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Pseudorabies virus (PRV) is an important swine virus that has a significant 
impact on the global swine industry. PRV is a member of the herpesvirus family, 
specifically the alphaherpesvirus subfamily, and has been extensively utilized 
as a prototype herpesvirus. Notably, recent studies have reported that PRV 
sporadically spills over into humans. The PRV genome is approximately 150 kb 
in size and is difficult to manipulate at the genomic level. The development of 
clustered regularly interspaced short palindromic repeat-associated protein 
(CRISPR/Cas9) technology has revolutionized PRV genome editing. CRISPR/Cas9 
has been widely used in the construction of reporter viruses, knock-out/knock-in 
of genes of interest, single virus tracking and antiviral strategies. Most importantly, 
for vaccine development, virulence gene knockout PRV vaccine candidates can 
be obtained within 2 weeks using CRISPR/Cas9. In this mini-review, we provide a 
concise overview of the application of CRISPR/Cas9 in PRV research and mainly 
share our experience with methods for efficiently editing the PRV genome. 
Through this review, we hope to give researchers better insight into the genome 
editing of pseudorabies virus.
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Introduction

The swine industry suffers significant financial losses worldwide due to the presence of 
pseudorabies virus (PRV), which is a crucial pathogen for pigs (1, 2). PRV is a highly contagious 
virus that affects the nervous system of pigs, leading to neurological symptoms, such as paralysis 
and death (1, 2). The virus is highly contagious and can spread rapidly among pigs through 
direct contact or through contact with contaminated objects. Moreover, there has been a 
concerning trend regarding the increased ability of PRV to transmit across different species, as 
evidenced by outbreaks of PRV variants. This poses a significant risk to humans, a fact that has 
been well documented in several recent reviews (3–5). PRV belongs to the alphaherpesvirus 
group, which is closely related to herpes simplex virus-1 (HSV-1) and varicella-zoster virus 
(VZV). These viruses are known for their neurotropism and ability to establish lifelong latency 
in their natural hosts (6, 7). Consequently, PRV is frequently utilized as a model to understand 
the molecular details of alphaherpesviruses and examine the functions of the nervous system in 
mammals (8, 9).
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Due to its large genome, which contains more than 70 genes with 
varying functions, the genomic manipulation of PRV was a major 
challenge in herpesvirus research prior to the emergence of CRISPR 
technology (10). In early studies, the genome of herpesviruses was 
manipulated by subjecting the infected cells to a range of physical, 
chemical, or biological conditions (11, 12), but the resulting mutation 
is not site-specific and is often randomly scattered throughout the 
whole genome. Furthermore, the mutation frequency is extremely low, 
and acquiring interesting mutations is always time-consuming and 
labor-intensive (11, 12). When the recombination strategy was 
introduced to manipulate the herpesvirus genome, precise 
manipulation of the desired specific gene became possible. By 
transfecting an interesting DNA fragment with homologous arms into 
infected cells or cotransfecting it with viral genomic DNA, the 
homologous DNA fragment recombined with the target herpesvirus 
genome. However, the efficiency of homologous recombination using 
these methods was extremely low (ranging from 1 in 106 to 1 in 107). 
The development of bacterial artificial chromosome (BAC) technology 
has revolutionized the genetics of herpesviruses (11–15). Advances in 
BAC-based genome editing have been instrumental in helping us gain 
insight into herpesvirus gene function and vaccine development, thus 
furthering our knowledge of herpesviruses and paving the way for 
more effective vaccines and treatments (this is well reviewed by Xia 
and coworkers (16)). Despite its advantages, BAC-based mutagenesis 
has some drawbacks. For instance, it can only be  used after an 
infectious BAC has been created, and in some cases, the BAC vector 
must be removed from herpesviruses (10, 17, 18).

The emergence of genome editing technologies, specifically 
programmable nucleases such as zinc finger nucleases (ZFNs), 
transcription activator-like effector nucleases (TALENs), and the 
CRISPR/Cas9 RNA-guided endonuclease system, has opened up a 
wide range of possibilities for their use in various life science 
applications (19–21). In regard to editing at specific sites, ZFNs and 
TALENs use DNA-binding proteins and the FokI nuclease domain, 
whereas CRISPR/Cas9 utilizes guide RNAs and the Cas9 protein. The 
fundamental concept behind these technologies is to cut DNA in a 
site-specific manner, which generates double-strand breaks (DSBs) at 
targeted sites. DSBs then stimulate the activation of endogenous DNA 
repair systems, which can lead to targeted genome modification 
through either homology-directed repair (HDR) or error-prone 
nonhomologous end joining (NHEJ). In this mini-review, we focus on 
the application of CRISPR/Cas9 technology in studies of PRV and 
mainly concentrate on strategies to efficiently edit the PRV genome.

CRISPR/Cas9 technology and its 
application in PRV

As a versatile genetic modification tool, CRISPR/Cas9 has 
emerged as a valuable tool for genetic engineering in a variety of 
organisms (22, 23). CRISPR–Cas systems have been discovered in 
numerous bacterial and archaeal organisms, which use these systems 
as a means of protecting themselves against mobile genetic elements, 
which utilize the RNA-guided Cas9 nuclease to selectively target and 
cleave specific foreign DNA sequences (24, 25). The CRISPR–Cas9 
system offers a simple and efficient method for manipulating cells in 
diverse organisms, including those relevant to medicine, agriculture, 
and scientific investigation. This approach is applicable to virtually all 

cell types, which makes it a versatile tool for researchers in various 
fields (24, 25). The mechanism of DNA editing by CRISPR/Cas9 
involves creating DSBs in the targeted DNA, which then triggers the 
activation of cellular repair pathways such as NHEJ and 
HDR. Knock-out and knock-in of genes of interest can be achieved by 
utilizing both repair pathways. In comparison to BAC and homologous 
recombination (HR) methods, CRISPR/Cas9 presents more 
advantages for the editing of DNA viruses because it only requires the 
design of effective single-guide RNA (sgRNA) (26).

Large-genome DNA viruses, including adenovirus (27), herpes 
simplex virus 1 (17, 27–29), and Epstein–Barr virus (30–32), have 
been manipulated using the CRISPR/Cas9 system. In fact, CRISPR/
Cas9 for PRV editing was first conducted by Xu et  al. (33). The 
application of CRISPR/Cas9  in PRV includes the construction of 
reporter viruses (34–38), vaccine development (39–47), the 
exploration of virulence genes (48, 49), the studying of viral protein 
function (49–56), single virus tracking (57), and the development of 
CRISPR/Cas9-based antiviral strategies (58, 59).

Improving PRV editing efficacy by 
CRISPR/Cas9

sgRNA design

In CRISPR/Cas9 editing, effective sgRNA is critical for successful 
editing. Many software and online tools can be utilized to predict the 
effectiveness and suitability of sgRNA, but the predictive power of 
these computing tools is not sufficient. Therefore, it is essential to 
conduct reliable systematic testing of the cleavage efficiency of sgRNA 
and Cas9. There are several methods to measure the efficacy of 
sgRNA. In our previous studies, we used the px330 plasmid, which 
harbors both sgRNA and the Cas9 expression cassette simultaneously. 
First, an effective sgRNA could cleave viral DNA efficiently and then 
inhibit the replication of PRV. We first transfected designed potential 
sgRNAs into cells and then infected the transfected cells 24 h later at 
a lower multiplicity of infection (MOI). The viral titer was then 
quantified to identify the most effective sgRNA. The lower MOI 
(always lower than 0.01) is important because the inhibitory effect of 
sgRNA may be limited due to the efficacy of sgRNA-mediated cleavage 
or transfection. When a high MOI is used, it is difficult to differentiate 
between effective and noneffective sgRNAs. Second, a reporter virus 
with either EGFP or firefly luciferase is used to evaluate the 
effectiveness of the sgRNA. This approach is straightforward and 
suitable for large-scale, high-throughput screening, and it is also cost-
effective and can be  implemented with minimal resources. Third, 
we can cotransfect tested sgRNA with the plasmid that eukaryotically 
expresses the target gene into HEK293T cells and then detect target 
gene expression by Western blot or immunofluorescence assays to 
select an effective sgRNA.

Transfection-infection-based editing

Genome editing of pseudorabies virus is mainly achieved by 
two methods: transfection-infection-based editing and viral 
genomic DNA cotransfection-based editing (Figure  1). For 
transfection-infection-based editing, transfected cell lines should 
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have high transfection efficacy, which could increase the 
opportunity for the coexistence of sgRNA and virus and maximize 
the probability of virus editing. Transfection of plasmids with 
sgRNA and Cas9 into HEK293T cells is better than transfection into 
Vero cells due to the high transfection efficacy of HEK293T cells. 
Twenty-four hours post transfection, a lower MOI (always lower 
than 0.01) is used to infect the transfected cells. According to our 
experience, a lower MOI is critical for observing the PRV-induced 
cytopathic effect (CPE), and a lower dose of PRV infection requires 
multiple cycles of replication. We speculated that this increases the 
likelihood of the coexistence of PRV and the CRISPR system during 
multiple rounds of replication. However, infection at a lower MOI 
is only suitable for PRV knockout mediated by the NHEJ repair 
pathway. For PRV recombination-mediated HDR, infection at a 
higher MOI increases the recombination rate (26). We hypothesize 
that this is due to a higher chance of coexistence between the viral 
DNA and donor plasmid when a higher MOI is used, which in turn 
increases the homologous recombination (HR) rate. Additionally, 
high-MOI infection always produces fewer viruses, which also 
increases the successful HR rate. We attribute this to the strong CPE 
of PRV, which kills infected cells rapidly, preventing them from 
completing the full viral life cycle and therefore producing fewer 
viruses. Notably, for infection at a higher MOI, the maximum 
recombination efficiency was only approximately 0.09% in our 
previous work (60). This finding indicated that transfection-
infection-based editing may not be suitable for HR. The next step 
is plaque purification, which is also very important. Generally, wild-
type PRV replicates faster than knock-out viruses and generates 
large plaques, whereas the knock-out virus produces smaller 
plaques. Plaque purification in 10-cm2 dishes may be better than 
that in 6-well plates because large dishes allow easy separation of 
plaques from each other. If plaques are easily separated, only one 
round of purification is enough. When a single plaque is purified 

and amplified in a 12-well plate, we only need to identify the virus 
by Western blotting at the protein level or DNA sequencing at the 
DNA level.

Genomic DNA cotransfection-based 
editing

Another method for PRV editing is genomic DNA cotransfection-
based editing. This method requires the extraction of high-quality and 
intact viral genomes followed by cotransfection with specific sgRNAs 
(Figure 1). For gene knock-out or knock-in, the cotransfection-based 
method significantly increases the editing efficacy. In our previous 
studies, by utilizing a transfection-infection-based method, 
we knocked out several PRV genes, and a single sgRNA enabled us to 
achieve a knock-out rate ranging from 12.5 to 42.9% (39, 48). 
However, when we  used a cotransfection-based method, the 
knock-out rate of a single sgRNA reached 90.91% (26). A 
cotransfection assay can be used to introduce both the CRISPR system 
and the viral genome into the same cells, leading to improved PRV 
editing. However, when two sgRNAs were used, the ratio of 
nonessential gene knock-out reached 100%. We  have proposed a 
model to explain why two sgRNAs could produce 100% knockout in 
our previous study (26). Generally, two sgRNAs could break DNA into 
three fragments, and only when all three or two fragments, excluding 
the middle nonessential gene fragment, were ligated together could 
the virus survive; any other connections of fragments did not lead to 
a reproductive virus. The chances of the fragments connecting in the 
same way as the original virus were quite low; thus, we obtained 100% 
knock-out (Figure 2). Furthermore, two sgRNAs also significantly 
promoted HDR-mediated knock-in efficacy. For a single sgRNA, the 
highest knock-in efficiency reached 40%, whereas two sgRNAs yielded 
the highest knock-in efficiency of up to 86% (26). The use of two 

FIGURE 1

Two methods for PRV editing using CRISPR/Cas9 technology. One method is the transfection-infection-based method, which requires transfection of 
the CRISPR/Cas9 plasmid followed by infection of cells with PRV. Another method is the cotransfection method, which requires extraction of the high-
quality intact PRV genome and cotransfection of PRV genomic DNA with the CRISPR/Cas9 plasmid. In both methods, viral DNA is cleaved by CRISPR/
Cas9, and the cleaved DNA is repaired by nonhomologous end joining (NHEJ) or homology-directed repair (HDR).
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sgRNAs resulted in a high knock-in efficiency, which is attributed to 
a reduction in background viruses. Furthermore, the replication 
kinetics of background viruses directly impacted the HR efficacy. A 
faster replication of background viruses is associated with a lower 
HR efficacy.

Conclusion and future outlook

This mini-review describes how PRV may be edited efficiently by 
CRISPR/Cas9 and provides some insights for PRV researchers. In 
summary, we recommend using a genomic DNA cotransfection-based 
method and optimizing the use of two sgRNAs for knock out or knock 
in. However, CRISPR/Cas9 also has limitations, such as difficulty in 
single-base editing, whereas the BAC system can efficiently achieve 
single-base editing (61, 62). In future PRV research, a variety of 
genome editing tools should be  employed; for example, the 
combination of single-base editing and CRISPR mediates 
knockdown (63).
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FIGURE 2

Mechanism by which two sgRNAs generate 100% knockout PRV. Two sgRNAs could break DNA into three fragments, and only when all three or two 
fragments, excluding the middle nonessential gene fragment, are ligated together can the virus survive; no other connection of fragments lead to a 
reproductive virus.

https://doi.org/10.3389/fvets.2023.1237186
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Wang et al. 10.3389/fvets.2023.1237186

Frontiers in Veterinary Science 05 frontiersin.org

References
 1. Mettenleiter TC. Molecular biology of pseudorabies (Aujeszky's disease) virus. 

Comp Immunol Microbiol Infect Dis. (1991) 14:151–63. doi: 10.1016/0147-9571(91)90128-
Z

 2. Mettenleiter TC. Aujeszky's disease (pseudorabies) virus: the virus and molecular 
pathogenesis--state of the art. Vet Res. (1999) 31:99–115. doi: 10.1051/vetres:2000110

 3. Bo Z, Li X. A review of pseudorabies virus variants: genomics, vaccination, 
transmission, and zoonotic potential. Viruses. (2022) 14:1003. doi: 10.3390/v14051003

 4. Liu Q, Kuang Y, Li Y, Guo H, Zhou C, Guo S, et al. The epidemiology and variation 
in pseudorabies virus: a continuing challenge to pigs and humans. Viruses. (2022) 
14:1463. doi: 10.3390/v14071463

 5. Zheng HH, Fu PF, Chen HY, Wang ZY. Pseudorabies virus: from pathogenesis to 
prevention strategies. Viruses. (2022) 14:1638. doi: 10.3390/v14081638

 6. Chen J, Li G, Wan C, Li Y, Peng L, Fang R, et al. A comparison of pseudorabies virus 
latency to other alpha-Herpesvirinae subfamily members. Viruses. (2022) 14:1386. doi: 
10.3390/v14071386

 7. Deng J, Wu Z, Liu J, Ji Q, Ju C. The role of latency-associated transcripts in the latent 
infection of pseudorabies virus. Viruses. (2022) 14:1379. doi: 10.3390/v14071379

 8. Vallbracht M, Backovic M, Klupp BG, Rey FA, Mettenleiter TC. Common 
characteristics and unique features: a comparison of the fusion machinery of the 
alphaherpesviruses pseudorabies virus and herpes simplex virus. Adv Virus Res. (2019) 
104:225–81. doi: 10.1016/bs.aivir.2019.05.007

 9. Ekstrand MI, Enquist LW, Pomeranz LE. The alpha-herpesviruses: molecular 
pathfinders in nervous system circuits. Trends Mol Med. (2008) 14:134–40. doi: 
10.1016/j.molmed.2007.12.008

 10. Smith GA, Enquist LW. A self-recombining bacterial artificial chromosome and 
its application for analysis of herpesvirus pathogenesis. Proc Natl Acad Sci U S A. (2000) 
97:4873–8. doi: 10.1073/pnas.080502497

 11. Britt WJ. Infectious clones of herpesviruses: a new approach for understanding 
viral gene function. Trends Microbiol. (2000) 8:262–5. doi: 10.1016/
S0966-842X(00)01747-9

 12. Brune W, Messerle M, Koszinowski UH. Forward with BACs: new tools for 
herpesvirus genomics. Trends Genet. (2000) 16:254–9. doi: 10.1016/
S0168-9525(00)02015-1

 13. Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG. Simple and 
highly efficient BAC recombineering using galK selection. Nucleic Acids Res. (2005) 
33:e36. doi: 10.1093/nar/gni035

 14. Warden C, Tang Q, Zhu H. Herpesvirus BACs: past, present, and future. J Biomed 
Biotechnol. (2011) 2011:124595. doi: 10.1155/2011/124595

 15. Zhou F, Gao SJ. Recent advances in cloning herpesviral genomes as infectious 
bacterial artificial chromosomes. Cell Cycle. (2011) 10:434–40. doi: 10.4161/
cc.10.3.14708

 16. Hao M, Tang J, Ge S, Li T, Xia N. Bacterial-artificial-chromosome-based genome 
editing methods and the applications in herpesvirus research. Microorganisms. (2023) 
11:589. doi: 10.3390/microorganisms11030589

 17. Suenaga T, Kohyama M, Hirayasu K, Arase H. Engineering large viral DNA 
genomes using the CRISPR-Cas9 system. Microbiol Immunol. (2014) 58:513–22. doi: 
10.1111/1348-0421.12180

 18. Messerle M, Crnkovic I, Hammerschmidt W, Ziegler H, Koszinowski UH. Cloning 
and mutagenesis of a herpesvirus genome as an infectious bacterial artificial 
chromosome. Proc Natl Acad Sci U S A. (1997) 94:14759–63. doi: 10.1073/
pnas.94.26.14759

 19. Kim H, Kim JS. A guide to genome engineering with programmable nucleases. 
Nat Rev Genet. (2014) 15:321–34. doi: 10.1038/nrg3686

 20. LaFountaine JS, Fathe K, Smyth HD. Delivery and therapeutic applications of gene 
editing technologies ZFNs, TALENs, and CRISPR/Cas9. Int J Pharm. (2015) 494:180–94. 
doi: 10.1016/j.ijpharm.2015.08.029

 21. Gaj T, Gersbach CA, Barbas CF 3rd. ZFN, TALEN, and CRISPR/Cas-based 
methods for genome engineering. Trends Biotechnol. (2013) 31:397–405. doi: 10.1016/j.
tibtech.2013.04.004

 22. Dominguez AA, Lim WA, Qi LS. Beyond editing: repurposing CRISPR-Cas9 for 
precision genome regulation and interrogation. Nat Rev Mol Cell Biol. (2016) 17:5–15. 
doi: 10.1038/nrm.2015.2

 23. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome 
engineering using CRISPR/Cas systems. Science. (2013) 339:819–23. doi: 10.1126/
science.1231143

 24. Shivram H, Cress BF, Knott GJ, Doudna JA. Controlling and enhancing CRISPR 
systems. Nat Chem Biol. (2021) 17:10–9. doi: 10.1038/s41589-020-00700-7

 25. Barrangou R, Doudna JA. Applications of CRISPR technologies in research and 
beyond. Nat Biotechnol. (2016) 34:933–41. doi: 10.1038/nbt.3659

 26. Tang YD, Guo JC, Wang TY, Zhao K, Liu JT, Gao JC, et al. CRISPR/Cas9-mediated 
2-sgRNA cleavage facilitates pseudorabies virus editing. FASEB J. (2018) 32:4293–301. 
doi: 10.1096/fj.201701129R

 27. Bi Y, Sun L, Gao D, Ding C, Li Z, Li Y, et al. High-efficiency targeted editing of 
large viral genomes by RNA-guided nucleases. PLoS Pathog. (2014) 10:e1004090. doi: 
10.1371/journal.ppat.1004090

 28. Lin C, Li H, Hao M, Xiong D, Luo Y, Huang C, et al. Increasing the efficiency of 
CRISPR/Cas9-mediated precise genome editing of HSV-1 virus in human cells. Sci Rep. 
(2016) 6:34531. doi: 10.1038/srep34531

 29. Russell TA, Stefanovic T, Tscharke DC. Engineering herpes simplex viruses by 
infection-transfection methods including recombination site targeting by CRISPR/Cas9 
nucleases. J Virol Methods. (2015) 213:18–25. doi: 10.1016/j.jviromet.2014.11.009

 30. Yuen KS, Chan CP, Kok KH, Jin DY. Mutagenesis and genome engineering of 
Epstein-Barr virus in cultured human cells by CRISPR/Cas9. Methods Mol Biol. (2017) 
1498:23–31. doi: 10.1007/978-1-4939-6472-7_2

 31. Kanda T, Furuse Y, Oshitani H, Kiyono T. Highly efficient CRISPR/Cas9-mediated 
cloning and functional characterization of gastric Cancer-derived Epstein-Barr virus 
strains. J Virol. (2016) 90:4383–93. doi: 10.1128/JVI.00060-16

 32. Yuen KS, Chan CP, Wong NH, Ho CH, Ho TH, Lei T, et al. CRISPR/Cas9-
mediated genome editing of Epstein-Barr virus in human cells. J Gen Virol. (2015) 
96:626–36. doi: 10.1099/jgv.0.000012

 33. Xu A, Qin C, Lang Y, Wang M, Lin M, Li C, et al. A simple and rapid approach to 
manipulate pseudorabies virus genome by CRISPR/Cas9 system. Biotechnol Lett. (2015) 
37:1265–72. doi: 10.1007/s10529-015-1796-2

 34. Tang YD, Liu JT, Fang QQ, Wang TY, Sun MX, An TQ, et al. Recombinant 
pseudorabies virus (PRV) expressing firefly luciferase effectively screened for CRISPR/
Cas9 single guide RNAs and antiviral compounds. Viruses. (2016) 8:90. doi: 10.3390/
v8040090

 35. Fu PF, Cheng X, Su BQ, Duan LF, Wang CR, Niu XR, et al. CRISPR/Cas9-based 
generation of a recombinant double-reporter pseudorabies virus and its characterization 
in vitro and in vivo. Vet Res. (2021) 52:95. doi: 10.1186/s13567-021-00964-4

 36. Wang Y, Wu H, Wang B, Qi H, Jin Z, Qiu HJ, et al. A NanoLuc luciferase reporter 
pseudorabies virus for live imaging and quantification of viral infection. Front Vet Sci. 
(2020) 7:566446. doi: 10.3389/fvets.2020.566446

 37. Hubner A, Keil GM, Kabuuka T, Mettenleiter TC, Fuchs W. Efficient transgene 
insertion in a pseudorabies virus vector by CRISPR/Cas9 and marker rescue-enforced 
recombination. J Virol Methods. (2018) 262:38–47. doi: 10.1016/j.jviromet.2018.09.009

 38. Tan L, Shu X, Xu K, Liao F, Song C, Duan D, et al. Homologous recombination 
technology generated recombinant pseudorabies virus expressing EGFP facilitates to 
evaluate its susceptibility to different cells and screen antiviral compounds. Res Vet Sci. 
(2022) 145:125–34. doi: 10.1016/j.rvsc.2022.02.005

 39. Tang YD, Liu JT, Wang TY, An TQ, Sun MX, Wang SJ, et al. Live attenuated 
pseudorabies virus developed using the CRISPR/Cas9 system. Virus Res. (2016) 
225:33–9. doi: 10.1016/j.virusres.2016.09.004

 40. Liang X, Sun L, Yu T, Pan Y, Wang D, Hu X, et al. A CRISPR/Cas9 and Cre/lox 
system-based express vaccine development strategy against re-emerging pseudorabies 
virus. Sci Rep. (2016) 6:19176. doi: 10.1038/srep19176

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

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

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

 44. Wu X, Wu H, Wang H, Luo L, Wang J, Wu B, et al. A new strategy to develop 
pseudorabies virus-based bivalent vaccine with high immunogenicity of porcine 
circovirus type 2. Vet Microbiol. (2021) 255:109022. doi: 10.1016/j.vetmic.2021.109022

 45. Ye C, Chen J, Wang T, Xu J, Zheng H, Wu J, et al. Generation and characterization 
of UL41 null pseudorabies virus variant in vitro and in vivo. Virol J. (2018) 15:119. doi: 
10.1186/s12985-018-1025-4

 46. Teng M, Yao Y, Nair V, Luo J. Latest advances of virology research using CRISPR/
Cas9-based gene-editing technology and its application to vaccine development. Viruses. 
(2021) 13:779. doi: 10.3390/v13050779

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

 48. Tang YD, Liu JT, Wang TY, Sun MX, Tian ZJ, Cai XH. Comparison of 
pathogenicity-related genes in the current pseudorabies virus outbreak in China. Sci 
Rep. (2017) 7:7783. doi: 10.1038/s41598-017-08269-3

 49. Chen M, Wang MH, Shen XG, Liu H, Zhang YY, Peng JM, et al. Neuropilin-1 
facilitates pseudorabies virus replication and viral glycoprotein B promotes its 
degradation in a Furin-dependent manner. J Virol. (2022) 96:e0131822. doi: 10.1128/
jvi.01318-22

https://doi.org/10.3389/fvets.2023.1237186
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/0147-9571(91)90128-Z
https://doi.org/10.1016/0147-9571(91)90128-Z
https://doi.org/10.1051/vetres:2000110
https://doi.org/10.3390/v14051003
https://doi.org/10.3390/v14071463
https://doi.org/10.3390/v14081638
https://doi.org/10.3390/v14071386
https://doi.org/10.3390/v14071379
https://doi.org/10.1016/bs.aivir.2019.05.007
https://doi.org/10.1016/j.molmed.2007.12.008
https://doi.org/10.1073/pnas.080502497
https://doi.org/10.1016/S0966-842X(00)01747-9
https://doi.org/10.1016/S0966-842X(00)01747-9
https://doi.org/10.1016/S0168-9525(00)02015-1
https://doi.org/10.1016/S0168-9525(00)02015-1
https://doi.org/10.1093/nar/gni035
https://doi.org/10.1155/2011/124595
https://doi.org/10.4161/cc.10.3.14708
https://doi.org/10.4161/cc.10.3.14708
https://doi.org/10.3390/microorganisms11030589
https://doi.org/10.1111/1348-0421.12180
https://doi.org/10.1073/pnas.94.26.14759
https://doi.org/10.1073/pnas.94.26.14759
https://doi.org/10.1038/nrg3686
https://doi.org/10.1016/j.ijpharm.2015.08.029
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1038/nrm.2015.2
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.1038/s41589-020-00700-7
https://doi.org/10.1038/nbt.3659
https://doi.org/10.1096/fj.201701129R
https://doi.org/10.1371/journal.ppat.1004090
https://doi.org/10.1038/srep34531
https://doi.org/10.1016/j.jviromet.2014.11.009
https://doi.org/10.1007/978-1-4939-6472-7_2
https://doi.org/10.1128/JVI.00060-16
https://doi.org/10.1099/jgv.0.000012
https://doi.org/10.1007/s10529-015-1796-2
https://doi.org/10.3390/v8040090
https://doi.org/10.3390/v8040090
https://doi.org/10.1186/s13567-021-00964-4
https://doi.org/10.3389/fvets.2020.566446
https://doi.org/10.1016/j.jviromet.2018.09.009
https://doi.org/10.1016/j.rvsc.2022.02.005
https://doi.org/10.1016/j.virusres.2016.09.004
https://doi.org/10.1038/srep19176
https://doi.org/10.3390/v12040369
https://doi.org/10.1016/j.virusres.2022.198937
https://doi.org/10.1016/j.virusres.2022.198937
https://doi.org/10.1016/j.mcp.2020.101605
https://doi.org/10.1016/j.vetmic.2021.109022
https://doi.org/10.1186/s12985-018-1025-4
https://doi.org/10.3390/v13050779
https://doi.org/10.1016/j.vetmic.2021.109104
https://doi.org/10.1038/s41598-017-08269-3
https://doi.org/10.1128/jvi.01318-22
https://doi.org/10.1128/jvi.01318-22


Wang et al. 10.3389/fvets.2023.1237186

Frontiers in Veterinary Science 06 frontiersin.org

 50. Wang TY, Yang YL, Feng C, Sun MX, Peng JM, Tian ZJ, et al. Pseudorabies virus 
UL24 abrogates tumor necrosis factor alpha-induced NF-kappaB activation by 
degrading P65. Viruses. (2020) 12:51. doi: 10.3390/v12010051

 51. Van Cleemput J, Koyuncu OO, Laval K, Engel EA, Enquist LW. CRISPR/Cas9-
constructed pseudorabies virus mutants reveal the importance of UL13 in Alphaherpesvirus 
escape from genome silencing. J Virol. (2021) 95:e02286-20. doi: 10.1128/JVI.02286-20

 52. Ren J, Wang H, Zhou L, Ge X, Guo X, Han J, et al. Glycoproteins C and D of PRV 
strain HB1201 contribute individually to the escape from Bartha-K61 vaccine-induced 
immunity. Front Microbiol. (2020) 11:323. doi: 10.3389/fmicb.2020.00323

 53. Yu ZQ, Tong W, Zheng H, Li LW, Li GX, Gao F, et al. Variations in glycoprotein B 
contribute to immunogenic difference between PRV variant JS-2012 and Bartha-K61. 
Vet Microbiol. (2017) 208:97–105. doi: 10.1016/j.vetmic.2017.07.019

 54. Kong Z, Yin H, Wang F, Liu Z, Luan X, Sun L, et al. Pseudorabies virus tegument 
protein UL13 recruits RNF5 to inhibit STING-mediated antiviral immunity. PLoS 
Pathog. (2022) 18:e1010544. doi: 10.1371/journal.ppat.1010544

 55. Qin C, Zhang R, Lang Y, Shao A, Xu A, Feng W, et al. Bclaf1 critically regulates the 
type I  interferon response and is degraded by alphaherpesvirus US3. PLoS Pathog. 
(2019) 15:e1007559. doi: 10.1371/journal.ppat.1007559

 56. Zhang R, Xu A, Qin C, Zhang Q, Chen S, Lang Y, et al. Pseudorabies virus 
dUTPase UL50 induces lysosomal degradation of type I  interferon receptor 1 and 
antagonizes the alpha interferon response. J Virol. (2017) 91:e01148-17. doi: 10.1128/
JVI.01148-17

 57. Yang YB, Tang YD, Hu Y, Yu F, Xiong JY, Sun MX, et al. Single virus tracking with 
quantum dots packaged into enveloped viruses using CRISPR. Nano Lett. (2020) 
20:1417–27. doi: 10.1021/acs.nanolett.9b05103

 58. Tang YD, Liu JT, Wang TY, Sun MX, Tian ZJ, Cai XH. CRISPR/Cas9-mediated 
multiple single guide RNAs potently abrogate pseudorabies virus replication. Arch Virol. 
(2017) 162:3881–6. doi: 10.1007/s00705-017-3553-4

 59. Peng Z, Ouyang T, Pang D, Ma T, Chen X, Guo N, et al. Pseudorabies virus can 
escape from CRISPR-Cas9-mediated inhibition. Virus Res. (2016) 223:197–205. doi: 
10.1016/j.virusres.2016.08.001

 60. Tang YD, Guo JC, Wang TY, Zhao K, Liu JT, Gao JC, et al. CRISPR/Cas9-mediated 
2-sgRNA cleavage facilitates pseudorabies virus editing. FASEB journal: official 
publication of the Federation of American Societies for. Exp Biol. (2018) 32:4293–301. 
doi: 10.1096/fj.201701129R

 61. Wang TY, Meng FD, Sang GJ, Zhang HL, Tian ZJ, Zheng H, et al. A novel viral 
vaccine platform based on engineered transfer RNA. Emerg Microbes Infect. (2023) 
12:2157339. doi: 10.1080/22221751.2022.2157339

 62. Wang TY, Sang GJ, Wang Q, Leng CL, Tian ZJ, Peng JM, et al. Generation of 
premature termination codon (PTC)-harboring pseudorabies virus (PRV) via genetic 
code expansion technology. Viruses. (2022) 14:572. doi: 10.3390/v14030572

 63. Zhang YY, Sun MX, Lian Y, Wang TY, Jia MY, Leng C, et al. CRISPR-Cas13d 
exhibits robust antiviral activity against Seneca Valley virus. Front Microbiol. (2022) 
13:835040. doi: 10.3389/fmicb.2022.835040

https://doi.org/10.3389/fvets.2023.1237186
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/v12010051
https://doi.org/10.1128/JVI.02286-20
https://doi.org/10.3389/fmicb.2020.00323
https://doi.org/10.1016/j.vetmic.2017.07.019
https://doi.org/10.1371/journal.ppat.1010544
https://doi.org/10.1371/journal.ppat.1007559
https://doi.org/10.1128/JVI.01148-17
https://doi.org/10.1128/JVI.01148-17
https://doi.org/10.1021/acs.nanolett.9b05103
https://doi.org/10.1007/s00705-017-3553-4
https://doi.org/10.1016/j.virusres.2016.08.001
https://doi.org/10.1096/fj.201701129R
https://doi.org/10.1080/22221751.2022.2157339
https://doi.org/10.3390/v14030572
https://doi.org/10.3389/fmicb.2022.835040

	Genome editing of pseudorabies virus in the CRISPR/Cas9 era: a mini-review
	Introduction
	CRISPR/Cas9 technology and its application in PRV
	Improving PRV editing efficacy by CRISPR/Cas9
	sgRNA design
	Transfection-infection-based editing
	Genomic DNA cotransfection-based editing

	Conclusion and future outlook
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

