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Since 2011, the emergence of Pseudorabies virus (PRV) variants has led to significant vaccine failures, resulting in severe economic losses in China’s swine industry. Conventional PRV vaccines have shown limited efficacy against these emergent variants, underscoring the urgent need for novel immunization strategies. This study aimed to develop and evaluate a novel recombinant PRV vaccine candidate with improved safety and immunogenicity profiles. Utilizing the homology-directed repair (HDR)-CRISPR/Cas9 system, we generated a recombinant PRV strain, designated PRV SX-10ΔgI/gE/TK/UL24, with deletions in the gI, gE, TK, and UL24 genes. In vitro analyses demonstrated that the recombinant virus exhibited similar replication kinetics and growth curves comparable to the parental strain. The immunological properties of the recombinant PRV were assessed in murine and porcine models. All animals inoculated with PRV SX-10ΔgI/gE/TK/UL24 survived without exhibiting significant clinical signs or pathological alterations. Immunological assays revealed that PRV SX-10ΔgI/gE/TK/UL24 elicited significantly higher levels of gB-specific antibodies, neutralizing antibodies, and cytokines (including IFN-γ, IL-2, and IL-4) compared to both the Bartha-K61 and PRV SX-10ΔgI/gE/TK strains. Notably, both murine and porcine subjects immunized with PRV SX-10ΔgI/gE/TK/UL24 demonstrated enhanced protection against challenges with the variant PRV SX-10 strain, compared to other vaccine strains. These findings suggest that PRV SX-10ΔgI/gE/TK/UL24 represents a promising PRV vaccine candidate strain, offering valuable insights for the prevention and control of PRV in clinical applications.
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Introduction

Pseudorabies (PR), also known as Aujeszky’s disease (AD), is an acute and highly contagious viral infection caused by the pseudorabies virus (PRV), a member of the Herpesviridae family (Mettenleiter, 2000). PRV infects a wide range of mammals, including swine, rodents, canines, bovines, ovines, and lagomorphs, with pigs serving as the primary host and reservoir (Fenner et al., 1987; Pensaert and Kluge, 1989; Sun et al., 2022). The disease manifestation varies among susceptible species, but in swine, it can lead to severe economic losses due to neurological disorders, respiratory distress, and weight loss in newborn piglets, as well as high mortality rates in young piglets and abortions in pregnant sows (Pomeranz et al., 2005; Sun et al., 2016). Additionally, PRV infection in humans has been associated with endophthalmitis and encephalitis (Liu et al., 2020; Yang et al., 2019; Zheng et al., 2022). PRV was first reported in China in 1947 and subsequently became endemic across most regions of the country (Tong and Chen, 1999). In the 1990s, the introduction and widespread application of the gene-deleted Bartha-K61 vaccine from Hungary significantly contributed to controlling the PR epidemic in China (Freuling et al., 2017; Wang et al., 2014; Wu et al., 2013; Zhou et al., 2017). However, since 2011, emerging PRV variants have demonstrated potentially enhanced pathogenicity compared to classical strains, particularly in piglets (An et al., 2013; Hu et al., 2015; Lian et al., 2023; Tong et al., 2015; Ye et al., 2016; Yu et al., 2014). Notably, the outbreaks of PR have occurred even in pig herds immunized with the Bartha-K61 vaccine, indicating that traditional PRV vaccines May be ineffective against these emerging variant strains (Cong et al., 2016; Luo et al., 2014; Wang et al., 2019). These emerging challenges underscore the critical need for developing safer and more efficacious vaccines to combat the evolving PRV strains and mitigate their potential long-term economic impact on the swine industry.

Extensive research on the UL24 gene of herpesviruses has revealed that while the UL24 protein is not essential for viral replication in vitro (Jacobson et al., 1998; Whitbeck et al., 1994), but its deletion attenuates viral virulence (Blakeney et al., 2005; Jacobson et al., 1998; Kasem et al., 2010; Rochette et al., 2015; Sanabria-Solano et al., 2016). Studies in various herpesvirus models have consistently demonstrated this attenuation effect: In HSV-2, UL24 gene deletion markedly reduced viral pathogenicity in murine and guinea pig models compared to wild-type strains (Blakeney et al., 2005; Leiva-Torres et al., 2010). An EHV-1 strain lacking ORF37 (a homologous gene) exhibited no neurotoxicity or lethality in a murine model (Kasem et al., 2010). Additionally, UL24-deficient HSV-1 infections resulted in significantly lower viral titers in murine trigeminal ganglia (Jacobson et al., 1998; Rochette et al., 2015). This characteristic is pivotal for the development of efficacious attenuated vaccines. Notably, recent investigations have elucidated the involvement of UL24 in viral pathogenesis. In PRV, UL24 has been shown to interact with IRF7 through the proteasome pathway, thereby antagonizing cGAS-STING-mediated IFN-β activity (Liu et al., 2021). This interaction significantly contributes to viral immune evasion during host-pathogen interactions (Ruan et al., 2023), suggesting that UL24 is a crucial virulence factor in PRV, inhibiting the host’s innate immune response. Furthermore, extensive research has demonstrated that the deletion of gI, gE, and TK genes significantly attenuates PRV virulence without substantially impacting the virus’s immunogenicity, identifying these as critical targets for the development of safe vaccines (Lei et al., 2016; Zhao et al., 2020). Given these findings, targeting UL24 for the construction of an attenuated vaccine holds strategic significance. This approach could potentially yield a vaccine that maintains low virulence while effectively stimulating the immune system, thus addressing the critical need for safer and more efficacious PRV vaccines.

In this study, we employed the CRISPR/Cas9 system to engineer a recombinant PRV variant strain deficient in gI, gE, TK, and UL24 genes, aiming to develop a vaccine strain with enhanced immunogenicity while maintaining attenuated virulence. A comprehensive evaluation of the safety profile and immunogenic properties of PRV SX-10ΔgI/gE/TK/UL24 was conducted in both murine models and weaned porcine subjects to assess its potential as a vaccine candidate. The findings from this investigation provide a crucial foundation for the development of efficacious vaccines against emergent PRV variant strains.



Results


Generation of recombinant PRV with deletions in gI/gE/TK/UL24 or UL24 via CRISPR/Cas9 system

The UL24 gene of PRV has been confirmed to play a pivotal role in regulating innate immune responses in host cells (Liu et al., 2021; Wang et al., 2020). Here, a variant PRV SX-10 virus lacking the gI, gE, TK, and UL24 genes was generated using the CRISPR/Cas9 technology, as shown in Figure 1A. Additionally, a similar procedure was utilized to generate a mutant PRV SX-10 virus lacking only the UL24 gene, named PRV SX-10ΔUL24 (Figure 1B). The purified viruses were confirmed via PCR assays with specific primers to the viral gI/gE, TK, UL24, EGFP, and mCherry (Figure 1C).
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FIGURE 1
 Construction of recombinant viruses PRV SX-10ΔgI/gE/TK/UL24 and PRV SX-10ΔUL24. (A,B) Schematic diagram of recombinant virus strain construction and plaque purification. (C) PCR identification of TK, gI/gE deletion and EGFP, mCherry insertion in recombinant viruses.




Growth characteristics in diverse PRV strains

The peak virus titers of PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, PRV SX-10ΔUL24, Bartha-K61, and wild-type PRV SX-10 were observed at 48 h post-infection, reaching 107.67, 107.92, 108.39, 108.36, and 108.47 TCID50/mL, respectively. Moreover, the one-step growth curves were similar among the recombinant PRVs and PRV SX-10 (Figure 2A). Compared to the wild-type PRV SX-10 strain, the plaque sizes formed by the recombinant virus strains and Bartha-K61 were significantly smaller (Figures 2B,C). PRV SX-10ΔgI/gE/TK/UL24 was serially passaged in PK-15 cells for 21 generations (F21), and the relevant genes were verified using PCR analysis (Figure 2D). Transmission electron microscopy analysis revealed that the morphology of viral particles from recombinant virus strains was indistinguishable from that of wild-type PRV SX-10, with no discernible structural differences observed (Figure 2E).
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FIGURE 2
 Study on the biological characteristics of different PRV virus strains. (A) Growth curves of the parental strain PRV SX-10, and the recombinant virus strains PRV SX-10ΔgI/gE/TK, PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔUL24, and Bartha-K61. (B,C) Measure plaque size and morphology of different virus strains and parental strain PRV SX-10. The plaque areas were counted and calculated using ImageJ software. ***p < 0.001, ns: not significant. (D) PCR identification of TK and gI/gE deletions and EGFP and mCherry insertions in the recombinant virus strain PRV SX-10ΔgI/gE/TK/UL24, with the parental strain PRV SX-10 as a control. (E) Transmission electron microscopy analysis of PK-15 cells infected with recombinant and parental strains.




Deletion of UL24 enhances IFN-β expression and reduces virulence

The UL24 of herpesviruses suppress IFN-β and reduce pathogenicity in mice (Jacobson et al., 1998; Liu et al., 2021). Real-time PCR analysis revealed that IFN-β transcripts levels were significantly elevated in cells infected with PRV SX-10ΔUL24 and PRV SX-10ΔgI/gE/TK/UL24 compared to those infected with PRV SX-10 or PRV SX-10ΔgI/gE/TK strains, or treated with DMEM (Figure 3A). Moreover, in the mouse challenge experiment, mice infected with PRV SX-10ΔUL24 exhibited a 20% higher survival rate compared to those challenged with wild-type PRV SX-10 (Figure 3B).
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FIGURE 3
 Study on the relevant characteristics of the virus strain PRV SX-10ΔUL24. (A) PK-15 cells were inoculated with PRV SX-10, PRV SX-10ΔgI/gE/TK, PRV SX-10ΔUL24, and PRV SX-10ΔgI/gE/TK/UL24 virus strains (MOI = 0.1) for 12 h, mRNA level was measured by RT-qPCR. ***p < 0.001, and ns as not significant. (B) Survival curves of mice infected with PRV SX-10 and PRV SX-10ΔUL24 strains, DMEM as a control group.




Determination of immune characteristics of recombinant PRV SX-10ΔgI/gE/TK/UL24 in mice

The safety and immunogenicity of the recombinant viruses were evaluated in mice (Figure 4A). Mice inoculated with 100 μL containing 105 TCID₅₀/mL of PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, Bartha-K61, or DMEM (control group) all survived without clinical symptoms through 14 days post-immunization (dpi). However, mice inoculated with PRV SX-10 exhibited typical pseudorabies (PR) symptoms, including severe pruritus, ruffled fur, and hyperkinesia, with all subjects succumbing to the infection within 2–4 days post-inoculation (Figure 4B). At 14 dpi, a subset of mice was euthanized and subjected to necropsy. The viral loads in tissues from mice in the PRV SX-10ΔgI/gE/TK/UL24 groups were significantly lower than those in the PRV SX-10 group (Figure 4C). Compared to the DMEM control group, brain, liver, and lung tissues from mice challenged with PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, or Bartha-K61 strains exhibited no significant histopathological changes. In contrast, mice infected with PRV SX-10 exhibited cerebral vascular congestion and perivascular lymphocytic cuffing in brain tissues, pulmonary congestion and edema in the lungs, and congestion in the liver (Figure 4D). Additionally, the PRV SX-10ΔgI/gE/TK/UL24 vaccinated group exhibited a significantly stronger antibody response compared to groups vaccinated with PRV SX-10ΔgI/gE/TK, especially on 21 dpi (p < 0.0001) (Figure 4E). Concurrently, the PRV SX-10ΔgI/gE/TK/UL24 immunized group and the PRV SX-10ΔgI/gE/TK immunized group exhibited similar neutralization titers at 28 dpi, which were significantly higher than those of the Bartha-K61 immunized group (p < 0.0001) (Figure 4F).
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FIGURE 4
 Safety and immunogenicity evaluation of recombinant virus in mice. (A) Schematic diagram of the timeline for mouse immunization and challenge. (B) Survival rate of mice immunized with recombinant virus strains and challenged with the PRV SX-10 strain, DMEM as a control group. (C) Detection of viral loads in the brain, lungs, and liver after immunization using qPCR. ****p < 0.0001, and ns as not significant. (D) Histopathological analysis of liver, lung, and brain from each group after immunization (HE, 200×). Arrows in the PRV SX-10 group indicate locations of lesions. (E) Detection of gB antibodies at designated time points after immunization. Mouse serum samples with ELISA values ≥ 0.38 were considered positive and <0.2 were considered negative. (F) Determination of virus-neutralizing antibody titers in serum collected 28 dpi. **p < 0.01, and ns as not significant.




Evaluation of protective efficacy of PRV SX-10ΔgI/gE/TK/UL24 in mice

At 28 dpi, mice in the PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, or Bartha-K61 groups were challenged with 100 μL containing 105 TCID₅₀/mL of PRV SX-10, while the DMEM group served as a control. All mice in the PRV SX-10 group and 70% in the Bartha-K61 group exhibited typical PR symptoms and succumbed to the infection between 3 and 6 days post-challenged (dpc). In contrast, all mice in the PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, and DMEM control groups survived (Figure 5A). Compared to the PRV SX-10ΔgI/gE/TK/UL24 and PRV SX-10ΔgI/gE/TK groups, significant viral genomic presence was detected in the brain, lungs, and liver tissues of mice in the Bartha-K61 and PRV SX-10 groups (Figure 5B). At 14 days dpc, histopathological examinations were conducted on the mice. In the PRV SX-10 and Bartha-K61 groups, mice exhibited markedly enlarged vascular sleeve phenomena in brain tissues, accompanied by neuronophagia. Additionally, these mice developed pulmonary edema, severe hemorrhage, and alveolar destruction in the lungs, as well as hepatocyte degeneration in the liver. In contrast, mice immunized with PRV SX-10ΔgI/gE/TK/UL24 exhibited no discernible histopathological lesions or pathological damage. However, mice in the PRV SX-10ΔgI/gE/TK group exhibited mild inflammatory cell infiltration and congestion in the lungs (Figure 5C).
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FIGURE 5
 Protective efficacy of recombinant virus strains in mice. (A) Survival rate of mice challenged with PRV SX-10 strain, DMEM as a control group. (B) Quantification of viral loads in the brain, lungs, and liver post-challenge using qPCR. *p < 0.05, **p < 0.01, ****p < 0.0001, and ns as not significant. (C) Histopathological analysis of liver, lung, and brain from each group after challenge (HE, 200×). Arrows in the PRV SX-10, PRV SX-10ΔgI/gE/TK, and Bartha-K61 groups indicate locations of lesions.




Evaluation of safety and immunogenicity of PRV SX-10ΔgI/gE/TK/UL24 in piglets

To further evaluate the safety profile and immunogenic potential of recombinant virus, piglets were immunized with either PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, Bartha-K61, or DMEM as a control (Figure 6A). At 14 dpi, all piglets in the vaccinated groups remained alive and in good health (Figure 6B). Rectal temperatures were monitored, and no significant differences were observed compared to the DMEM control group. Temperatures consistently remained below 40.0°C in all groups (Figure 6C). Piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, or Bartha-K61 strains produced PRV-specific gB antibodies, with titers increasing progressively over time. However, PRV SX-10ΔgI/gE/TK/UL24 produced significantly higher antibody levels than Bartha-K61 (Figure 6D). At 28 dpi, piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24 or PRV SX-10ΔgI/gE/TK strains showed comparable levels of neutralizing antibodies (NAbs) against PRV SX-10. These groups exhibited significantly higher NAb titers than the Bartha-K61-vaccinated cohort (p < 0.05) (Figure 6E). Furthermore, at 28 dpi, the group inoculated with PRV SX-10ΔgI/gE/TK/UL24 exhibited significantly higher levels of IFN-γ compared to groups inoculated with PRV SX-10ΔgI/gE/TK, Bartha-K61, or DMEM (p < 0.01). Serum levels of IL-2 and IL-4 were also significantly elevated in the group inoculated with PRV SX-10ΔgI/gE/TK/UL24 (p < 0.05) (Figure 6F).
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FIGURE 6
 Pathogenicity assessment of the recombinant virus strain PRV SX-10ΔgI/gE/TK/UL24 in piglets. (A) Immunization and challenge timeline for piglets. (B) Survival rate of piglets immunized with PRV SX-10ΔgI/gE/TK, PRV SX-10ΔgI/gE/TK/UL24, Bartha-K61 strains, DMEM as a control group. (C) Rectal temperatures of all piglets measured daily after inoculation. (D) Detection of gB-specific antibodies in different groups at various time points. ELISA values of serum samples are expressed as signal-to-noise (S/N) ratios, with S/N ≤ 0.6 considered positive and S/N > 0.6 considered negative. (E) Determination of virus-neutralizing antibody titers in serum collected at 28 dpi. (F) Detection of cytokine expression levels of IFN-γ, IL-2, and IL-4 in the serum of piglets at 28 dpi using ELISA. *p < 0.05, **p < 0.01, ****p < 0.0001, and ns as not significant.




PRV SX-10ΔgI/gE/TK/UL24 provide better protection in piglets

At 28 dpi, piglets from the PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, and Bartha-K61 test groups were challenged with 106 TCID₅₀/mL of virulent PRV SX-10 strain, except for the DMEM control group. Piglets in the Bartha-K61 and PRV SX-10 groups exhibited typical pseudorabies symptoms, including pruritus and sneezing. Notably, two out of five piglets infected with the PRV SX-10 strain succumbed to the infection within 7–9 days post-inoculation. In contrast, piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, Bartha-K61, or DMEM exhibited no discernible clinical symptoms (Figure 7A). For the first 9 days after infection, rectal temperatures in the PRV SX-10 and Bartha-K61 groups surpassed 41.0°C, indicating severe febrile responses (Figure 7B). Viral load quantification indicated low viral presence in the tissues of piglets immunized with the PRV SX-10ΔgI/gE/TK/UL24 and PRV SX-10ΔgI/gE/TK strains, with the former group exhibiting significantly lower titers in brain tissue (p < 0.05) (Figure 7C). Cytokine analysis conducted 3 dpc with PRV SX-10 revealed a significant upregulation of IL-6 in the PRV SX-10 and Bartha-K61 groups compared to groups vaccinated with PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, or treated with DMEM (Figure 7D). Histopathological examination revealed severe tissue damage in piglets from the PRV SX-10 group. Affected tissues included lung alveoli with inflammatory infiltration and hemorrhage, brain tissue showing neuronal degeneration, and liver tissue displaying hepatocyte swelling and vascular dilation. Comparable pathological alterations were observed in the Bartha-K61 group. In stark contrast, piglets in the PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, or DMEM groups exhibited no significant histopathological alterations (Figure 7E).
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FIGURE 7
 Protective efficacy of immunization with the strain PRV SX-10ΔgI/gE/TK/UL24 against challenge with variant strain PRV SX-10 in piglets. (A) Survival rate of piglets challenged with PRV SX-10 DMEM as a control group. (B) Measure the rectal temperature of piglets daily after challenge. (C) Detection of viral loads in the brain, lungs, and liver after challenge using qPCR. (D) Detection of cytokine expression levels of IL-6 in the serum of piglets at 3 dpc using ELISA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns as not significant. (E) Histopathological analysis of liver, lung, and brain from each group after challenge (HE, 200×). Arrows in the PRV SX-10 and Bartha-K61 groups indicate locations of lesions.





Discussion

Since 2011, Pseudorabies virus (PRV) variant strains have undergone extensive genomic mutations (He et al., 2018). Despite widespread vaccination with the Bartha-K61 strain, Pseudorabies (PR) outbreaks have persisted (An et al., 2013; Luo et al., 2014; Yu et al., 2014). Immunization with attenuated vaccines remains the fundamental strategy for mitigating PRV outbreaks (Freuling et al., 2017). In this study, a recombinant PRV mutant strain with gI/gE/TK/UL24 deletions was constructed using the CRISPR/Cas9 system. Animals models inoculated with high doses of PRV SX-10ΔgI/gE/TK/UL24 exhibited neither clinical manifestations, such as pyrexia or pruritus, nor gross organ lesions. Notably, piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24 demonstrated significantly lower viral loads in cerebral tissue compared to those inoculated with the PRV SX-10ΔgI/gE/TK vaccine. Furthermore, in murine models, the PRV SX-10ΔgI/gE/TK/UL24 inoculation did not induce significant pulmonary damage, in contrast to the PRV SX-10ΔgI/gE/TK inoculation group. These findings suggest that the PRV SX-10ΔgI/gE/TK/UL24 strain exhibits enhanced safety profiles in both murine and porcine models while effectively controlling infections caused by variant PRV strains.

PRV, a herpesvirus with an extensive genome, presents significant challenges for in vitro genetic engineering (Horsburgh et al., 1999; Kamel and El-Sayed, 2019; Thomsen et al., 1987; Yuan et al., 2023). Historically, gene deletion vaccines were primarily constructed using bacterial artificial chromosome (BAC) infectious clones or homologous recombination gene editing techniques (Messerle et al., 1997; Stavropoulos and Strathdee, 1998; Warden et al., 2011). However, these methods were time-consuming, labor-intensive, and suffered from low recombination efficiency, thereby posing significant obstacles for PRV vaccine development and research (Baron et al., 2018; Thomsen et al., 1987). The advent of CRISPR/Cas9, a cutting-edge genome modification tool, has markedly expedited DNA vaccine innovation (Cong and Zhang, 2015; Wei et al., 2024; Yang et al., 2020). CRISPR/Cas9-mediated gene editing of PRV is now widely employed to construct diverse vaccine candidates with targeted deletions, including strains lacking gI/gE/TK/UL13 (Lv et al., 2021), PK/gE/TK (Xu et al., 2022), or TK/gI/gE/11 k/28 k genes (Yan et al., 2021), among others (Deng et al., 2022; Jin et al., 2022; Li et al., 2020). Building upon the research of Zhang Feng team’s on SpCas9 nickase and chimeric guide RNA expression plasmids, the commercialized pX335 gene editing vector was modified (Ran et al., 2013). The vector was engineered to carry dual sgRNA expression cassettes, each driven by a U6 promoter. This adaptation enables simultaneous gene editing at sites on both ends of the target fragment, significantly enhancing the overall efficiency of the gene editing process (Luo et al., 2022). In the present study, two pairs of sgRNA cutting plasmids were designed, targeting both ends of the UL24 and TK/UL24 loci, respectively. Additionally, a CMV-driven EGFP reporter gene expression cassette was constructed to replace the knocked-out fragments. Following five cycles of plaque refinement, the PRV SX-10ΔUL24 and PRV SX-10ΔgI/gE/TK/UL24 virus strains were successfully constructed. This approach further improved the precision of knocking out PRV virulence genes and knocking in the reporter gene.

The primary challenge in PRV prevention and control lies in its capacity to establish permanent latent infection in hosts and its robust evasion capability capability (Brukman and Enquist, 2006; Lamote Jochen et al., 2017; Liu et al., 2021; Thoresen et al., 2021). The UL24 gene of herpesviruses has been demonstrated to modulate multiple immune signaling pathways, contributing to immune evasion of the host’s antiviral response (Gao et al., 2022; Kolb et al., 2016; Xu et al., 2017). Similarly, the PRV UL24 gene exhibits regulatory function in the host’s innate immune response (Chen et al., 2021a; Chen et al., 2021b; Wang et al., 2020). Investigations into the UL24 gene in PRV variant strains revealed that, whether deleted individually or in combination with major virulence genes gI, gE, and TK, a relatively high level of IFN-β transcription is observed in vitro. This not only reduced immune escape from the host but also induced a stronger immune response, consistent with previous studies (Liu et al., 2021). The UL24 gene knockout virus strain demonstrated normal replication in vitro, exhibiting a growth curve comparable to the parental strain. Moreover, the survival rate of mice infected with this strain increased by 20% compared to those infected with the wild-type virus. However, the relatively high mortality rate following PRV UL24 deletion is attributed to the fact that the key virulence gene in PRV remains the TK gene (de Leeuw and van Oirschot, 1985; Kit et al., 1987). Antibody titers in mice immunized with PRV SX-10ΔgI/gE/TK/UL24 were significantly higher than in other immunized groups, and antibody levels in immunized piglets were significantly elevated compared to Bartha-K61 group. Notably, neutralizing antibody levels produced in mice and piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24 and PRV SX-10ΔgI/gE/TK were markedly higher than those in subjects inoculated with Bartha-K61. This findings suggest that PRV SX-10ΔgI/gE/TK/UL24 possesses strong immunogenicity, and the deletion of the UL24 gene May induce a stronger innate immune response. Furthermore, compared to other inoculated groups, levels of cytokines such as IFN-γ, IL-2, and IL-4 in the serum of piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24 were significantly elevated. Notably, after PRV SX-10 challenge, IL-6 levels in piglets inoculated with PRV SX-10ΔgI/gE/TK/UL24 and PRV SX-10ΔgI/gE/TK were significantly lower than in piglets inoculated with Bartha-K61, indicating a reduced inflammatory response.

In conclusion, the engineered PRV strain SX-10ΔgI/gE/TK/UL24 demonstrates robust replication capacity with significantly attenuated virulence and enhanced immunogenicity in both murine and porcine models. This recombinant strain represents a substantial advancement in PRV vaccine development, effectively combining safety, immunogenicity, and protective efficacy. The insights gained from this study provide a valuable framework for the development of more efficacious PRV vaccines, crucial for safeguarding the swine industry against the evolving threat of emergent PRV strains. Further research is warranted to fully evaluate the potential of this promising vaccine candidate in field conditions.



Materials and methods


Cells, viruses, and animals

Both BHK-21 and PK-15 cells were grown in DMEM with added serum and antibiotics. Cells were kept at 37°C in a special incubator with controlled humidity and CO2 levels. The PRV SX-10ΔgI/gE strain was previously constructed and maintained in our laboratory (Luo et al., 2022). The PRV SX-10 variant strain, isolated from a pig farm in Shaanxi, was used for neutralizing antibody tests and challenge protection experiments. Six-week-old female Kunming mice were obtained from Chengdu Dossy Experimental Animals Co., Ltd. (Chengdu, China). Four-week-old male American Landrace piglets, weighing 7–9 kg, seronegative for PRRSV, PCV2, CSFV, PPV, and PRV, were purchased from Shaanxi Shunxin Pig Breeding Co., Ltd. (Shaanxi, China).



Design and assembly of transfer and sgRNA plasmids

To generate a PRV mutant deficient in gI, gE, TK, and UL24, we constructed a donor plasmid with UL24/TK deletions based on the PRV SX-10ΔgI/gE strain. Homology arms of 1,150 bp and 1,398 bp were amplified using primers UL25 LA-F/R and UL22 RA-F/R, respectively, with the SX-10 viral genome serving as the PCR template. These homology arms were subsequently inserted flanking a CMV promoter-driven EGFP reporter gene, resulting in the plasmid designated pUC57-UL25LA-CMV-EGFP-polyA-UL22RA. A similar method was used to construct a plasmid with only the UL24 deletion, which was named pUC57-UL25LA-CMV-EGFP-polyA-TKRA. To facilitate targeted deletions of the UL24/TK and UL24 genes, we employed the CRISPR tool1 to design an sgRNA system. The dual sgRNAs were then individually cloned into a modified pX335 vector using BbsI and BsaI restriction sites. Primer and sgRNA sequences used are listed in Table 1.



TABLE 1 PCR primer.
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Generation of recombinant viral strains using CRISPR/Cas9-mediated genome editing

Gene deletion in the virus was achieved by leveraging the host cell’s homology-directed repair (HDR) mechanism and CRISPR/Cas9 technology. BHK-21 cells were cultured in 12-well plates and co-transfected with either pX335 sgRNA1/2-TK/UL24 (2 μg) or pX335 sgRNA3/4-UL24 (2 μg), along with pUC57-UL25LA-CMV-EGFP-polyA-UL22RA (2 μg) or pUC57-UL25LA-CMV-EGFP-polyA-TKRA, using TurboFect transfection reagent as per the manufacturer’s instructions. At 24 h post-transfection, cells were infected with either PRV SX-10ΔgI/gE or PRV SX-10 at a multiplicity of infection (MOI) of 0.01. Upon observation of extensive cytopathic effect (CPE), cells and supernatants were harvested, subjected to multiple freeze–thaw cycles, and used to re-infect fresh cells. These cells were then overlaid with a mixture of 2× DMEM and 1% low-melting agarose. Using an inverted fluorescence microscope, researchers observed the development of plaques exhibiting green and red fluorescence, or solely green fluorescence. These fluorescent plaques underwent multiple rounds of isolation and purification. To confirm the identity of the recombinant viruses, PCR analysis was conducted using the specific primers outlined in Table 1. Finally, the PRV SX-10ΔgI/gE/TK/UL24 and PRV SX-10ΔUL24 deletion viruses were generated via plaque purification.



In vitro characterization of PRV strains: growth kinetics, plaque morphology, and genetic stability

Five PRV strains (PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, Bartha-K61, PRV SX-10, and PRV SX-10ΔUL24) were evaluated for their one-step growth kinetics and plaque morphology in PK-15 cells. For growth kinetics, PK-15 cells cultured in 12-well plates were infected with each virus at a MOI of 0.01. Cell supernatants were harvested at 12, 24, 36, 48, 60, and 72 h post-infection, subjected to three freeze–thaw cycles, and stored at −80°C. Virus titers were determined by TCID50 assay and used to construct growth curves for each strain. For plaque assays, PK-15 cells in 12-well plates were exposed to viruses at a MOI of 0.01 for 90 min, then overlaid with DMEM containing 2% FBS and 1% low-melting agarose. At 96 h post-infection, plaques were visualized by crystal violet staining, and their sizes were quantified using ImageJ 2.7 software.2 To assess the genetic stability of the different PRV strains, recombinant viruses were serially passaged 21 times in BHK cells. Viral DNA was extracted every five passages, and the TK, gEgI, EGFP, and mCherry genes were amplified using gene-specific primers TK-F/R, gEgI-F/R, EGFP-F/R and mCherry-F/R, respectively (Table 1).



Ultrastructural analysis of virions by transmission electron microscopy

PK-15 cells were cultured in 6-well plates. When the cell density reached 80%, each well was inoculated with PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, PRV SX-10ΔUL24, and PRV SX-10, respectively, at a MOI of 0.1. The plates were incubated at 37°C in a CO2 incubator for 90 min. Following incubation, the supernatant was removed and replaced with DMEM supplemented with 2% FBS. The cultures were then maintained for an additional 24 h. Post-incubation, cells were harvested and sequentially fixed with 0.5 and 0.3% glutaraldehyde solutions. The fixed samples were sent to Chengdu Rilai Biotechnology Co., Ltd. for further processing. Viral ultrastructure was visualized using a JEM-1400plus transmission electron microscope.



IFN-β response and virulence of PRV UL24 variants in cells and mice

The four PRV strains—SX-10ΔgI/gE/TK/UL24, SX-10ΔgI/gE/TK, SX-10ΔUL24, and SX-10—were used to infect PK-15 cells cultured in 12-well plates at a MOI of 1.0. DMEM was used as a negative control. At 12 h post-infection, the supernatant was discarded, and 800 μL of TRNzol Universal reagent (Tiangen Biotech, Beijing, China) was added to each well to lyse the cells and extract total RNA. Subsequently, the extracted total RNA was reverse transcribed into cDNA using a reverse transcription kit (Genestar, Beijing, China) according to the manufacturer’s instructions. RT-qPCR was performed on the obtained cDNA using SYBR reagent (DiNing Biotechnology, Beijing, China) to measure the expression levels of β-actin and IFN-β; the corresponding primers are shown in Table 1. The RT-qPCR was performed using the Tianlong 988 Real-Time PCR System (Tianlong Science & Technology, Shaanxi, China) with the following cycling conditions: initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. A melting curve analysis was included to verify the specificity of the reaction.

Twenty-five mice were randomly allocated into three groups. Mice were intramuscularly administered 100 μL of either PRV SX-10ΔUL24 (n = 10) or PRV SX-10 (n = 10) with a virus doses of 105 TCID₅₀/mL, except for the DMEM control group (n = 5). The inoculation method and dosage were based on previous studies conducted by our research group (Luo et al., 2022). Clinical signs (including pruritus or scratching) and mortality were monitored and recorded daily to assess the pathogenicity of the PRV SX-10ΔUL24 strain.



In vivo assessment of pathogenicity and immunogenicity in a murine model

Six-week-old female KM mice were randomly allocated into six groups (n = 10 per group). Mice were intramuscularly administered 100 μL containing 105 TCID₅₀/mL of PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, Bartha-K61, or PRV SX-10, while the DMEM group served as a control. Clinical signs and survival rates were monitored daily. The clinical signs of PRV infection in mice were primarily observed through the following symptoms: pruritus, scratching and biting of the infected area, tachypnea, circling behavior in some cases, ocular inflammation in others, and in certain instances, sudden death without prior symptoms. At 14 dpi, mice received a second immunization. Serum samples were collected from the retro-orbital sinus of each mouse at designated time points (7, 14, 21, and 28 dpi) for the assessment of PRV-gB-specific antibody levels and neutralizing antibody titers (NAbs). It is noteworthy that the sample collection procedure should not interfere with the normal physiological functions of the mice.

At 28 dpi, all immunized groups, except for the PRV SX-10 and DMEM groups, were challenged intramuscularly (I.M.) with 100 μL 105 TCID₅₀/mL of PRV SX-10. At 14 dpc, all mice were euthanized and necropsied. Brain, lung, and liver samples were collected for viral load determination and histopathological analysis.



Evaluation of vaccine efficacy and protective immunity against PRV challenge in piglets

Four-week-old weaned piglets, seronegative for PRRSV, PCV2, CSFV, PPV, and PRV, were randomly allocated into five groups (n = 5 per group) and housed separately. Piglets in immunization groups 1–3 were intramuscularly inoculated with 2 mL (106 TCID50/mL) of PRV SX-10ΔgI/gE/TK/UL24, PRV SX-10ΔgI/gE/TK, or Bartha-K61, respectively. The positive control group (group 4) received 2 mL (106 TCID50/mL) of PRV SX-10, while the negative control group (group 5) received 2 mL of DMEM. The inoculation method and dosage for PRV infection in piglets were determined based on previous studies (Lv et al., 2021; Sun et al., 2022; Zhao et al., 2023). At 14 dpi, groups 1–3 received a booster immunization. Serum samples were collected from the anterior vena cava of piglets at specified time points (7, 14, 21, and 28 dpi or 3 dpc) for the assessment of PRV-gB-specific antibodies, neutralizing antibody titers, and cytokine levels.

At 28 dpi, groups 1 through 4 were challenged with 2 mL of PRV SX-10 at 106 TCID₅₀/mL. Piglets were monitored daily for 14 dpi, clinical signs and rectal temperatures were recorded. The primary clinical signs of PRV infection in piglets include pyrexia, ataxia, tachypnea, diarrhea, and pronounced cutaneous erythema. At 14 dpc, piglets were euthanized and necropsied. Brain, lung, and liver samples were collected to assess viral load and histopathology.



Serological tests and cytokine assays

Serum samples from mice and piglets were collected at predetermined time points for analysis. PRV-specific gB antibodies in pigs were detected using commercially available ELISA kits (JNT, China) according to the manufacturer’s instructions. For mice, PRV-specific gB antibodies were detected using ELISA kits (Finder Biotech, China), with the secondary antibody in the kit replaced by HRP-conjugated goat anti-mouse IgG (Wuhan) at a 1:1,000 dilution. In addition, serum collected from experimental pigs at 28 dpi or 3 dpc was used to quantify IFN-γ, IL-2, IL-4, or IL-6 levels using ELISA kits (Cusabio, Wuhan, China), following the manufacturer’s protocol.

Neutralizing antibodies (NAbs) against PRV SX-10 strains were assessed using a modified version of previously described methods (Yu et al., 2016; He et al., 2019; Gerdts et al., 1999). The serum processing involved multiple steps: initial centrifugation (2,800 rpm, 30 min), followed by heat inactivation (56°C, 30 min). The treated serum underwent twofold serial dilutions before being combined with PRV SX-10 strain (100 TCID50/mL). This mixture was then incubated at 37°C for 1 h. Subsequently, 100 μL of this mixture was added to confluent PK-15 cells in 96-well plates and incubated for 1 h. The mixture was then replaced with DMEM containing 2% FBS, and the culture was incubated at 37°C under 5% CO2 for 4 days. Neutralizing antibody titers were calculated using the Reed-Muench method.



Quantification of viral load in tissues

Mice and piglets were euthanized at designated time points, and fresh samples were promptly collected and immediately cryopreserved at −80°C for subsequent viral load quantification. One g of tissue sample was weighed and homogenized in a grinding tube containing 1 mL of physiological saline using an ultrasonic homogenizer. Following homogenization, 100 μL of the supernatant was collected and subjected to DNA extraction using a DNA extraction kit (Tiangen Biotech, Beijing, China). Subsequently, real-time quantitative PCR (qPCR) was employed to determine the copy number of the PRV gH gene in brain, liver, and lung tissues. The primers used for amplification are listed in Table 1. A standard curve was established using serial dilutions (10−4 to 10−8 copies/μL) of the pMD19T-gH positive control plasmid as a template. The qPCR cycling conditions were set as follows: 2 min at 50°C, 2 min at 95°C, followed by 40 cycles of 15 s at 95°C, 30 s at 60°C, and 10 s at 25°C.



Statistical analysis

Statistical analyses were conducted using one-way ANOVA in GraphPad Prism version 9.0 (GraphPad Software Inc., United States). Significant differences between groups are denoted by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001. Within each strain, different letters indicate significant differences at a threshold of p < 0.05. All data are presented as means ± standard error of the mean (SEM), derived from at least three independent experiments.




Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was approved by The animal study was approved by All operations in this study involving animal experiments were handled according to the Ethics Committee at Northwest A&F University (approval number DY2022009). The study was conducted in accordance with the local legislation and institutional requirements. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

HL: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. RZ: Conceptualization, Software, Supervision, Validation, Visualization, Writing – review & editing. JQ: Data curation, Formal analysis, Writing – review & editing. YK: Supervision, Validation, Visualization, Writing – review & editing. JZ: Project administration, Software, Supervision, Writing – review & editing. RG: Conceptualization, Data curation, Formal analysis, Writing – review & editing. JL: Supervision, Validation, Visualization, Writing – review & editing. XZ: Project administration, Supervision, Validation, Visualization, Writing – review & editing. LH: Supervision, Validation, Visualization, Writing – review & editing. HX: Supervision, Validation, Visualization, Writing – review & editing. XW: Supervision, Validation, Visualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Qin Chuangyuan “Scientist and Engineer” Team Construction Project (Grant No. S2023-YF-LLRH-QCYK-0477).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://zlab.bio/guide-design-resources


2   https://imagej.nih.gov/ij/




References

 An, T. Q., Peng, J. M., Tian, Z. J., Zhao, H. Y., Li, N., Liu, Y. M., et al. (2013). Pseudorabies virus variant in Bartha-K61-vaccinated pigs, China, 2012. Emerg. Infect. Dis. 19, 1749–1755. doi: 10.3201/eid1911.130177

 Baron, M. D., Iqbal, M., and Nair, V. (2018). Recent advances in viral vectors in veterinary vaccinology. Curr. Opin. Virol. 29, 1–7. doi: 10.1016/j.coviro.2018.02.002

 Blakeney, S., Kowalski, J., Tummolo, D., DeStefano, J., Cooper, D., Guo, M., et al. (2005). Herpes simplex virus type 2 UL24 gene is a virulence determinant in murine and Guinea pig disease models. J. Virol. 79, 10498–10506. doi: 10.1128/JVI.79.16.10498-10506.2005 

 Brukman, A., and Enquist, L. W. (2006). Pseudorabies virus EP0 protein counteracts an interferon-induced antiviral state in a species-specific manner. J. Virol. 80, 10871–10873. doi: 10.1128/JVI.01308-06 

 Chen, X., Kong, N., Xu, J., Wang, J., Zhang, M., Ruan, K., et al. (2021a). Pseudorabies virus UL24 antagonizes OASL-mediated antiviral effect. Virus Res. 295:198276. doi: 10.1016/j.virusres.2020.198276 

 Chen, X., Sun, D., Dong, S., Zhai, H., Kong, N., Zheng, H., et al. (2021b). Host interferon-stimulated gene 20 inhibits pseudorabies virus proliferation. Virol. Sin. 36, 1027–1035. doi: 10.1007/s12250-021-00380-0 

 Cong, X., Lei, J. L., Xia, S. L., Wang, Y. M., Li, Y., Li, S., et al. (2016). Pathogenicity and immunogenicity of a gE/gI/TK gene-deleted pseudorabies virus variant in susceptible animals. Vet. Microbiol. 182, 170–177. doi: 10.1016/j.vetmic.2015.11.022 

 Cong, L., and Zhang, F. (2015). Genome engineering using CRISPR-Cas9 system. Methods Mol. Biol. 1239, 197–217. doi: 10.1007/978-1-4939-1862-1_10

 de Leeuw, P. W., and van Oirschot, J. T. (1985). Vaccines against Aujeszky's disease: evaluation of their efficacy under standardized laboratory conditions. Vet. Q. 7, 191–197. doi: 10.1080/01652176.1985.9693982 

 Deng, M.-M., Sun, Y.-W., Ding, C.-M., Xu, X.-Y., Guo, Z.-Y., Han, Z.-W., et al. (2022). The deletion of US3 gene of pseudorabies virus (PRV) ΔgE/TK strain induces increased immunogenicity in mice. Vaccine 10:1603. doi: 10.3390/vaccines10101603 

 Fenner, F., Bachman, P., and Gibbs, E. (1987). Pseudorabies. Veterinary virology. San Diego, CA: Academic Press Inc, 353–356.

 Freuling, C. M., Müller, T. F., and Mettenleiter, T. C. (2017). Vaccines against pseudorabies virus (PrV). Vet. Microbiol. 206, 3–9. doi: 10.1016/j.vetmic.2016.11.019 

 Gao, L., Liu, R., Yang, F., Li, X., Liu, C., Qi, X., et al. (2022). Duck enteritis virus inhibits the cGAS-STING DNA-sensing pathway to evade the innate immune response. J. Virol. 96:e0157822. doi: 10.1128/jvi.01578-22 

 Gerdts, V., Jöns, A., and Mettenleiter, T. C. (1999). Potency of an experimental DNA vaccine against Aujeszkys disease in pigs. Vet. Microbiol. 66, 1–13.

 He, W., Auclert, L. Z., Zhai, X., Wong, G., Zhang, C., Zhu, H., et al. (2018). Interspecies transmission, genetic diversity, and evolutionary dynamics of pseudorabies virus. J. Infect. Dis. 219, 1705–1715. doi: 10.1093/infdis/jiy731

 He, W., Auclert, L. Z., Zhai, X., Wong, G., Zhang, C., Zhu, H., et al. (2019). Interspecies Transmission, Genetic Diversity, and Evolutionary Dynamics of Pseudorabies Virus. J. Infect. Dis. 219, 1705–1715.

 Horsburgh, B. C., Hubinette, M. M., Qiang, D., MacDonald, M. L. E., and Tufaro, F. (1999). Allele replacement: an application that permits rapid manipulation of herpes simplex virus type 1 genomes. Gene Ther. 6, 922–930. doi: 10.1038/sj.gt.3300887 

 Hu, D., Zhang, Z., Lv, L., Xiao, Y., Qu, Y., Ma, H., et al. (2015). Outbreak of variant pseudorabies virus in Bartha-K61-vaccinated piglets in Central Shandong Province, China. J. Vet. Diagn. Invest. 27, 600–605. doi: 10.1177/1040638715593599 

 Jacobson, J. G., Chen, S.-H., Cook, W. J., Kramer, M. F., and Coen, D. M. (1998). Importance of the herpes simplex VirusUL24Gene for productive ganglionic infection in mice. Virology 242, 161–169. doi: 10.1006/viro.1997.9012

 Jin, Y. L., Yin, D., Xing, G., Huang, Y. M., Fan, C. M., Fan, C. F., et al. (2022). The inactivated gE/TK gene-deleted vaccine against pseudorabies virus type II confers effective protection in mice and pigs. Front. Microbiol. 13:943707. doi: 10.3389/fmicb.2022.943707 

 Kamel, M., and El-Sayed, A. (2019). Utilization of herpesviridae as recombinant viral vectors in vaccine development against animal pathogens. Virus Res. 270:197648. doi: 10.1016/j.virusres.2019.197648 

 Kasem, S., Yu, M. H., Yamada, S., Kodaira, A., Matsumura, T., Tsujimura, K., et al. (2010). The ORF37 (UL24) is a neuropathogenicity determinant of equine herpesvirus 1 (EHV-1) in the mouse encephalitis model. Virology 400, 259–270. doi: 10.1016/j.virol.2010.02.012

 Kit, S., Sheppard, M., Ichimura, H., and Kit, M. (1987). Second-generation pseudorabies virus vaccine with deletions in thymidine kinase and glycoprotein genes. Am. J. Vet. Res. 48, 780–793 

 Kolb, A. W., Lee, K., Larsen, I., Craven, M., and Brandt, C. R. (2016). Quantitative trait locus based virulence determinant mapping of the HSV-1 genome in murine ocular infection: genes involved in viral regulatory and innate immune networks contribute to virulence. PLoS Pathog. 12:e1005499. doi: 10.1371/journal.ppat.1005499 

 Lamote Jochen, A. S., Kestens, M., Van Waesberghe, C., Delva, J., De Pelsmaeker, S., Devriendt, B., et al. (2017). The pseudorabies virus glycoprotein gE/gI complex suppresses type I interferon production by Plasmacytoid dendritic cells. J. Virol. 91:e02276-16. doi: 10.1128/JVI.02276-16

 Lei, J.-L., Xia, S.-L., Wang, Y., Du, M., Xiang, G.-T., Cong, X., et al. (2016). Safety and immunogenicity of a gE/gI/TK gene-deleted pseudorabies virus variant expressing the E2 protein of classical swine fever virus in pigs. Immunol. Lett. 174, 63–71. doi: 10.1016/j.imlet.2016.04.014

 Leiva-Torres, G. A., Rochette, P.-A., and Pearson, A. (2010). Differential importance of highly conserved residues in UL24 for herpes simplex virus 1 replication in vivo and reactivation. J. Gen. Virol. 91, 1109–1116. doi: 10.1099/vir.0.017921-0 

 Li, J., Fang, K., Rong, Z., Li, X., Ren, X., Ma, H., et al. (2020). Comparison of gE/gI-and TK/gE/gI-gene-deleted pseudorabies virus vaccines mediated by CRISPR/Cas9 and Cre/lox systems. Viruses 12:369. doi: 10.3390/v12040369 

 Lian, Z., Liu, P., Zhu, Z., Sun, Z., Yu, X., Deng, J., et al. (2023). Isolation and characterization of a novel recombinant classical pseudorabies virus in the context of the variant strains pandemic in China. Viruses 15:1966. doi: 10.3390/v15091966 

 Liu, Q., Wang, X., Xie, C., Ding, S., Yang, H., Guo, S., et al. (2020). A novel human acute encephalitis caused by pseudorabies virus variant strain. Clin. Infect. Dis. 73, e3690–e3700. doi: 10.1093/cid/ciaa987

 Liu, X., Zhang, M., Ye, C., Ruan, K., Xu, A., Gao, F., et al. (2021). Inhibition of the DNA-sensing pathway by pseudorabies virus UL24 protein via degradation of interferon regulatory factor 7. Vet. Microbiol. 255:109023. doi: 10.1016/j.vetmic.2021.109023 

 Luo, Y., Li, N., Cong, X., Wang, C. H., Du, M., Li, L., et al. (2014). Pathogenicity and genomic characterization of a pseudorabies virus variant isolated from Bartha-K61-vaccinated swine population in China. Vet. Microbiol. 174, 107–115. doi: 10.1016/j.vetmic.2014.09.003 

 Luo, C., Wang, Q., Guo, R., Zhang, J., Zhang, J., Zhang, R., et al. (2022). A novel pseudorabies virus vaccine developed using HDR-CRISPR/Cas9 induces strong humoral and cellular immune response in mice. Virus Res. 322:198937. doi: 10.1016/j.virusres.2022.198937 

 Lv, L., Liu, X., Jiang, C., Wang, X., Cao, M., Bai, J., et al. (2021). Pathogenicity and immunogenicity of a gI/gE/TK/UL13-gene-deleted variant pseudorabies virus strain in swine. Vet. Microbiol. 258:109104. doi: 10.1016/j.vetmic.2021.109104 

 Messerle, M., Crnkovic, I., Hammerschmidt, W., Ziegler, H., and Koszinowski, U. H. (1997). Cloning and mutagenesis of a herpesvirus genome as an infectious bacterial artificial chromosome. Proc. Natl. Acad. Sci. 94, 14759–14763. doi: 10.1073/pnas.94.26.14759 

 Mettenleiter, T. (2000). Aujeszky's disease (pseudorabies) virus: the virus and molecular pathogenesis-state of the art, June 1999. Vet. Res. 31, 99–115 

 Pensaert, M., and Kluge, J. (1989). Pseudorabies virus (Aujeszky's disease) Virus infections porcines. 2, 39–65.

 Pomeranz, L. E., Reynolds, A. E., and Hengartner, C. J. (2005). Molecular biology of pseudorabies virus: impact on neurovirology and veterinary medicine. Microbiol. Mol. Biol. Rev. 69, 462–500. doi: 10.1128/MMBR.69.3.462-500.2005 

 Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F. (2013). Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281–2308. doi: 10.1038/nprot.2013.143 

 Rochette, P.-A., Bourget, A., Sanabria-Solano, C., Lahmidi, S., Lavallée, G. O., and Pearson, A. (2015). Mutation of UL24 impedes the dissemination of acute herpes simplex virus 1 infection from the cornea to neurons of trigeminal ganglia. J. Gen. Virol. 96, 2794–2805. doi: 10.1099/vir.0.000189 

 Ruan, P., Wang, M., Cheng, A., Zhao, X., Yang, Q., Wu, Y., et al. (2023). Mechanism of herpesvirus UL24 protein regulating viral immune escape and virulence. Front. Microbiol. 14:1268429. doi: 10.3389/fmicb.2023.1268429 

 Sanabria-Solano, C., Gonzalez, C. E., Richerioux, N., Bertrand, L., Dridi, S., Griffiths, A., et al. (2016). Regulation of viral gene expression by the herpes simplex virus 1UL24 protein (HSV-1UL24 inhibits accumulation of viral transcripts). Virology 495, 148–160. doi: 10.1016/j.virol.2016.05.006 

 Stavropoulos, T. A., and Strathdee, C. A. (1998). An enhanced packaging system for helper-dependent herpes simplex virus vectors. J. Virol. 72, 7137–7143. doi: 10.1128/JVI.72.9.7137-7143.1998

 Sun, Y., Luo, Y., Wang, C. H., Yuan, J., Li, N., Song, K., et al. (2016). Control of swine pseudorabies in China: opportunities and limitations. Vet. Microbiol. 183, 119–124. doi: 10.1016/j.vetmic.2015.12.008

 Sun, L., Tang, Y., Yan, K., and Zhang, H. (2022). Construction of a quadruple gene-deleted vaccine confers complete protective immunity against emerging PRV variant challenge in piglets. Virol. J. 19:19. doi: 10.1186/s12985-022-01748-8

 Thomsen, D. R., Marotti, K. R., Palermo, D. P., and Post, L. E. (1987). Pseudorabies virus as a live virus vector for expression of foreign genes. Gene 57, 261–265. doi: 10.1016/0378-1119(87)90130-2 

 Thoresen, D., Wang, W., Galls, D., Guo, R., Xu, L., and Pyle, A. M. (2021). The molecular mechanism of RIG-I activation and signaling. Immunol. Rev. 304, 154–168. doi: 10.1111/imr.13022 

 Tong, G., and Chen, H. (1999). Pseudorabies epidemic status and control measures in China. Chin. J. Vet. Sci. 19, 1–2.

 Tong, W., Liu, F., Zheng, H., Liang, C., Zhou, Y., Jiang, Y., et al. (2015). Emergence of a pseudorabies virus variant with increased virulence to piglets. Vet. Microbiol. 181, 236–240. doi: 10.1016/j.vetmic.2015.09.021 

 Wang, M., Wang, L., and Zhao, Q. (2019). Efficacy evaluation of two live virus vaccines against an emerging pseudorabies virus variant. Pol. J. Vet. Sci. 22, 639–645. doi: 10.24425/pjvs.2019.129975

 Wang, T.-Y., Yang, Y.-L., Feng, C., Sun, M.-X., Peng, J.-M., Tian, Z.-J., et al. (2020). Pseudorabies virus UL24 abrogates tumor necrosis factor alpha-induced NF-κB activation by degrading P65. Viruses 12:51. doi: 10.3390/v12010051 

 Wang, C.-H., Yuan, J., Qin, H.-Y., Luo, Y., Cong, X., Li, Y., et al. (2014). A novel gE-deleted pseudorabies virus (PRV) provides rapid and complete protection from lethal challenge with the PRV variant emerging in Bartha-K61-vaccinated swine population in China. Vaccine 32, 3379–3385. doi: 10.1016/j.vaccine.2014.04.035 

 Warden, C., Tang, Q., and Zhu, H. (2011). Herpesvirus BACs: Past, Present, and Future. Biomed. Res. Int. 2011:124595. doi: 10.1155/2011/124595 

 Wei, J., Liu, C., He, X., Abbas, B., Chen, Q., Li, Z., et al. (2024). Generation and characterization of recombinant pseudorabies virus delivering African swine fever virus CD2v and p54. Int. J. Mol. Sci. 25:335. doi: 10.3390/ijms25010335

 Whitbeck, J. C., Lawrence, W. C., and Bello, L. J. (1994). Characterization of the bovine herpesvirus 1 homolog of the herpes simplex virus 1 UL24 open reading frame. Virology 200, 263–270. doi: 10.1006/viro.1994.1184 

 Wu, R., Bai, C., Sun, J., Chang, S., and Zhang, X. (2013). Emergence of virulent pseudorabies virus infection in northern China. J. Vet. Sci. 14, 363–365. doi: 10.4142/jvs.2013.14.3.363 

 Xu, H., Su, C., Pearson, A., Mody, C. H., and Zheng, C. (2017). Herpes simplex virus 1 UL24 abrogates the DNA sensing signal pathway by inhibiting NF-κB activation. J. Virol. 91:e00025-17. doi: 10.1128/JVI.00025-17 

 Xu, M., Zhang, C., Liu, Y., Chen, S., Zheng, Y., Wang, Z., et al. (2022). A noval strategy of deletion in PK gene for construction of a vaccine candidate with exellent safety and complete protection efficiency against high virulent Chinese pseudorabies virus variant. Virus Res. 313:198740. doi: 10.1016/j.virusres.2022.198740 

 Yan, S., Huang, B., Bai, X., Zhou, Y., Guo, L., Wang, T., et al. (2021). Construction and immunogenicity of a recombinant pseudorabies virus variant with TK/gI/gE/11k/28k deletion. Front. Vet. Sci. 8:797611. doi: 10.3389/fvets.2021.797611

 Yang, H., Han, H., Wang, H., Cui, Y., Liu, H., and Ding, S. (2019). A case of human viral encephalitis caused by pseudorabies virus infection in China. Front. Neurol. 10:534. doi: 10.3389/fneur.2019.00534 

 Yang, H., Ren, S., Yu, S., Pan, H., Li, T., Ge, S., et al. (2020). Methods favoring homology-directed repair choice in response to CRISPR/Cas9 induced-double Strand breaks. Int. J. Mol. Sci. 21:6461. doi: 10.3390/ijms21186461

 Ye, C., Guo, J.-C., Gao, J.-C., Wang, T.-Y., Zhao, K., Chang, X.-B., et al. (2016). Genomic analyses reveal that partial sequence of an earlier pseudorabies virus in China is originated from a Bartha-vaccine-like strain. Virology 491, 56–63. doi: 10.1016/j.virol.2016.01.016 

 Yu, T., Chen, F., Ku, X., Fan, J., Zhu, Y., Ma, H., et al. (2016). Growth characteristics and complete genomic sequence analysis of a novel pseudorabies virus in China. Virus genes, 52, 474–483.

 Yu, X., Zhou, Z., Hu, D., Zhang, Q., Han, T., Li, X., et al. (2014). Pathogenic pseudorabies virus, China, 2012. Emerg. Infect. Dis. 20, 102–104. doi: 10.3201/eid2001.130531

 Yuan, H., Zheng, Y., Yan, X., Wang, H., Zhang, Y., Ma, J., et al. (2023). Direct cloning of a herpesvirus genome for rapid generation of infectious BAC clones. J. Adv. Res. 43, 97–107. doi: 10.1016/j.jare.2022.02.012 

 Zhao, M., Chen, J., Luo, S., Yan, R., Zhang, P., Ren, Z., et al. (2023). Pseudorabies gD protein protects mice and piglets against lethal doses of pseudorabies virus. Front. Microbiol. 14:1288458. doi: 10.3389/fmicb.2023.1288458

 Zhao, Y., Wang, L.-Q., Zheng, H.-H., Yang, Y.-R., Liu, F., Zheng, L.-L., et al. (2020). Construction and immunogenicity of a gE/gI/TK-deleted PRV based on porcine pseudorabies virus variant. Mol. Cell. Probes 53:101605. doi: 10.1016/j.mcp.2020.101605 

 Zheng, H.-H., Fu, P.-F., Chen, H.-Y., and Wang, Z.-Y. (2022). Pseudorabies virus: From pathogenesis to prevention strategies. Viruses 14:1638. doi: 10.3390/v14081638

 Zhou, J., Li, S., Wang, X., Zou, M., and Gao, S. (2017). Bartha-k61 vaccine protects growing pigs against challenge with an emerging variant pseudorabies virus. Vaccine 35, 1161–1166. doi: 10.1016/j.vaccine.2017.01.003 


Copyright
 © 2024 Li, Zhang, Qu, Kang, Zhang, Guo, Li, Zhang, Han, Xie and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Development and immunogenicity evaluation of a quadruple-gene-deleted pseudorabies virus strain



		Introduction



		Results



		Generation of recombinant PRV with deletions in gI/gE/TK/UL24 or UL24 via CRISPR/Cas9 system



		Growth characteristics in diverse PRV strains



		Deletion of UL24 enhances IFN-β expression and reduces virulence



		Determination of immune characteristics of recombinant PRV SX-10ΔgI/gE/TK/UL24 in mice



		Evaluation of protective efficacy of PRV SX-10ΔgI/gE/TK/UL24 in mice



		Evaluation of safety and immunogenicity of PRV SX-10ΔgI/gE/TK/UL24 in piglets



		PRV SX-10ΔgI/gE/TK/UL24 provide better protection in piglets









		Discussion



		Materials and methods



		Cells, viruses, and animals



		Design and assembly of transfer and sgRNA plasmids



		Generation of recombinant viral strains using CRISPR/Cas9-mediated genome editing



		In vitro characterization of PRV strains: growth kinetics, plaque morphology, and genetic stability



		Ultrastructural analysis of virions by transmission electron microscopy



		IFN-β response and virulence of PRV UL24 variants in cells and mice



		In vivo assessment of pathogenicity and immunogenicity in a murine model



		Evaluation of vaccine efficacy and protective immunity against PRV challenge in piglets



		Serological tests and cytokine assays



		Quantification of viral load in tissues



		Statistical analysis









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

Development and
immunogenicity evaluation of a
quadruple-gene-deleted
pseudorabies virus strain












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1479794-g005.jpg
>

100 4
0 4
0 4

404

Percent survival

204

o 4
0

1

2.3 4 5
Days postchallenge

6

7

PRV SX-10Ag/gEITK/UL24
PRV SX-10Agl/gE/TK
DMEM

Bartha-K61

PRV SX-10

w

PRV DNA logl0 copies/o.lg.

DMEM
PRV SX-10

PRV SX-10 A g/gE/TK

PRV SX-10 A gl/gE/TK/UL24
Bartha-Kol






OPS/images/fmicb-15-1479794-g006.jpg
L)

. . ) . D . D
Immunization L L L 1 L L 1
@i ° G N 2 » s 2
PRVSX-10
Virus Challege

ai 7 14

2%

B (¢

PRV SX-10 A glgE/TK

Lo ERYSIICBRUGRTI W PRV $X-10 A gl/gE/TK/UL24
g s0 L PRV SX-10 AgI/gE/TK/UL24
T L BartharKot 0 Bl
H - DMEM DMEM
Zw »
£ 20
& 5

LR o e e o

0 4 6 8 10 12 14 7
Dayspostinfection 0123456785021
Dayspostinfeton
D E

PRV SX-10 A gl/gE/TK DMEM
PRVS)

10 A gligE/TK/ Ul

RV

Bartha K61

Db : PRV K10 8l
DMEM E PRV SX-10 A gUEEITKIUL2:
o 7w ow om o ow Diffrent groups
Days postnfecton
F
BNy o
15 0 ) - PRV K10 AgUEE/TKIUL2
o
. % - PRV K10 AGHEETK
2 0 i} = Bartha-Kel
2 0 2 2w
2 £ £ = DM
H Zan i £ o
& S &
0 0 o

Different groups. Different groups. Different groups





OPS/images/fmicb-15-1479794-g003.jpg
Relative gene expression of IFN- §

Percent Survival(%)

100

80

60

40

2

3 4

Days postinfection

—— PRV SX-10AUL24

—— PRV $X-10
—— DMEM





OPS/images/fmicb-15-1479794-g004.jpg
First vaccination
.

Booster vaccination
Y

. . . .
L i L L F
@ 0 7 1 2 » 2
PRV SX-10
Virus Challenge - L
@ "
vy
B Cc
104 —- PRV SX-10 AgUGE/TK =t = DN
% —- PRVSX-10AQUGEITKIUL2Y - PRV SX-10
i — Bartha-Ke1 Ze = PRV SX-10AglgE/TK
R EE ol g = PRV SX-104 glUgEITK/UL2A
5 w0 S = Bartha Kol
£ E
< x4
Z
%2
0 =
H
0 2 1 6 s Eo
Days postinfection brain lung liver

PRV SX-10A glgE/TK/UL24

15

PRV gB specific ELISA antbody

00 ==

Days post infection

PRV SX-10 AglgE/TK

8- PRVSX-10AglEETK
B PRV SX-10A glEETKIUL24
—A— Bartha-K61

—¥ DMEM

Neutralization Antbody of PRV






OPS/images/fmicb-15-1479794-g007.jpg
-

1004 L PRV SX-10 gligE/TK

2 w0 —L- PRV SX-10Agl/gE/TK/UL24
2 &l L Bartha-K61

] - DMEM

§ 204

——r——T T
2 4 6 3 10 12

Days post chanllenge:

DMEM
PRVSX-10

PRV SX-10 A gl/gE/TK

PRV SX-10 A gl/gE/TR/UL24
Bartha-Ke1

PRV DNA logl0 copies/0.1g

brain lung liver
Days post chanllenge

PRV SX-10 A gl/gE/TK/UL24

PRV SX-10 Agl/gE/TK

w

8- PRVSX-10Agl/gE/TK/UL24
—&- PRV SX-10Aglgh/TK

%~ Bartha-K61

—&- DMEM

&= PRVSX-10

Rectal Temperature(C)
5

0123456789101
Days post chanllenge

o

- DMEM
PRV SX-10 A gl/gE/TK/UL24
—PRV SX-10 gl/gE/TK

- artha-K61

- PRV SX-10

Cytokine lever(pg/m)

Different groups

Bartha-K61 PRV SX-10





OPS/images/fmicb-15-1479794-t001.jpg
Target

gene Pi sequence (5’
K F-CGCACTCTGTTCGACACGGA
R-GCTGATGTCCCCGACGATGA
gl/gE F-AGCCCAAGATGACGTTGGCC
R-AGGTCGCCGTTGAGGTCATC
UL24 F-AGCGGCACGTCTTGAGCTC
R-AACAGAGTGCGCCAGTACGC
EGEP F-ATGGTGAGCAAGGGCGAGGAG
R-TTACTTGTACAGCTCGTCCATGC
mCherry F-ATGGTGAGCAAGGGCGAGGAG
R-CTACTTGTACAGCTCGTCCATG
IFN-p F-TGCAACCACCACAATTCC
R-CTGAGAATGCCGAAGATCTG
faction F-CTCCTTCCTGGGCATGGA
R-CGCACTTCATGATCGAGTTGA
gH F-ACAAGTTCAAGGCCCACATCTAC
R-GTCYGTGAAGCGGTTCGTGAT

P-FAM-ACGTCATCGTCACGACC-TARAM

UL25LA F-AGCACGCTGTGGCCCTCCAGCGCGTAGC
R-GCATGCGCGTGCTCGACGTGACGCGCCTGC

UL22RA F-CCTCGCCCCTCCCACCCGCGCCGCGGCCGGA
R-AGGTTGGCCAGGGTGGCGTCCCCGCCGAG

TKRA F-ATGCGCATCCTCCGGATCTACCTCGACGGC
R-CACGGACGACGCGGGCATGGTGACGGGCA

sgRNA 1 F-CACCGGTGCTCTTGCCGGTGCCGT
R-AAACACGGCACCGGCAAGAGCACC

sgRNA 2 F-CACCGCGCCTTCACGTCGGAGATG
R-AAACCATCTCCGACGTGAAGGCGC

sgRNA 3 F-CACCGCCCGGCGACGTACTCGGCG
R-AAACCGCCGAGTACGTCGCCGGC

SgRNA 4 F-CACCGCGGCACCGGCAAGAGCACCA

R-AAACTGGTGCTCTTGCCGGTGCOGC





OPS/images/fmicb-15-1479794-g001.jpg
PRV SX-10

PRV SX-10 Agl/g

KIUL24

Agl/gE/ TK/UL24

PRV SX-10AUL24

MOCH

b --
o - -

Bright

PRV $X-10 ATK/UL24

PRV SX-10
s bp
2000 2000
1






OPS/images/fmicb-15-1479794-g002.jpg
0. $X-10

10
—8— PRV SX-10 AgUgE/TKIUL24 PRV SX-10 A g/gE/TK/UL24

PRV SX-10A g

4 PRV SX-10 Ag/gEITK /gE/TK

—&— PRVSX-10AUL24 PRV SX-10A UL24

—*— Bartha-Ks1

Bartha-Ks1

o 12w 6 ® e
Different groups

Hours post-infecti

" D T™® slet
PRVSX-10 PRV SX-10 Agl/gE

P5 P10 PI5 P20 S M P5 PI0 P15 P20

2000
1000
0
0
0
0

PRV SX-10 A glgE/TK/UL24

10AUL2 Bartha-K61

EGEP ‘mCherry

M_PS P10 PI5 P20 SX-10 M P5 P10 P15 P20 X

- 2000
% 1000/






