located in the methyltransferase functional area of the L protein (Jenni and Bloyet, 2020). Inserting intein at these two sites will inactivate the corresponding enzyme function of the L protein. Moreover, we suppose that in addition to damaging the enzyme function, inserting intein on L protein will also hinder the binding between P protein and L protein. These two factors lead to the high regulation efficiency of small molecules on VSV.

In our experiment, the expression of foreign genes GFP/Luciferase of the P1 generation virus could be detected whether 4-HT was added or not (data not shown), which may be caused by the residual 4-HT in the P1 generation virus culture medium. The concentration of residual 4-HT in the culture media of cells infected with the P1 generation virus was lower than 100 nM. After the second-round infection, the residual 4-HT concentration in the progeny virus culture medium would be lower than 1 nM, which will not affect the gene expression of the virus (Figure 3D). The intein-inserted VSVs were passaged under the same conditions except for the addition of 4-HT. Compared with the 4-HT+ group, intein-inserted VSVs could not be passaged continuously in BHK-T7 cells without the addition of 4-HT, which fully confirmed the regulation capacity of 4-HT on the replication of recombinant intein-inserted VSVs.

We explored whether the regulation of 4-HT on LC599 and LY1744 was still effective in vivo. After intracerebrally injected in mice, LC599 (4-HT+) and VSV-Luc had the same lethality and similar pathogenicity, while LC599 (4-HT−) demonstrated only slight toxicity and was totally non-fatal. As expected, this was consistent with the regulatory characteristics of 4-HT on LC599 observed in vitro. The expression of luciferase by VSV in the brain of a mouse was monitored by in vivo imaging. On the first day after infection, the expression of luciferase in the neck was observed in both the 4-HT+ and 4-HT− groups, and it was cleared after LC599 (4-HT+) could replicate in the brain of mice, and the luciferase expression was observed in the brain of seven mice on the third day after immunization. While LC599 (4-HT−) had a low replication capacity, only one mouse could observe luminescence at the same time point. The replication regulation of 4-HT on LC599 in vivo was further verified by the assessment of brain pathological changes of pathological sections.

However, all of the experiments showed that the replication level of LY1744 in vivo was low, regardless of whether 4-HT was added. We confirmed that the replication ability of LY1744 was slightly lower than that of the VSV-Luc virus at the cellular level. However, due to the influence of the immune system of mice and other factors, the gap in the replication ability was more significant in vivo. The replication ability of LY1744 had no significant difference between the 4-HT+ and 4-HT− groups.

One of the mice infected with the LC599 virus in the absence of 4-HT expressed a significant level of luciferase in the brain on day 3 (Figure 4B), and we detected the 4-HT regulation capacity of the virus extracted from the brain tissue of the seventh mouse in the LC599 (4-HT−) group. We found that 4-HT still could regulate the replication of the virus. The expression level of luciferase in the offspring of the 4-HT+ group was 2.4 times higher than that of the 4-HT− group (Supplementary Figure S5), though the 4-HT− group was not totally replication-incompetent. The gene of VSV was extracted for RT-PCR, and the intein gene was not deleted from the L gene. Therefore, we speculated that the diminished regulatory capacity of intein was caused by adaptive point mutations in the VSV genome. The data at the cellular level also showed that the regulation capacity of 4-HT on LC599 would be reduced during serial passage. The replication of VSV is error-prone because RNA replicase base misincorporations are proofread very inefficiently (Steinhauer and Domingo, 1992). During passaging, uncontrollable viruses with low sensitivity to 4-HT would generate during replication. The high regulation capacity can be kept for at least five passages, while the security risks would be reduced but not completely eliminated for the in vivo experiment. The applications of the intein to regulate other viruses require the assessment of stability and safety.

There are several directions to take our work further. First, there are many sites on a virus that can regulate the replication and the workload of screening appropriate sites through the experiment is heavy, and it is likely to miss highly active sites. This process can be optimized by simulating the structure of the target protein inserted with intein through bioinformatics. Second, the mechanism of how small molecules regulates the replication of VSV deserves further exploration, which plays a more important role in the recovery of the structure or the recovery of the function.

Taken together, we applied a small molecule–dependent intein splicing technology to the regulation of viruses and constructed a recombinant 4-HT-regulated VSV LC599. LC599 is replication-competent in the presence of 4-HT and has a similar replication capacity, protein expression level, and pathogenicity to the VSV-Luc in the 4-HT+ media, while its replication capacity is significantly decreased in the absence of 4-HT. The regulation is highly efficient and dose-dependent in a posttranscriptional way, which can improve the safety of virus application without affecting the expression of the protein. Furthermore, it may become a general way for generating small molecular–regulated virus vaccines that can be used for almost any virus.
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